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Chapter 1 

 

MOTIVATION AND OBJECTIVES  
 

The last decades have experimented remarkable developments and technological 

advances based on new materials and processing techniques. These advances have 

revolutionized the knowledge of materials science, leading to novel forms of matter with 

unprecedented mechanical, chemical, magnetic, optical and electrical properties. In fact, 

material physics is a scientific field of huge interest not only from the fundamental point of 

view but also from the industrial one. Industries have interest in new and more advanced 

materials. In this way, it is obvious that at every "moment" a new knowledge is being produced 

all around the world. 

 

In this sense, probably the semiconductors have been the most studied materials in 

research and increasingly used on industrial scale in the last years. Clearly this fact is due to the 

wide range of applications from small home- equipment/ devices to even the most specialized 

and complex supercomputers. In the last decade, this success has starred by Silicon, Si, as 

semiconductor for any device. 

 

However in recent years due to advances in new technologies, other semiconductors 

materials have emerged in direct competition with Si. Current technology requires the applied 

science to its advance, but also requires basic science which will be the basis of tomorrow’s 

technology. 

 

This is the case of Cadmium Telluride, CdTe and CdTe- compounds. Although these 

materials have been studied since the sixties, their development is significantly lower than for 

other semiconductors such as Si, Ge, GaAs or InP. The intrinsic characteristics of CdTe, its high 

atomic number, high density and relatively high value of energy gap, makes it an ideal 

component for many applications, such as solar cells, X- and γ- radiation detectors, dosimeters, 

detectors substrate for the infrared range (IR), optical waveguides and so one [1-3]. 

 

For these applications other semiconductors have been used, such as Si, and, Ge, and 

there is no doubt that the main reason is the vast knowledge in the preparation of these 

materials. Indeed, for these semiconductors, the industrial production is enormous and there 

are no problems for the preparation of any type of Si and Ge material, geometry, characteristics, 
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properties, etc, defendants in the market. However, this does not apply to CdTe- based 

materials, where the first barrier in their preparation is not already solved: currently, ingots of 2 

inch diameter at industrial scale with acceptable quality are obtained. However, the problem is 

that they contain numerous grains, so only around 15% of the ingot has the quality required for 

subsequent applications.  

 

 In addition to the requirements of the crystal quality for CdTe material, as uniformity in 

composition, low density of dislocations, etc, common to any application. We have to add other 

specific properties depending on the final application. For example when the application is 

focused on radiation detectors, it is essential that the material has high resistivity, in the order of 

109 Ω·cm or higher [4,5]. Currently, obtaining material of high resistivity CdTe is still a matter of 

discussion at the scientific level and only very specific companies (e.g. in France Acroread) 

produce these materials with a specific dopant. Therefore, the research area described is 

unresolved issue which requires basic research, but eventually it will lead to benefits to the 

society in general. 

 

The aim of this thesis is a better understanding of the properties of polycristalline CdTe to 

further implement its industrial applications. 

 

Among other possibilities, CdTe- based thin films growth by Vapor Phase Epitaxy, 

technique, VPE, has been consider the most suitable in the manufacture of thin layer for 

applications, which requires the development of a simple and efficient industrial-like growth 

method. The VPE is a growth technique that is being used extensively in the study of II-VI 

semiconductor materials, and allows fast growth of Cd1-xZnxTe large area layers with an 

uniform composition and low manufacturing cost. While these expectations have been satisfied 

in many cases, other difficulties have arisen mainly due to the defects appeared during growth 

and the difficulty of doping because of the selfcompensating phenomena.  

 

In the report presented here, we summarized the principal results obtained during our 

studies. Within this context, this dissertation is focused on trying to solve and understand 

fundamental aspects related to CdTe that are still unexplored. In particular to obtain high 

quality crystals free of Te precipitates mean a quantum leap in its development. Thus that the 

organization of the thesis is as follows: 

 

In Chapter 2, some basic properties of CdTe material necessaries are described. 
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Chapter 3 is focused on the characterization techniques used to deeper understand of both 

CdTe- based sources and thin films growth. 

 

Chapter 4 and 5 are focused on the optimization of both growth methods for CdTe- based 

compound sources and thin films, respectively. Also the role of some dopants such as: Ge, Bi, 

Yb and Zn in the improvement of material properties were studied.  

 

Another fundamental aspect studied in this work is to obtain semi-insulating crystals with 

optimal transport charge properties. The control of the resistivity of CdTe is an exceedingly 

difficult task, and depends on donor dopant selection to compensate exactly the acceptor 

impurities and defects present in the material. The most interesting contribution studied in this 

field is the use of Bi as dopant for semi-insulating CdTe, which has very high photosensitivity 

and excellent properties of charge transport. 

 

Chapter 6 is dedicated to the remarkable improvement in the quality of CdTe films after 

post growth thermal annealing. We will show that heating the samples, notably improves both 

its crystalline quality and its surface morphology. These facts that allows significantly reducing 

the typical concentration of native and foreign defects.  

 

Also in chapter 7, special attention is paid to the technological process to achieve the 

optimal dry etching conditions suitable for CdTe- based waveguides, as well as, to the growth 

of CdZnTe films into nanoporous alumina. The formation of Cd(Zn)Te crystalline columnar 

nanostructures may be very attractive for the fabrication of micropixels suitable for further 

development of X-and γ-ray high resolution imaging devices. 

 

In chapter 8, we report on theoretical and experimental results on the use of CdTe and 

Cd(Zn)Te as core materials for the development of all- optical photonic devices.  

 

This idea of using (CdTe compounds) Cd(Zn)Te as optical material for implementation of 

highly dense all- optical photonic integrated circuits is intended to overcome the limitations in 

terms of nonlinear interaction that occurs in Si (mainly, the high values of two-photon 

absorption (TPA) and the induced free-carried absorption) whilst preserving the main 

advantages of the Silicon-on-insulator, SOI- based photonic technology: high index contrast 

(small size of the photonic components) and manufacturability with CMOS tools and process 

(which ensures large scale fabrication and low cost of manufacturing). 

 

Finally, some conclusions about the work carried out are presented in chapter 9. 



Chapter 1                        .                                                                                                                                           

g 

4 

References  

 

[1] D. De Nobel, F. A. Kröger, US Patent No. 3033, (1962), 791. 

[2] M. Bruder, H. Figgemeier, R. Schimtt, H. Maiter. Materials Science and Engineering, B16, 

(1993), 40-43. 

[3] Y. Eisen, A. Shor, C. Gilah, M. Tsabarim, P. Chouraqui, C.Hellman, E.Lubin. Nuclear 

Instruments and Methods in Physics Research A 380, (1996), 474- 478. 

[4] M. Fiederle, C. Eiche, M. Salk, R. Schwarz, K.W. Benz W. Stadler, D.M. Hofmann, B.K. 

Meyer. J. Appl. Phys. 84 ,(1998), 6689-6692. 

[5] M. Fiederle, A. Fauler, J. Konrath, V. Babentsov, J, Franc, R.B. James, IEEE. Trans Nucl. Sci. 

51, (2004), 1864-1868. 

 



 

 

Chapter 2 

General properties of CdTe 

 
2.1 General aspects of CdTe  ................................................................................................. 5 
2.2 Crystalline structure  ........................................................................................................ 6 
2.3 Defects and crystalline quality  ...................................................................................... 8 

2.3.1 Defects of CdTe  ......................................................................................................... 9 
2.3.1.1 Punctual defects  .................................................................................................. 9 
2.3.1.2 Lineal defects  ....................................................................................................... 9 
2.3.1.3 Volumetric defects  ............................................................................................. 10 

2.4 Phase diagram of CdTe  ................................................................................................ 12 
2.5 Band structure of CdTe  ................................................................................................. 14 
2.6 Transport charge properties and compensation model ............................................ 16 

2.6.1 Modified compensation model for CdTe  ............................................................ 16 
2.7 Applications of CdTe ..................................................................................................... 20 

2.7.1 CdTe as X- and γ- ray detectors ............................................................................ 20 
2.7.2 CdTe as substrate material for Hg1-xCdxTe infrared detectors ......................... 22 
2.7.3 CdTe as novel nonlinear photonic material ........................................................ 23 
2.7.4 CdTe- based solar cell ............................................................................................. 24 
2.7.5 CdTe as photorefractive material .......................................................................... 27 

References .............................................................................................................................. 29 
 

 

 

 

 

  



 



  General properties of CdTe  

5 

Chapter 2 

 

GENERAL PROPERTIES OF CdTe 
  

In this chapter we are going to review the most important physical and chemical 

properties of CdTe, as its crystalline structure, phase diagram, electronic properties, etc, which 

will be necessary to take into account for the understanding of the next chapters.  

 

 

2.1 General aspects of CdTe 

 

CdTe is an IIB-VIA semiconductor that arises from the chemical interaction between the 

(2+) valence states of Cadmium, Cd, with the (2-) valence state of Tellurium, Te, to form CdTe. 

This simple material, with a direct band gap of 1.47 eV, has many unique properties that make 

it appropriate for device applications. Compared to most common semiconductors CdTe has a 

high atomic number (ZCd = 48, ZTe = 52) and, a density of 5.86 g/cm3 which is approximately 2.5 

times denser than Si (ZSi = 14). As result, it strongly interacts with both X- and γ- ray radiation. 

Optically, it is a strong absorber in both the near-infrared (NIR) and visible regions of the 

electromagnetic spectrum and exhibits unusually high nonlinear optical coefficients. Like most 

semiconductors, CdTe’s properties can be widely varied through doping. Since there are 

extensive researches on this topic only a few important examples will be given here. Doping 

CdTe with group IV elements, such Germanium, Ge, or Tin, Sn, results in the formation of deep 

donor levels [1]. These levels increase the resistivity of the material which is important for 

limiting the leakage current in detector applications. Doping with Vanadium, V, is considered 

important to the formation of the deep levels traps needed in photorefractive applications [2]. 

More recently, it has been discovery that Bismuth, Bi- doping can result in an increased 

photoconductivity, a finding that could be important for solar cell applications [3]. 

 
Alloying CdTe with other elements further expands its remarkable properties. Replacing 

some Cd by mercury, Hg atoms, to form Hg1-xCdxTe, allows the band gap to continuously vary 

from 0 to 1.47 eV [4]. This property is used to create a good detector material for both the mid- 

and far- infrared regions of the spectrum. Replacing Cd by Zinc, Zn atoms, to form Cd1-xZnxTe, 

results in the formation of a material with a consistently high and reproducible resistivity. 

Beside it has the advantage of removing parasitic Te precipitates that often are formed in the 

pure material [5]. This is important for device applications involving the detection of X- and γ-
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ray radiation. Replacing some Cd with Manganese, Mn atoms, to form Cd1-xMnxTe, results in 

the formation of a diluted magnetic semiconductor (DMS) [6]. Such materials are of 

considerable interest as they have applications in the emerging field of spintronics, where 

quantum spin states are used as the medium for mass storage devices. 

 

2.2 Crystalline structure 

 

The dependence of the ionic character on the bond of the II-VI semiconductors 

compounds can present different stables lattice structures at room temperature being the zinc 

blende and hexagonal the most usually.  

 

Under normal pressure and temperature conditions, CdTe presents zinc blende structure 

(space group F43m) which consist in two interpenetrating face centred cubic (fcc) crystals 

displaced one quarter of the way along the cube’s body diagonal. One of the fcc is formed by 

Cd atoms while the second is made up of Te atoms [7]. This structure, which is identical to that 

of diamond, but with two types of atoms instead of one, is schematically shown in figure 2.1.  

 

Figure 2.1. Schema of the CdTe zinc blende unit cell. (Cd atoms (gray) and Te atoms (yellow)). 
 

While this description is adequate, a more intuitive understanding of the structure is 

obtained by looking normal to its (111) axis. Along this direction the structure consists of 

alternating layers of Cd and Te atoms. Every layer in the structure, regardless of whether it is 

made up of Cd or Te, takes on the form shown schematically in figure 2.2 [8].  

 

 

Figure 2.2. Schema of the atoms arrangement for any layer along the (111) direction. Note the six- fold 
symmetry. 



  General properties of CdTe  

7 

It is important to remark that this two dimensional layer presents a six- fold symmetry. 

However, this is the unique stacking sequence of these layers that gives rise to the zinc blende 

structure. It is common to describe the stacking order for this structure as ABCABC…, meaning 

that the two dimensional Cd layers are laterally offset relative to each other in three unique 

positions (see figure 2.3).  

 

 
Figure 2.3. Schematic illustrating the stacking order of Cd layers (or alternatively Te) for planes along the 
(111) direction. Each layer (colored red, green and purple) has the same arrangement as shown in figure 
2.2. The Cd layers form a stacking order along the (111) direction with a red, green, purple sequence 
repeated over and over. 
 

With this being true for both the Cd and Te layers, it takes a total of six layers before the 

sequence is repeated. Along this stacking sequence each Cd atom tetrahedrally bonds to four Te 

atoms and vice versa. One of the bonds will be normal to the Cd layers while the other three 

laterally extend in the opposite direction at an angle of 19.47º. The in- plane rotation of these 

three bonds sets the stacking sequence. 

 

At room temperature the lattice parameter reported in the literature is 6.481Å [9]. 

Although this value can be modify by changing the compound stochiometry. 

 

Other II-VI semiconductors, such as CdS and CdSe, can exist in both the zinc blende and 

wurtzite crystal structures with the structure acquired depending upon the growth conditions 

[7,10]. CdTe has under rare circumstances shown this ability, but to much less of an extent 

[11,12]. For instance, under high pressure conditions this structure develops to ClNa structure. 

This hexagonal structure is given rise when a micrometric or minor crystal can be obtained. The 

wurtzite crystal structure of CdTe is shown schematically in figure 2.4.  
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Figure 2.4. Schematic of the wurtzite unit cell of CdTe. 

 

It exhibits a hexagonal symmetry with lattice parameter equal to a=4.58 Å and interplanar 

distance c=7.50 Å. While this crystal structure appears to be quite different from the zinc blende 

structure it is remarkably similar. Along its c- axis the wurtzite structure consists of alternating 

layers of Cd and Te atoms identical to that shown in figure 2.2. In fact, the only difference 

between the two structures is their stacking sequence. For the wurtzite structure the Cd layers 

are laterally offset relative to each other in one of only two unique positions, instead of the 

three. With the Te layers also having only two unique positions, the stacking order becomes 

ABAB..., for a total of four layers before the sequence is repeated. As it was the case for the zinc 

blende structure, each Cd atom is tetrahedrally bonded to four Te atoms and vice versa, with 

interatomic spacing that are virtually identical. While the wurtzite crystal structure has been 

studied to some extent, many of its other properties remain unknown due to limited availability 

and questionable quality of the material formed. 

 

Owing to the growth condition carried out in the experiments, only the zinc blende 

structure is presented in this thesis.  

 

 

2.3 Defects and crystalline quality 

 

The problems present in CdTe due to its melting properties and growth conditions can 

limit the quality of the material. These handicaps falls into two categories: contributions of bulk 

volume and, surface contributions. 
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2.3.1 Defects of CdTe 

 

2.3.1.1 Punctual defects 

 

Inside of a crystal lattice, there are a number of defects linked to the atoms position. These 

types of defects are called punctual defects and, can be divided into intrinsic, which are 

characteristic of the material, and extrinsic, caused by the presence of elements not belonging to 

the material. 

 

 The punctual defects can be caused by a missing of one atom corresponding to its lattice 

position. In this case are called vacancies. Or an atom is placed in an interstitial position in the 

lattice. Therefore, these are called interstitials. And finally, there are substitutional or antisities 

defects where an atom occupies a position in the crystal lattice that does not belong them (see 

figure 2.5). 

 

 
Figure 2.5. Punctual intrinsic defects in CdTe: a) vacancy, VCd, b) antisite, CdTe, and c) interstitial, Cdi. 

 

These defects are largely responsible for the electrical behaviour of the material, and can 

be intentionally introduced by doping or due to native impurities incorporated into the starting 

material. 

 

 

2.3.1.2 Lineal defects 

 

The stress generated by thermal differences is a very common problem in crystals growth 

and the dislocations can be formed as a result of them. A dislocation is a crystallographic defect 

or irregularity, within a crystal structure. In fact, the ideal growth, free of all stress is impossible 

to achieve because of the growth processes typically occur under a temperature gradient. So 

this type of defect is always present in materials prepared by melting. Therefore, they can be 
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considerered as lineal imperfection in the crystalline lattice in which a part of the lattice crystal 

moves along a plane. In the particular case of CdTe materials, the dislocations give rise for the 

contraction of the crystal during the cooling processes. Typically, the dislocations are revealed 

after a chemical process (see figure 2.6). 

 

 

2.3.1.3 Volumetric defects 

 

Grain boundaries or interfaces, both are very common in polycrystalline CdTe bulk and 

thin films. In general these zones have high chemical reactivity and can be classified in coherent 

and incoherent. 

 

The incoherent boundaries called grain boundaries, separate the crystal zones with 

different crystallines orientations (grains), while the coherent boundaries separate zones with 

the same crystalline specie (twins) grouped so that two crystallographic directions are common 

in both crystals (see figure 2.6). Twinning is very common in CdTe. 

 

 
Figure 2.6. Image of the etched surface for one representative sample [13]. 

 

Other (bidimensional) volumetric defect frequently present in CdTe materials are the 

cracks originated by high thermal stress, from the heat up and cooling down processes (see 

figure 2.6). They can arise in the boundaries of the crystals and, can propagate along grains and 

twins. The problematic of the cracks is that they present a majority of impurity concentration, 

which significantly deteriorate the quality of the material. 

 

On the other hand, special interest has CdTe tridimensional defects such as the 

precipitates and inclusions, which are the most common in semiconductors. In general, these 

defects appear by accumulation of the constituents of the crystals, i.e. a new phase of the 
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material in solid form and with different composition. The fundamental differences between 

these two types of defects arise because of their origin and size.  

 

In the case of polycrystalline films the value of resistivity is affected essentially by point 

defects and grain boundaries, which can act as recombination centres.  

 

The inclusions arise as a result of a morphological instability in the growth interface. The 

Te- rich melt is captured from the diffusion layer and accumulate at the interface. Typically, has 

a diameter between 1-2 µm, and can reach 30 µm. Some Te inclusions [13] are shown in 

following figure 2.7. 

 

 
Figure 2.7. Image of a typical surface of CdZnTe: the Te inclusions lying on or near the surface [13]. 

 

The precipitates grow in the solid due to the retrograde character of the Te in terms of its 

solubility in front of the Cd and, they are formed during the cooling process. Their size is 

normally is not greater than 10-30 nm. 

 

There is evidence that both inclusion and precipitates are associated with stress. Where 

the critical stress for dislocation nucleation is exceed, dislocation form and are associated with 

the inclusion or precipitates. Therefore, the distinction between the two concepts is very 

difficult and usually the authors tend to unify them. However, both the size and distribution of 

these defects are known as important parameters that greatly modify the properties of the 

crystal under study. 
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2.4 Phase diagram of CdTe 

 

The knowledge of the phase diagram of the material is absolutely necessary to understand 

the results of CdTe grown by vapor phase method. In this sense, both Bridgman and Vapor 

Phase Epitaxy (VPE) techniques used in this thesis, require an accurate knowledge of the melt 

vapor transition temperature, composition and pressure of the system. 

 

The melting points for Cd and Te are 327 ºC and 450 ºC, respectively. And the 

temperature at which both element react to form CdTe is approximately 650 ºC, giving rise to an 

exothermic reaction [14].  

 

CdTe temperature-composition, T-X, phase diagram is depicted in figure 2.8, where the 

melting point maximum at 1092 ± 1 ºC for a 50% Te solid composition is shown. 

 

(1092±1)ºC

Cd+ CdTe

L+S

Te+ CdTe

L+S

L L

S
(324±2)ºC

(449±2)ºC

 
Figure 2.8. Temperature as a function of Te atomic fraction phase diagram [15]. 

 

A notably asymmetry in the region of the stoichiometric composition (Te, Cd= 50%) can 

be observed. This sharp zone indicates a strong interaction between the components and, it is 

consequence of the predominant ionic character of the Cd-Te bond. To observe this zone with 

more detail, in figure 2.9 we notice the influence of small variations in the Te composition on 

material (i.e. [16-20]). 
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Figure 2.9. Detail of the congruent region in the T-X diagram [17]. (The best fit of the Te atom fraction in 
CdTe along the three phase curve (solid line) together with relevant experiments [18] (full circle), [19] 
(open square). The result with excluded CdTe is plotted by dash line). 
 

As shown in figure 2.9 the maximum melting point for CdTe happens at 1092 ± 1ºC which 

corresponds with a slightly excess of Te. At higher temperatures the compositional 

homogeneity region is wider in the area that has a slight excess of Te. Therefore, the CdTe 

crystals growth from stoichiometric melting would have necessary a Te excess. This deviation 

from stoichiometric gives rise to the presence of Cd vancancies, (VCd), and Te- antisites, (TeCd), 

which results in a crystal with p- type conductivity. Under growth conditions with excess of Cd, 

the Cd interstitials, (Cdi), are the majority defects thus the n- type conductivity can be obtained 

[16].  

 

It is worthwhile to mention that at lower temperatures, the deviation from stoichiometric 

is less significant than at higher temperatures. This is a factor to be taken into account in the 

cases where we prepare thin films at low temperatures or single crystals growth from the vapor 

phase. 

 

Due to the general conditions of vapour phase growth, we can consider that the process 

occurs at approximately constant pressure, so both (P-T) and (P-X) projections do not provide 

meaningful information in these cases. 

 

However, in general for semiconductors and especially for CdTe case, deviations in the 

stoichiometry during crystal growth processes have an enormous influence on optical and 

electrical properties of the material. Namely, non stoichiometric growth conditions cause the 
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condensation of point defects during the cooling process (vacancies, interstitial antisites) due to 

decreased retrograde of the solid-liquid line (see figure 2.7). 

 

 

2.5 Band structure of CdTe 

 

In a periodic lattice, (considered under a simple approach) it can be assumed that the 

atoms are joined by springs, so they can oscillate about its equilibrium position with a 

frequency of vibration, ω. 

 

A phonon is a quantum of energy associated with lattice vibration, which is transmitted 

along the crystal in both longitudinal and transverse modes at different speeds. For longitudinal 

vibrations, the atoms move in the same direction while for transversal vibrations the atoms 

move perpendicular to the direction of the vibrating wave. Although the presence of phonons 

affects the occupation of energy level and charge transport through the crystal, it does not 

introduce new levels in the band gap. 

 

If we represent the variation of the vibration frequencies along a direction in the 

reciprocal space k
r
(dispersion curve), we obtain two branches, called acoustical and optical. In 

general the acoustical branch presents the lower vibration frequencies and for small values of k 

it is observe a lineal relation. The main difference between the two branches is due to the fact 

that while the acoustic branch is associated with the movement of all atoms which compound 

the lattice, (which moves in phase as if they were a unit), the optical branch is characterized by 

un-phased movement of the atoms [21]. Therefore, the phonons can be classified as: (i) 

longitudinal optical (LO) and transversal optical (TO) and, (ii) longitudinal acoustical (LA) and 

transversal acoustical (TA). 

 

The dispersion curves belonging to CdTe are presented in figure 2.10 and they have been 

experimental calculated by means of neutron dispersion measurements [22]. As we can observe 

the direction of the propagation appears with a maximum symmetry for instance in the (100), 

(111) and (110) directions. 
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Figure 2.10. Dispersion relation curve for CdTe at 300 K [22]. Symbols represent neutron dispersion 
measurement; solid lines represent shell model calculation described in [22]. 
 

Like the compounds which have zinc blende structure, CdTe has three acoustic 

vibrational modes and, three optical modes (two transversal and one longitudinal in each case). 

The transversal modes present degeneration at high symmetry directions [23]. Indeed, the 

transversal and longitudinal optical modes in the centre of Brillouin zone of the direction Г 

(k
r
=0) present values of 141 cm-1 (17.8 meV) and 168 cm-1 (21.3 meV) respectively. 

 

The band structure associated to CdTe is calculated by means of complex calculations 

using pseudopotentials based on accuracy of current density functional theory (DFT) and, the 

local density approximation (LDA). All calculations are performed using the Spanish Initiative 

for Electronic Simulations with Thousand of Atoms (SIESTA) code [24], as it is shown in figure 

2.11. 

               

Figure 2.11.  Calculated band structure for CdTe [24]. 
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The minimum of the conduction band is at the same level of the maximum of the valence 

band in the Г point, it shows therefore a direct transition, with a value of the band gap of 1.47 

eV at room temperature. 

 

Having this in mind, in chapters 4-7 the results of photoluminescence experiments at 

different temperatures (up to 4 K) are going to be presented. Founthal et al. [14] from adjust of 

the experimental data demonstrate that, the effect on the PL peak position due to the material 

quality and conductivity could be used to explain the different band gap values at room 

temperature. The obtained values are quite near to the variation of CdTe band gap energy with 

temperature follows the Manoogian – Wooley expression [25]: 
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where Eg (0) is the band gap at T = 0 K, the second term represent effect of thermal expansion of 

the lattice and the third tem is related to electron-phonon interactions. From this equation, the 

band gap energy was obtained from the value of the exciton energy measured experimentally, 

which corresponds to the exciton binding energy.  

 

 

 2.6 Transport charge properties and compensation model  

 

The transport charge properties are determined by the carrier’s properties as for instance 

its effective mass. For CdTe, the effective mass of electrons is relatively low (0.11 m0) what 

means good transport properties. The generally accepted effective mass for holes is 0.4m0 [15], 

(being m0 = 9.11·10-28 g).  

 

 

2.6.1 Modified compensation model for CdTe 

 

Generally, CdTe prepared by melting presents Cd- vacancies (VCd) (intrinsic acceptors 

defects), and normally as majority impurities Na, K, Cu, etc. This gives rise to p-type 

conductivity. This excess of charge acceptor defects, dramatically decreases the resistivity of the 

material to values typically between 103-106 Ω·cm.  
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On one hand, the impurities introduce additional electrons on the Conduction Band, CB, 

and additional holes on the Valence Band, VB. Their presence breaks the periodicity of the 

lattice locally disturbing the band structure and, therefore appears a discrete energy level 

located inside of the band gap. This energy level can be situated near to the CB or VB. However, 

it has been shown that the compensation between shallow levels is not sufficient to explain the 

high resistivity of the material.  

 

On the other hand, there is the possibility to obtain semi-insulating CdTe by three 

different ways: un- doped, doped with shallow or with deep donor [26-30]. The electrical 

properties in all these cases can be theoretically described by using a model developed in the 

first instance for GaAs even when for CdTe. Nevertheless, the compensation mechanism is still 

an open question in the literature [31,32]. Fiederle et al. [33] have presented a compensation 

model following the existing model for GaAs (mentioned above), which explains the high 

resistivity in the entire ingot by means of the compensation with a deep donor. The control of 

the concentration of this deep donor is not so sensitive to changes in composition as in the case 

of the shallow donors, because the resistivity is a function of surface concentration of acceptors, 

shallow donor and deep donor. This leds to the development of crystals with nearly constant 

resistivity throughout the material.  

 

This theoretical fundament of the CdTe electrical compensation model by means of the 

incorporation of a deep donor in the band- gap, will be applied in Chapter 4 to explain the 

electrical properties of CdTe doped crystal. However this theory can be easily extended to other 

cases, for instance to deep acceptor level or several levels in the band gap. 

 

In spite of that there is still disagreement about which intrinsic defects are responsible for 

the compensation mechanism. It is generally accepted that Te- antisite, (TeCd), is the deep donor 

which explains the high resistivity. However, further investigations are needed to confirm or 

nominate new defects and to understand and therefore, to control the seminsulating state in 

CdTe.  

 

A simplified schematic diagram of energy levels for the two cases of interest, i.e. the 

donor doped CdTe with deep and shallow donor [34] is shown in figure 2.12. 
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Figure 2.12. Energy levels in the band gap for the doping case with a deep donor (Ge, Sn) or, with shallow 
donors (In, Cl, Ga) [34].  
 

Then, considering the doped case with a deep donor impurity, the free carrier densities 

of electrons (n) and of holes (p) in a semiconductor are defined by a nonlinear set of equations. 

+

DPN  is the deep donor concentration. The carrier densities and the concentrations of ionized 

donors  +

DN  and acceptors −

AN  are coupled by the charge neutrality equation (which can be 

refereed to figure 2.13) [1,31]: 

 

−++ +=++ ADPD NnNNp   (2.2) 

 

From the carrier density (both for n and p case) give by the Fermi- Dirac statistic we have: 
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where, NC and NV are the effective densities of states in the CB and the VB, respectively. EC and 

EV are the energy values of the CB and VB and, the band gap, Eg = EC - EV, k the Boltzmann 

constant and T is the temperature. The effective densities of states are given by: 
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Considering that the electron (hole) effective mass as m*
C = 0.096 and m*

V = 0.84, we can 

determine the values of NC and NV at a temperature of 300 K to be 7.4x1017 cm-3 and 1.9x1019 cm-

3,  respectively.  

 

Also the number of carriers in the VB must be similar than that in the CB and they are 

related with the intrinsic carrier number, (ni): 
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Once established the relationship between free carriers, we must evaluate each term of 

equation 2.2. Where, we have to distinguish between two types of impurities, which introduce 

shallow levels and the deep levels. In both cases the contribution to the density of free carriers is 

given by the degree of dissociation of the impurity, i.e. the density of ionized impurities that 

actively contribute to the net charge. This quantity is related to the total concentration of 

impurities according to Fermi-Dirac statistics, and then one can assert that: 
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For acceptor (equation 2.8) and donor (equation 2.9) impurities cases that introduce 

shallow levels at room temperature. We can consider as optimum approximation that the 

concentration of ionized impurities is practically equal to the total concentration of impurities. 

However, this approach is not valid in that case in which an impurity incorporates a deep level, 

where we have: 
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Replacing the equations from 2.8 to 2.10 in equation 2.2 so that we eliminated p, we can 

obtain the cubic equation for the density of electrons (n): 
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And therefore using for instance the equation 2.9 we can obtain de holes density, p. 

Having these two parameters the electric resistivity of the material, ρ, can be calculated as 

follows: 

 

)(
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pnq pn µµ
ρ
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=   (2.12) 

 

being q the electron charge, µn the mobility of electron (1000 cm2/V·s) and, µp the mobility of 

holes (80 cm2/V·s). 

 

From these data one can concluded that high resistivity is only achieved when a deep 

level at 0.75 eV is assumed. This level corresponds to the middle of the band gap.  

 

For the compensation case without a deep donor, high resistivity is only achieved at the 

compensation point with ND=NA. Within current technological possibilities, it is not possible to 

obtain high resistivity as a reproducible way. This would require that the concentrations of 

impurities and intrinsic defects must be controlled within 108 cm-3. 

 

Thus that the position of the Fermi level can be modified inside of the band gap, being a 

function of the temperature and, the carrier density which are a function of the impurities 

present in the material. 

 

 

2.7 Applications of CdTe 

 

Extensive researches have been devoted to this material, focusing in different 

applications. Among them the most important are as X- and γ- detectors, substrate material for 

MCT infrared detectors, nonlineal photonic material, solar cells, photorefractive material, etc.  

  

 

2.7.1 CdTe as X- and γ- ray detectors  

 

One of the most important CdTe device applications is as X- and γ-ray detectors. These 

detectors operate on the principle of photoelectric absorption where electron hole pairs are 

generated by the absorption of an X- or γ- ray photon [35]. CdTe is in many ways an ideal 
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material for the fabrication of such detectors. Compared to other semiconductors it contains 

high atomic number elements which are able to increase the photoelectric absorption cross-

section. This effect is further enhanced by its relatively high density. With a large band gap and 

a low intrinsic carrier concentration it has a high enough resistivity (>109 Ω·cm) to maintain a 

low detector leakage current, critical for low noise operation. It is also high enough to limit 

thermally generated currents that would otherwise reduce energy resolution due to noise. At 

the same time, the band gap is low enough to ensure small electron-hole ionization energy. 

Efficient detector operation also relies on the charge carriers’ ability to reach the contacts. CdTe 

is able to achieve this criterion as it has a high µ·τ product where µ is the carrier mobility and τ 

is the carrier lifetime [36].  

 

The main advantage of these CdTe based detectors is that they can operate at room 

temperature while most competing technologies operate at cryogenic temperature. Removing 

the cryogenic cooling results in a cost reduction, lower power consumption, simplifies its 

operation and allows for the device to operate unattended for long periods of time. These 

detectors have a wide range of applications in the areas of medical imaging, industrial process 

monitoring, environmental safety and basic science. Most of the commercially available 

detectors use high quality single crystals of CdTe as the detector material. Recently, there has 

been a great interest in fabricating large area arrays of these detectors for imaging purposes. 

The most important application for such arrays is for medical X- ray imaging [37]. The 

substitution of analogical photographic images with a revolutionary digital technology allows 

for a superior image quality, faster capture readout - display process, and a computer storage 

capability. While the idea of large area detector arrays is very attractive, there widespread 

adoption has been frustrated by materials related issues. Most of the commercially available X- 

and γ- ray detectors use CdTe in the single crystal form as it offers high purity, homogeneous, 

defect free material. To obtain large area arrays, however, it is necessary for the present 

technologies to move away from using single crystal material and towards thick film 

technologies on commercially viable substrates. 

 

The quality of existing films is far from adequate as the grain boundaries compromise the 

charge transport properties due to the low mobility and charge trapping. The fabrication of 

single domain films would obviously overcome this difficulty. Many companies use these large 

area detector technologies in pursuit of the very lucrative radiology market. Presently, the 

frontrunners are using either CdTe or amorphous selenium (α-Se) based detectors. Both of these 

materials have advantages and disadvantages, but by simply comparing the intrinsic properties 

of these two materials CdTe is the obvious choice [38]. Achieving this potential will entirely 
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depend upon the resolution of the material related issues associated with thick film 

technologies. 

 

 

2.7.2 CdTe as substrate material for Hg1-xCdxTe infrared detectors 

 

Mercury Cadmium Telluride (MCT) has become one of the most important detector 

materials for infrared detection. Detector arrays of this material, commonly referred to as focal 

plane arrays (FPAs), are used in the most sophisticated night vision equipment available [39]. It 

offers a high infrared absorption coefficient, high electronic mobility, a small thermal carrier 

generation rate and an adjustable band gap. While it offers many advantages it is a difficult 

material to fabricate in past because of the high vapor pressure of mercury, Hg. Initially, 

detectors were fabricated from bulk single crystals, but the need for large areas has driven most 

infrared detector applications towards thin film technologies. 

 

The growth of high quality Hg1-xCdxTe on Si substrates would provide the best case 

scenario for FPAs as it would allow for the integration with Si- based readout electronics 

(ROIC). Its deposition on this substrate, however, has been proved to be difficult. Significant 

improvements have been made by introducing intermediate layers that have an improved 

epitaxial relationship with silicon while at the same time provide an improved template for 

MCT deposition [40]. CdTe has been demonstrated to be an excellent choice for this purpose. 

Being transparent out to 30 µm allows for the desirable backside illumination through both it 

and the silicon substrate. Other materials are potential sources of contamination that could 

result in unwanted dopants in MCT, but this is obviously not an issue for CdTe. Its use as an 

intermediate layer has allowed for high quality MCT to be deposited on (211) Si using 

molecular beam epitaxy (MBE) [41] and on (111) Si using liquid phase epitaxy (LPE) [42]. 

 

While CdTe has dramatically improved MCT detector performance, detector sensitivity is 

still limited by the CdTe layer. Presently, state of the art films have defect densities in the range 

of 106- 107 cm-2 [43]. This is of great concern since defects in the CdTe layer tend to introduce 

defects in the MCT film. Thus, any reduction in CdTe defect densities will be of immediate 

benefit to detector performance. It is also highly desirable for the MCT detector to be deposited 

on a (100) Si substrate as it is the most technologically relevant substrate. While desirable, 

CdTe’s large lattice mismatch, significant thermal expansion coefficient mismatch, valence 

mismatch and a multidomain/multi-polarity growth mode, makes this a particularly 

challenging problem [44]. These complications lead to films with high dislocation densities, 

numerous stacking defects and compromised surface morphologies. As a result, many 
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approaches have been tried to improve the quality of the CdTe including the deposition on 

miscut substrates, [45] the passivation of the Si surface with As [46], the introduction of a ZnTe 

layer between the Si and CdTe [47], and an interrupted multi-layer anneal cycle [48]. The 

technological demands put on the CdTe intermediate layer will undoubtedly necessitate further 

novel approaches to film fabrication. 

 

 

2.7.3 CdTe as novel nonlinear photonic material 

 

More recently, there is considerable interest in using CdTe in the fabrication of non-linear 

optical devices. Its suitability for such devices is based on its high Kerr coefficient [49]. This 

coefficient K refers to a material ability to change its index of refraction in response to an electric 

field where the induced change is proportional to the square of the applied field: 

 

∆n=λ KE2  (2.13) 

 

where ∆n is the difference in index of refraction, λ is the wavelength of the light, K is the Kerr 

constant, and E is the amplitude of the electric field. 

 

In addition to the high Kerr coefficient, CdTe also possesses some complimentary 

properties that make it a promising material for photonic applications. It has low absorption 

losses and a high refractive index at the telecom wavelength of 1550 nm [50]. Also, the partial 

substitution of Zn for Cd, to form Cd1-xZnxTe, results in a drastic increase in the transmittance at 

1550 nm [51]. Nonlinear photonic materials play a key role in the telecom industry. One of the 

most attractive applications for exploiting CdTe’s nonlinear properties is in the fabrication of all 

optical logic gates. In fact, an international consortium has been setup to investigate the 

viability of such devices. The objective to PHOLOGIC (PHOtonic crystal LOGIC gates) project 

is to design devices based on CdTe’s nonlinear effects that, if successfully implemented, could 

prove attractive to the telecom industry. 

 

While the proposed devices appear very promising, significant hurdles must still be 

overcome. IMM, as a PHOLOGIC partner, was involved in trying to solve some of the material 

related issues associated with the fabrication of the proposed devices. The main challenge is to 

create a two-layer structure on a Si substrate, with the first layer being a ~ 4 µm thick SiOx layer 

and the second layer being between (300-500) nm CdTe thin films. 
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This combination was chosen to obtain a high contrast in the refraction indices between 

the two layers. This is necessary to obtain a waveguide with a high confinement of the 

propagating wave. While SiOx is an excellent choice based on its optical properties and its 

compatibility with Si semiconductor processing, it is a poor choice based on its suitability for 

CdTe film growth. SiOx has an amorphous crystal structure and this rule out any possibility of 

an epitaxial relationship between it and the overlying CdTe film. Films deposited without this 

relationship will show a granular structure that gives rise to degradation in the optical 

properties. Furthermore, many of the proposed structures are photonic crystal waveguides, 

based on periodic arrays of pillars or cavities, with submicron feature sizes [52]. The granular 

nature of the films makes it difficult to pattern such small feature sizes in a predictable manner. 

Finding solutions to these problems may decide the success or failure of this project. 

 

 

2.7.4 CdTe- based solar cell 

 

Recently, there has been renewed interest in solar cell materials as they represent a zero 

carbon emission source of renewable energy. They also have many niche applications, ranging 

from parking meters to satellite power systems, where alternate sources of power are not 

readily available. With such a wide range of applications it is not surprising that the demands 

on the solar cells also vary widely. For example, satellite applications demand light weight, 

high efficiency photovoltaics where cost is of secondary importance. Large scale power systems, 

on the other hand, must look at the tradeoffs between cost and efficiency. Within this mixture of 

applications and potential applications CdTe may play an important role. 

 

Si wafer based solar cells are, by far, the most dominant photovoltaic technology. With a 

market share in excess of 85%, they offer adequate efficiencies at reasonable prices. GaAs based 

cells are used for applications requiring the highest power output per unit area, but at a 

considerable cost. At the opposite extreme are solar cell materials offering the lowest 

manufacturing cost per unit of output power. It is here where thin film technologies can 

provide a real cost advantage as a relatively small amount of active material can be deposited 

on an inexpensive substrate. Utilizing this advantage, CdTe solar cells have become a serious 

challenger to other competing technologies. 

 

CdTe is an obvious candidate for photovoltaic applications as its band gap of 1.5 eV 

matches well to the solar spectrum (see figure 2.13). Its absorption coefficient is very high for 

frequencies in the visible part of the electromagnetic spectrum.  
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Figure 2.13. Diagram of solar radiation spectrum. 

 

Thus, it only takes a few micrometers of material to absorb 90% of the incident light [53]. 

It is also easily doped as VCd readily form at the high temperatures used in the film deposition 

process [54]. These vacancies give rise to the p- type carriers that are needed to form a 

heterojunction with the n- type carriers found in CdS. Once formed, the cell is very durable as it 

has a high level of chemical and thermal stability. 

 

As a result of these properties CdTe- based solar cells have received significant attention 

and are considered a viable alternative to Si- based technologies. In fact, CdTe solar cells yield 

higher wattage per square foot, at a lower price per watt of capacity. Several large scale power 

generation facilities have been put into operation to test the commercial viability of these solar 

cells in a mass production setting. There currently exists a CdTe- based solar power plant in 

Ohio operating at 40 MW. A second 10 MW plant is located in Germany and it will be scaled up 

to 100 MW in the near future. 

 

While great strides have been made there still exist many issues that are limiting the 

potential of this technology. Initially, there was rapid progress in the development of these solar 

cells, but their maximum efficiency has been stalled at 16.5% for over ten years. With a 

theoretical efficiency of 29% there is still much room for improvement. In following figure 2.14 

it is shown the evolution of CdTe- based solar cells and in comparison with other 

semiconductor technologies. 
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Figure 2.14. Evolution of the performance of different solar cells. 

 

One of the main problems is that when CdTe films are deposited on inexpensive 

substrates such as glass the material is either polycrystalline or textured in nature. The grain 

boundaries associated with such morphology give rise to trapping centres that result in carrier 

recombination, diminishing the charge transport in the cell. Also other significant issues involve 

the fabrication of reliable ohmic contacts to the CdTe film and ridding the films of pinholes [55]. 

 

With the emergence of nanotechnology have come several new concepts in solar cell 

design that provide photovoltaic power without relying on the traditional p-n junction to 

separate the charge carriers. For some time there has been considerable interest in polymer 

based solar cells. The expectation is that they would operate at much lower efficiencies than 

traditional technologies, but the low fabrication costs would more than offset this limitation. If 

it successfully implemented such cells would provide mechanical flexibility and disposability 

that would be unparalleled by other solar cell technologies. Progress, however, was slow with 

solar cell efficiencies below 2%. It was then discovered that dramatic improvements could be 

made to the efficiencies by simply incorporating nanocrystals into the active area of the solar 

cell. The doubling of efficiencies that resulted was considered a major step forward [56]. This 

discovery was quickly followed by the realization that embedded nanowires provided an 

advantage over nanocrystals in that they provided directional charge transport that could 

partially offset the poor charge transport of the polymer [57]. A more recent discovery by a 

research group in Los Alamos has attracted considerable attention. They showed that PbSe 

nanoparticles exhibited quantum efficiencies substantially higher than its bulk counterpart [58]. 
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This ability was attributed to single photons generating multiple electronic excitations and was 

immediately recognized for its potential in the development of high efficiency photovoltaic 

solar cells. With theoretical solar conversion efficiencies in excess of 40%, this discovery has 

become a primary driver for solar cell research. The major obstacle in obtaining such efficiencies 

is the harvesting of the electronic excitations from the nanoparticles to obtain charge transport. 

Initial attempts relied on nanoparticles imbedded in photosensitive polymers. While this 

approach is still being vigorously pursued, an alternative approach that utilizes nanowire 

technologies is gaining much attention. Here, the nanoparticles are replaced by a dense, highly 

crystalline nanowire array [59]. Once again, nanowires are used instead of nanoparticles to 

provide a directional electronic pathway able to facilitate the rapid collection of charge carriers. 

 

While these new discoveries are very promising they are still in their beginning. 

Considerable effort is needed to find the most appropriate nanowire material for polymer based 

cells. Also, the PbSe quantum efficiencies, while impressive, may lack commercial viability as 

lead based products are generally avoided in commercial applications due to toxicity issues. It 

is still unclear whether CdTe will be the material of choice for any of these applications, but 

many of the properties that made it so useful to traditional solar cell technologies make it an 

excellent candidate for these new nanotechnologies. Much effort has gone into the fabrication of 

CdTe nanoparticles and nanowires using low cost, low temperature solution based routes. 

These materials are now being vigorously tested to determine their suitability for a variety of 

applications including solar cell technologies. 

 

 

2.7.5 CdTe as a photorefractive material 

 

Photorefractive materials are a class of materials that have generated much interest as 

they have the ability to alter their index of refraction in response to incident light. When 

spatially non uniform light is directed onto such a material it produces mobile charge carriers 

by photoionization of impurities. These charge carriers drift and diffuse in response to this non 

uniformity creating a local electric field variation within the material, with the resulting electric 

field modulation giving rise to a spatially nonuniform refractive index through the electro-optic 

effect. Once the illumination is removed these carriers become trapped and immobile leaving 

the material optically altered. This holographic memory is obviously an attractive property as it 

allows for the optical storage of information. With the ability to superimpose many holograms 

on the same volume, through variations in the angle of incidence as well as the wavelength of 

the incident light, it is possible to dramatically increase the optical storage density [60].  
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Photorefractive materials can be divided into three subgroups. The first group, which 

includes such prominent electro-optic materials as and lithium niobate, LiNO3, and barium 

titanate, BaTiO3, have the largest electro-optic coefficients, leading to large nonlinear effects. 

While these materials are excellent for long duration data storage applications, their small 

charge carrier mobilities lead to a relatively slow response and poor sensitivity. The second 

group, comprised of a group of materials referred to as the sillenites, show smaller nonlinear 

effects, but with a faster response. The third group, made up of compound semiconductors such 

as CdTe, GaP, and InP, are the fast photorefractive materials with sensitivities near the 

theoretical limit due to their large mobilities. While this group is impractical for long term 

optical storage applications their fast response times make them excellent candidates for real 

time holography [61].  

 

CdTe is a promising photorefractive material for device applications. When considering 

such materials, a figure of merit equal to 
r

rn

ε

3

 is used to evaluate the nonlinear response, where 

n is the refractive index, r the electro-optic coefficient and εr is the dielectric constant. It is a 

measure of the index of refraction, variation induced per unit charge displaced. CdTe has the 

highest figure of merit with a value 1.2 times higher than for LiNO3. Unlike ferroelectrics which 

are photosensitive at visible wavelengths, CdTe exhibits nonlinear effects in the near- infrared, a 

property that makes it attractive for telecom applications. With a high mobility and high 

recombination time it is a prime candidate for fast response applications [62].  

 

Photorefractive applications are particularly demanding on the material properties. In 

fact, these limitations are the main barrier to enhance device performance. When evaluating a 

material its figure of merit determines the potential of material. In practice, however, the 

response is critically dependent on the defect structure of the material. This structure is highly 

sensitive to the growth conditions and to the incorporated dopants. The best photorefractive 

material is not the purest epitaxial film, but instead is the one where deep level defects have 

been controlled and optimized. CdTe, like all photorefractive semiconductors, suffers from a 

lack of these deep level traps. Efforts continue in this regard with the best response, thus far, 

being obtained for CdTe doped with V or Ti [63]. These results, however, have been obtained 

for bulk single crystals. Like so many other CdTe applications it will be necessary to obtain high 

quality films, but with the added complexity of controlling these defect traps to obtain the 

optimum photorefractive properties. 
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Chapter 3 

 

EXPERIMENTAL TECHNIQUES  
 

In this thesis, we have studied both bulk and thin films based on CdTe and CdTe-

compounds obtained by Bridgman and Vapor Phase Epitaxy (VPE), respectively. For that 

purpose, we have employed a number of characterization techniques. 

 

CdTe un- doped, doped with Bi and Ge, co- doped with Bi:Yb and Ge:Yb, and Cd(Zn)Te 

were fabricated and analyzed morphological, structural, compositional, optical and electrically, 

with the objective of understanding and controlling the growth process and the composition 

required for their different applications. The identification and removal of impurities in and 

from the component elements was an essential requirement. 

 

 

3.1 Growth techniques for CdTe 

 

The established methods of melt growth and vapor growth are rigorously reviewed in the 

literature. These and some other related studies by other authors on the preparation of doped 

materials and their potential relationship to structural complexes, have led to remarkable 

progress. 

 

A distinctive feature of CdTe and related materials, in contrasts to materials of groups IVs 

and III- Vs, is the omnipresence of grain boundaries. This, together with the easy formation of 

dislocations, precipitates and inclusions, creates formidable challenges for material scientists.  

 

We have just mentioned that the Bridgman technique was employed to grow bulk CdTe 

sources. These polycrystals were subsequently used to grow thin films by VPE.  

 

 

3.1.1 Bulk crystal growth by Bridgman method 

 

Several methods for growth of CdTe bulk crystals are now under study and development 

at research level. Among them, we can mention: 
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- The vertical Bridgman method which is usually used on an industrial scale although it 

is technologically complex. 

- The VGF (Vertical Gradient Freeze) method [1]. 

- The THM (Travelling Heater Method) method [2,3]. 

- And other more complex from vapor phase, as Markov technique [4,5]. 

 

The vertical Bridgman method provides bulk crystal with higher quality [6-8] and bigger 

size than other techniques. However, its major drawback derives from the contact between the 

wall of the quartz and the crystal. 

 

 

3.1.1.1 The Bridgman technique 

 
This method is used to obtain crystalline materials where the starting material is 

contained in a growth ampoule. The ampoule is moved at a controlled rate in a furnace that has 

the adequate temperature gradient. When the molten material is moved vertically along the 

temperature gradient produces a controlled solidification along the ampoule resulting in an 

ingot of material required. 

 

In this method the materials can be added separately. However, due to their different 

melting points, and to the exothermic chemical reaction between Cd and Te at high 

temperature, this method is relatively complex.  

 

The whole growth process consists on three phases: 

 

1) Fusion or synthesis-reaction: The furnace achieves a temperature above the CdTe 

melting point. During this process the elements inside the ampoule are melted and 

thus, start the chemical reaction that will lead to the semiconductor formation. 

 

2) Homogenization: To avoid the segregation of the metals inside the ampoule, the 

furnace is oscillated by a transverse axis. The movement allows that the molten is 

mixed and therefore the densest element can move to the bottom of the ampoule. At the 

same time, the dopant segregation effect is minimized. 

 

3) Growth or cooling process: Once the process of homogenization is finished, it gives 

way to the material solidification. For that, the ampoule will move inside the furnace 

thermal profile at low speed. In this way, all the material in liquid state is passed 
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through an area where the temperature requires it to solidify, but at such rate that the 

process to be carried out does not cause major tensions within the semiconductor. 

 

Once the material is solidified, it continues to cool down slowly to room temperature. The 

obtained ingot is formed by a large CdTe polycrystal.  

 

The Bridgman equipment used for the preparation of CdTe bulk crystals is shown in 

figure 3.1a and belongs to Crystal Growth Laboratories of the Universidad Autónoma de 

Madrid (LCC-UAM). A schematic view of the setup is depicted in figure 3.1b where different 

components of the equipment are detailed. 

 

 

Figure 3.1. Photograph and schema of Bridgman system used for CdTe crystals growth. 

 

It consists on a furnace with a super-Kanthal heating element that can work at 

temperatures up to 1300 ºC, with the possibility to oscillate down to 360 ºC at rates between 1–

360 º/h. Indeed, it has a mobile platform where the displacement rate is adjustable from 0.2-100 

mm/h. The system is fully automated by means of programs for temperature, ampoule 

movement and oscillation of the furnace. 

 

To obtain a CdTe ingot, the semiconductor elements were introduced into a quartz 

ampoule sealed under vacuum. In our case, Cd, Te and the specific dopants required for each 

particular experiment (i.e, Ge, Bi or Yb), were the elements used. Note that, a graphite layer has 

been previously deposited in the ampoule to prevent the contact between the melted CdTe and 

the quartz [6,8].  
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Once loaded the ampoule, it is coupled to a turbo molecular pump, where vacuum is 

made for 8 hours to achieve a system pressure of 1x10-6 mbar. Afterwards, the system is sealed 

using the flame of a mixture of propane and oxygen. 

 

Once the ampoule is sealed, it is mounted in a temperature-resistant ceramic platform and 

placed in the furnace so that the centre of the CdTe charge coincides with the furnace center. 

Finally, bearing in mind that the furnace has a parabolic temperature profile, with the 

temperature maximum at the center, it is programmed for the synthesis [7].  

 

In the following tables 3.I, 3.II and 3.III the parameters used in the synthesis, 

homogenization and cooling steps, are shown. 

 

Step Tinitial (ºC) Ramp (ºC/h) Tfinal (ºC) t at Tfinal (h) 

1 RT 50 500 12 

2 500 50 900 12 

3 900 50 1110 48 

 
Table 3.I. Parameters for the reaction process between Cd and Te [7]. 
 

Note that, the process of reaction between Cd and Te is made by means of a soft ramp at 

low temperatures. The first step is a reaction at 500 ºC, temperature slightly above the Te 

melting point (TF = 450 ºC). Since the reaction between Cd and Te to form CdTe is highly 

exothermic, it causes local temperature enhancement and might provoke damage in the growth 

ampoule, or even rupture. 

 

Step T(ºC) Angleinitial (º) Anglefinal (º) Oscilating rate (º/h) toscilation (h) 

1 1100 30 -30 12 24 

 
Table 3.II. Parameters for the homogenization process of CdTe synthesized and melted [7]. 
 

Step Tinitial(ºC) Ramp (ºC/h) Tfinal (ºC) t at Tfinal (h) 

1 1100 50 RT x 

 
Table 3.III. Parameters for the cooling process of CdTe once synthesized and homogenized [7]. 

 

As we can see in figure 3.2, the obtained ingot is formed by a large CdTe polycrystal. 

 



 

 

Figure 3.2. CdTe polycrystal ingot growth 
 

However, the dopant segregation is largely inevitable, so prior to the use of the source 

material to grow thin films, it is necessary to perform a preliminary analysis of the 

concentration of the elements and dopants in 

 

 

3.1.1.2 CdTe growth by Bridgman method with overheating 

 

After the synthesized process, the 

obtain the final crystal. This new 

other specific zone to place the 

formed by two or three grains

in figure 3.3.  

Figure 3.3. Schematic of a Bridgman
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CdTe polycrystal ingot growth by Bridgman technique. 

However, the dopant segregation is largely inevitable, so prior to the use of the source 

material to grow thin films, it is necessary to perform a preliminary analysis of the 

concentration of the elements and dopants in different parts of the ingot [7-10].

by Bridgman method with overheating  

After the synthesized process, the synthesized CdTe is introduced in other ampoule to 

new ampoule has an area to place the CdTe polycristal 

zone to place the CdTe- seed (previously prepared by Bridgman method and 

two or three grains with an acceptable quality) and the seed support, 

 
Bridgman furnace with overheating. The furnace can be rotate

for synthesized process, the ampoule was placed in the furnace and 

vertical growth axis. This is the starting position in which the CdTe

make contact. With this geometry, although the source is overheat
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However, the dopant segregation is largely inevitable, so prior to the use of the source 

material to grow thin films, it is necessary to perform a preliminary analysis of the 

10]. 

CdTe is introduced in other ampoule to 

the CdTe polycristal source and, 

seed (previously prepared by Bridgman method and it is 

and the seed support, as it is shown 

can be rotated up to 130º [7]. 

was placed in the furnace and 

This is the starting position in which the CdTe 

the source is overheated, 
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the temperature of the seed does not exceed the melting point, namely less than 1092 ºC 

(usually is between 1060-1070 ºC for different experiments tested). So, to reach the overheating 

condition, the temperature of the system goes from RT to ~1070 ºC at overheating rates of ~50 

ºC/h. After that, the system temperature is maintained for 24 hours. Under these conditions 

with the furnace at 130 ºC, the melting is not in contact with the seed. When this treatment is 

finished, the temperature used for the growth (1110 ºC) rapidly decreases, and the furnace is 

then rotated 130º at a rate of about 360º/h, being therefore the source and the seed in contact. 

Once the vertical position is reached, with the melt at 1100 °C, we maintain these conditions 

during 2 hours to allow the equilibrium state to be reached. Thus, it can start the movement of 

the ampoule to solidify the material and obtain the final CdTe crystal. In all cases, the 

displacement rate of the ampoule is 0.4 mm/h. Once the melt is crystallized, the growth is 

stopped and the cooling process, which can elapse for 10 to 15 days, starts. The steps to follow 

during the cooling process are shown in table 3.IV. 

 

Step T initial (ºC) Ramp (ºC/h) T final (ºC) t at T final (h) 

1 1110 2 1050 0 

2 1050 5 900 0 

3 900 15 RT X 

 
Table 3.IV. Parameters used in the Bridgman technique with overheating. 

 

Finally, when the system reaches room temperature the crystal obtained is extracted from 

the ampoule and thus, the material is prepared to be used as source for thin film growth and to 

be characterized. 

 

 

3.1.2 Thin films growth from vapor phase  

 

The evaporation term is often used in a generic sense to refer to different deposition 

processes, such as sputtering,VPE, Close Space Sublimation (CSS), Chemical Bath Deposition 

(CBD), Molecular Beam Epitaxial (MBE), Metalorganic vapor phase epitaxy (MOVPE), Pulse 

Laser Deposition (PLD), etc. In all these methods the deposited material comes from the vapor 

phase by means some of physical method.  

 

VPE growth technology, is mainly applied in the semiconductor industry, and has its 

origin about 40 years ago [11], when evaporation surpasses sputtering as the preferred film 

deposition. The advantage of this technique is related to its flexibility, the control of the process 
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parameters, as well as its adaptability to industrial processes. This may be regarded as a 

peculiarity of this deposition technique. 

 

This technology has matured relatively quickly. Therefore, taking into account that the 

degree of maturity of any epitaxial system seems to be inversely proportional to the physical 

and chemical complexity of the system, the degree of interest also influences the progress of any 

technology. Besides of the particular problems which take place during the process, it has other 

problems common to other growth techniques such as the orientation of the substrate, doping, 

autodoping, the system design, etc. In conclusion, some improvement is still needed in different 

areas. 

 

 

3.1.2.1 Vapor Phase Epitaxy (VPE) 

 

The thermal evaporation technique consists in heating until evaporation of the material to 

be deposited, in our case CdTe. The material vapor finally condenses in form of thin film on 

both cold and heated substrates surface as Si, SiOx, sapphire, etc. Usually low pressures are 

used, about 10-6 or 10-5 mbar, to avoid reaction between the vapor and atmosphere. At these low 

pressures, the mean free path (MFP) of vapor atoms is of the same order than the vacuum 

chamber dimensions (~50 cm), so these particles travel in straight lines from the evaporation 

source towards the substrate. This originates 'shadowing' phenomena with 3D objects, 

especially in those regions that are not directly accessible from the evaporation source 

(crucible). Besides, the average energy of vapor which reach the substrate surface is generally 

low (about kT, i.e. tenths of eV). This fact seriously affects the morphology of the films, often 

resulting in little adherent material [12-14]. 

 

The equipment available at the IMM laboratory, a Pfeiffer Classic 500 coating system with 

modified growth chamber and setup geometry, is shown in figure 3.4. 

 

The metal used as heating resistance was Molybdenum (Mo) which has a vapor pressure 

practically zero at the evaporation temperature (Tevap = 1000-2000 °C). The substrate holder has 

a rotated system to obtain high homogeneity in the wafers. 

 

For our experiments, CdTe and CdTe- compounds were heated until fusion by means of 

an electrical current passing through the heating resistance (Joule effect). The thin films 

deposited were generated by the vapor flux of the material to be condensed over the substrate. 

The substrates were heated at temperatures between 600-850 ºC, and the substrate holder was 
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rotated to obtain homogeneity all over the surface. Under these conditions, the deposition rate 

was between 1–10 nm/s.  

 

 
Figure 3.4. (a) Growth chamber of the VPE equipment (Pfeiffer Classic 500 system): (1) substrate heater, (2) 
substrate holder (3) the heated tungsten crucible with CdTe source and, (4) the shutter. (b) Schema of the 
growth process. 
 

 

From a practical point of view, various important aspects related to the evaporation 

process must be considered: 

 

a) The Latent heat: the heat necessary to rise the temperature (energy) of the material so 

that the phase change can occur. 

 

b) The evaporation rate of the material: when a liquid is in equilibrium with its vapor (in 

a thermodynamically isolated system), the number of molecules of the gas phase, Nevap, 

that reach the surface per unit area, A, and time, t, is equal to those that leave the liquid, 

and its value dNevap/Adt is related to the liquid vapor pressure, p*, by means the 

following equation: 

 

mkT

p

Adt

dN evap

π2

*

=    (3.1) 

 

where m is the mass of the molecule, k is the Boltzmann constant and, T the absolute 

temperature of the system. 

 

From equation 3.1, we can show that, under optimal vacuum evaporation conditions 

(i.e, 10-6 mbar), the time needed to form a monolayer of residual gas on any surface 

inside the camera is of ≈ 1 s (assuming that all the residual gas molecules are absorbed). 

a)

CdTe vapor

b)
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c) The transport of the material from the evaporation sources to the substrate: the 

thermal evaporation is usually done with a residual pressure in the chamber, < 10-4 

mbar.  

 

)(

5
)(

mtorrP
cmMFP =   (3.2) 

 
Under these conditions, and in contrast to other methods, thermal evaporation is a 

directional process, and only the surface of the substrate surface which is visible from 

the evaporation source is covered. This fact has important implications related to the 

thickness uniformity, overall when we want to grow thin films over large areas. 

 

Then, three effects are combined to determine the film thickness over a substrate; the 

source to substrate distance, the solid angle and the angle of incidence on the substrate. 

So, we can make an estimate of the film thickness considering the case of a punctual 

source (i.e. a small area compared with the dimensions of the substrate). In this case, the 

number of evaporated particles (in a time dt), dNevap from Aevap surface (punctual) 

within a solid angle dω in the direction φ with respect to the normal is so-called “law of 

cosine “by the geometry: cosθ/r2 (see figure 3.5): 

 

 
 

Figure 3.5. Schematic of the evaporation process from the source assuming that it behaves as a punctual 
surface. 
 

π

ω
ϕϕ

d
dtAVdN evapevapevap ⋅⋅= cos)(  (3.3) 

 

d) Another fact to be considered is the average of kinetic energy for evaporated atoms, Ec. 

This is the energy imparted to the vapor in excess of the minimum necessary for phase 

change. According to the kinetic theory of the gases, this energy is given by: 

 

dω (solid angle) 

θ 

90º 

φ 

Aevap 

dAs 

W 
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evapc kTE
2

3
=

  (3.4)
 

 

Considering the typical temperatures for thermal evaporation, this energy is usually 

very low, about Ec = 0.2 eV, and therefore much less than the binding energy of atoms 

to the material. 

 

This implies that the atoms reach the substrate surface with little energy, and thus the 

distance in the surface diffusion process to reach the equilibrium positions is small. This fact 

makes the deposited layers not very dense, and even with poor adherence to substrate [14]. 

 

In table 3.V some data collected during the last 30 years is shown as reference [15]. 

 

Name Melting 
Point 
(ºC) 

Bulk 
Density 
(g/cm3) 

Acustic 
Impedanc
e Ratio, Z 

Index of 
refraction 
@ microns 

Temperature (ºC) 
vapor pressure 

Evaporation Techniques 

10-8 10-4 Electron 
Beam 

Resistance 

Source Material 

Bi 271 9.80 0.81 .82 @ .35 
4.5 @ 1.0 

330 520 Xlnt. Boat Mo 

Bi2Te3 585 6.82    ≈600  Boat Mo 
Cd 321 8.65 0.6 1.13 @ .6 64 180 Fair Boat Mo 
CdTe 1041 6.20 0.98 2.68 @ 4.0 

2.51 @ 32 
 450  Box 

Boat 
Mo 
Mo 

Ge 937 5.32 0.51 4.20@ 2.1 
4.00 @ 20 

812 1167 Xlnt. Boat 
Crucible 

.02-.04 w 
 

Pd 1552 12.02 0.38 1.5 @ .30 
2.3 @ .54 

8.42 1192 Xlnt. Boat .02 w 
 

Te 452 6.25 .53 4.9 @ 6.0 157 277 Poor Boat Mo 
Zn 419 7.14 .50 2.62 @ .69 127 250 Xlnt. Boat 

Coil 
Mo 
W 

ZnTe 1240 6.34  3.56 @ .59 
2.80 @ 8.0 

≈600   Boat Mo 

 
Inficon Z- Ratio·= acoustic impedance ratio, Z. 
Z- Ratio· Leybold Inficon. 
Maxtec Inc. Acoustic Impedance (A.I.) = 8.83/ Z. 
(*) Temperature at which the vapor pressure is, p* = 10-2 Torr. 
 
Table 3.V. Some parameters used during this thesis. 
 

Source- Substrate geometry 
 

In all systems with rotated substrate holders and having the source centered under the 

axis of rotation, the film is thickest in the centre of the holder. This is because sources radiate in 

a beam subtending a narrow angle. Some studies demonstrate that the uniformity can be 

improved by moving the source from beneath the axis of rotation out toward the edge of the 

holder [16]. 
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3.2 Rapid Thermal Annealing (RTA) 

 

Rapid Thermal Annealing is a process used in semiconductor manufacturing that consists 

of heating a wafer to modify its structural properties. Thermal treatments can activate dopants, 

relax internal stress, diffuse materials to the interface, crystallize an amorphous layer, etc, [17-

19]. 

 

The thermal treatments were carried out using a RTP-600S Rapid Thermal Processing 

System. Tungsten halogen lamps and cold heating chamber walls allow fast wafer heating and 

cooling rates. The RTA, setup located at CAI at the UCM is shown if figure 3.6. 

 

 
Figure 3.6. (a) RTA equipment and (b) substrate holder located at CAI (UCM). 

 

The thermal annealing was carried out in different atmospheres such as O2, Ar, and H2. 

The temperature was selected to vary in the range between 450-1050 °C and the treatment 

elapsed between 10-20 s. During cooling, however, sample temperatures must be brought down 

slowly so the samples do not break due to thermal shock. 

 

To protect CdTe:PdI/Si samples from impurities, they were enclosed in a graphite boat. 

 

 

3.3 Characterization techniques 

 

In this thesis, a large number of techniques are combined to obtain an optimal 

characterization. We have studied the results of the growth processes by both Bridgman and 

VPE techniques, putting effort on improving the material properties mainly regarding their 

crystalline quality.  

 

a) b) 
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Samples were morphological, structural, compositional, optical and electrically analyzed, 

with the objective of understanding and controlling the growth process required for different 

applications. 

 

In the following table 3.VI we summarize the characterization techniques with their 

principal features used during our work. 

 

 Technique Requeriments Objetives 

M
o
rp
h
o
lo
g
ic
a
l 

ch
a
ra
ct
e
ri
z
at
io
n
 

SEM Metallization Morphological surface and, cross-
section 

AFM  Morphological surface 

C
o
m
p
o
si
ti
o
n
a
l 

ch
a
ra
ct
e
ri
z
at
io
n
 

ICP-MS Aqua regia digestion 
Impurities concentration, 

dopants, stoichiometry, minority 
components 

EDX 
Polished surface for 
sources samples. 
Metallization 

Surface composition, Precipitates 
(second phases) 

RBS  Elemental composition (bulk) 

E
st
ru
ct
u
ra
l 
a
n
d
 O
p
ti
ca
l 

ch
a
ra
ct
e
ri
z
at
io
n
 

XRD  
Crystalline structure, crystalline 

quality, 
lattice parameter, interplanar distance 

HS-XRD  Crystalline quality, 
Interplanar distance 

Raman  Lattice order degree, crystal lattice 

FTIR 
Polished surface for 
sources samples 

Crystalline quality, Te precipitates, 
holes concentration 

Photoluminescence 
Polished surface for 
sources samples 

Crystalline quality, impurities and 
compensation studies 

Cathodoluminescence 
Polished surface for 
sources samples 

Crystalline quality, impurities and 
compensation studies 

 

E
le
ct
ri
ca
l 

ch
a
ra
ct
e
ri
z
at
io
n
 

I-V 
Polished surface for 
sources samples, 
Metallic contacts 

Impurity and compensation studies 

SPS  Eg studies and conductivity 

 
Table 3.VI. Overview of characterization techniques with their most important features and the objectives 
of their applications.  
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3.3.1 Morphological techniques 

 

The morphology of the samples was studied by means of Scanning Electron Microscopy 

(SEM) and Atomic Force Microscopy (AFM). 

 

 

3.3.1.1Electronic Microscopy 

 

The electronic microscopy is a technique used for both surface and cross-section local 

characterization. In our case, it was essential to understand the CdTe morphology. For thin 

films both its interface and cross-section with the substrate and, quantify the porosity of the 

material, namely a complete microscopical analysis of the samples were studied. 

 

The scanning electron microscope (SEM) is an instrument that uses an accelerate electron 

beam with energies ranging from 2 KeV to 40 KeV that, by means a series of lenses, (electrical 

and magnetic fields applied to the beam), this is directed to the sample surface. Then, the 

focused beam interacts with the sample generating secondary electrons, which are detected and 

analyzed producing signals that contain information about the sample's surface topography.  

 

The samples must be electrically conductive, at least on the surface. So, CdTe samples 

usually are coated with Au ultrathin layer of Au for SEM inspection. Coating prevents the 

accumulation of static electric charge on the sample during electron irradiation. The best 

resolution arises because backscattering and secondary electron emission near the surface are 

enhanced and thus an image of the surface can formed. 

 

The SEM Hitachi S-800 equipment used in this thesis is located at IMM laboratories and 

has a field emission gun (FEG) (see figure 3.7). A FEG produce an electron beam that is smaller 

in diameter, more coherent and, with up to three orders of magnitude greater current density or 

brightness than can be achieved with conventional thermionic emitters such as tungsten or 

lanthanum hexaboride (LaB6)-tipped filaments. The principal advantage in the result is a 

significantly improved signal-to-noise ratio and spatial resolution. This substantially improves 

emitter´s life and reliability compared with thermionic devices. Thus, SEM´s with FEG can 

reach a resolution of 20Å versus the 50 and 20Å obtained in SEM with other type of filaments 

[20,21]. 
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Figure 3.7. SEM Hitachi S-800 located at IMM laboratories. 

 

 

3.3.1.2 Atomic Force Microscopy, AFM 

 
Atomic force microscopy is a powerful tool allowing a variety of surfaces to be 

characterized and modified at the atomic level. This technique belongs to Scanning probe 

microscopes (SPM) group instruments used to image and measure properties of material, 

chemical, and biological surfaces. The two primary forms of SPM are scanning tunneling 

microscopy (STM) and atomic force microscopy (AFM). In all these techniques a sharp tip is 

rastering across the sample and interacts with it. Then, some characteristic parameters of the 

interaction depends of tip- sample distance. 

 

In the AFM case, the deflection of a very sensitive cantilever gives us information the tip- 

sample interaction. The cantilever is ending in an extremely sharp pyramidal tip which has a 

typical curvature radius of about 10 nm and is manufactured in Si and SixN1-x. 

 

The operation scheme of a typical AFM is shown in figure 3.8a. A laser beam is sent to the 

back of the cantilever, whose reflection is collected on a photodiode segmented into four 

sections. In order to operate and be able to get a surface image, the interaction force between the 

atoms of the tip located at the end of the cantilever and those of the sample surface must be kept 

constant. This is achieved by maintaining constant cantilever properties as its deflection, 

amplitude or frequency of oscillation. Depending on the function of the property to control, the 

AFM can operate in different modes, such as contact mode, the modulation in amplitude or 

frequency [22,23]. 



 

 

Figure 3.8. (a) Schematic of the operation o
contact, and tapping mode. 
 

Initially, we choose a value 

amplitude or frequency of oscillation

reached by the photodiode, when the tip starts moving on the surface. Topography changes can 

cause changes in the interaction forces in th

property which we desire to maintain constant can change

its oscillation amplitude can 

smaller values). The feedback of the device can detect these changes in the intensity of light 

captured by the photodiode and send a signal to the piezoelectric. The piezoelectric can

contract or expand to recover the initial value of the property. The voltages applie

piezoelectric are collected on a computer that transforms them into displacements from the 

sensitivity of the piezoelectric. 

sample in the three spatial directions.

 

As function of the work mode of the piezoelectric (the sample movement respect the tip), 

the AFM can work in different regimes, as is depicted in figure 3.

 

Figure 3.9. The different work modes of an AFM: (a) contact 
 

a) 
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of the operation of a typical AFM. (b) Nanotec AFM system, which can work in 

a value related to the property that we keep constant (deflection, 

of oscillation). This value corresponds to a certain intensity of light 

reached by the photodiode, when the tip starts moving on the surface. Topography changes can 

cause changes in the interaction forces in the atoms between the tip and the sample. S

property which we desire to maintain constant can change (the tip is deflected

can be cushioned, or the oscillation frequency can move to larger or 

The feedback of the device can detect these changes in the intensity of light 

by the photodiode and send a signal to the piezoelectric. The piezoelectric can

recover the initial value of the property. The voltages applie

piezoelectric are collected on a computer that transforms them into displacements from the 

sensitivity of the piezoelectric. In this way, it is possible make a local topographic map of the 

in the three spatial directions. 

e work mode of the piezoelectric (the sample movement respect the tip), 

M can work in different regimes, as is depicted in figure 3.9. 

The different work modes of an AFM: (a) contact (b) non-contact and, (c) tapping mode.

a) 

 b) 
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AFM system, which can work in 

constant (deflection, 

). This value corresponds to a certain intensity of light 

reached by the photodiode, when the tip starts moving on the surface. Topography changes can 

between the tip and the sample. So the 

ted up or down, or it 

, or the oscillation frequency can move to larger or 

The feedback of the device can detect these changes in the intensity of light 

by the photodiode and send a signal to the piezoelectric. The piezoelectric can also 

recover the initial value of the property. The voltages applied to the 

piezoelectric are collected on a computer that transforms them into displacements from the 

topographic map of the 

e work mode of the piezoelectric (the sample movement respect the tip), 

 

(c) tapping mode. 

     c) 
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Contact mode: In this mode, the deflection or repulsion between the cantilever and the 

sample is kept constant. The intensity of the feedback is extracted from the topographic height. 

Due to the fact that the topographic measurements are made with the tip perpetually in contact 

with the sample (see figure 3.9a), it is necessary to work with soft tips in order to avoid 

scratching the surface. The changes undergone by the cantilever due to repulsive forces are 

compensated by the displacement of piezoelectric. The basic requirement to make AFM images 

in contact mode is that the force of the microcantilever exerted on the sample is less than the 

bonding force between atoms in the tip and the sample [24]. 

Non-contact mode: In this mode, the tip is located about 50-150Å from the sample surface 

and, therefore, the Van der Waals forces acting between the tip and cantilever. For this case 

changes in amplitude, phase or oscillation frequency of the tip in relation with the morphology 

of the sample are measured, creating the image of the surface topography. This scanning 

provided by the feedback, and the attraction between the sample and the cantilever (which 

vibrates near the resonance point) remains constant (see figure 3.9b). The height is measured 

from the feedback intensity. The resolution in this mode is a bit lower than in contact mode due 

to the distance between the cantilever and sample, but the sample cannot be damaged. 

 

Tapping mode: This mode is used to study samples when the contact mode is 

problematic. In this mode, Si tips sharper than conventional SixN1-x tips can produce images of 

higher resolution. Besides, due to the fact that the tip is not in continuous contact with the 

sample surface but it is in intermittent or discrete contact, the interaction between the tip and 

the sample is reduced (see figure 3.9c). Indeed the friction between the sample and the tip is 

smaller and, it is possible to obtain atomic resolution. 

 

By this technique the surface roughness of the samples can be calculated being usually 

characterized by two parameters: 

 

� The average roughness that can be calculated by: 
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  (3.5) 

 

where, zi is height of a point (x,y), N the number of all points used in the measurement and, Z is 

defined by:  
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� The Hills-valleys distance, provides information on the difference in height between 

the highest and lowest points on the surface [22]. 

 

Both the acquisition and the qualitative analysis from the images obtained were 

carried out by means the software WsxM [25]. 

 

AFM measurements were performed at IMM laboratories with Nanotec equipment, as is 

shown in figure 3.8b. It is operate in contact mode and intermittent contact (tapping). It is fitted 

with an optical microscope to visualize the tip-sample set so the tip can be placed on a 

particular area of the sample.  

 

 

3.3.2 Compositional techniques 

 

The compositional properties of the samples have been investigated by Inductively 

Coupled Plasma-Mass Spectroscopy (ICP-MS), Energy Dispersive X-Ray Analysis (EDX), X-ray 

Fluorescence, (XRF) and, Rutherford Backscattering Spectroscopy (RBS). 

 

 

3.3.2.1 Inductively Coupled Plasma-Mass Spectrometry, ICP-MS 

 
ICP-MS is used to determine the stoichiometry of the material, the dopants and different 

impurities concentrations, which notably influence both the optical and electrical properties of 

the material. 

 

ICP technology was built upon the same principles used in atomic emission spectrometry. 

Samples are decomposed to neutral elements in an high temperature argon plasma and 

analyzed based on their mass to charge ratios. An ICP-MS can be thought of as four main 

processes, including sample introduction and aerosol generation, ionization by an argon plasma 

source, mass discrimination, and the detection system. The schematic in figure 3.10 illustrates 

the processes sequence. 

 



Chapter 3 

49 

Figure 3.10. Schema of the sequence of process of a ICP

 

These measurements were carried out at the Interdepartmental Research Service (SIDI) of 

Universidad Autónoma de Mad

equipment which, consist basically 

spectrometer. To analyze the CdTe:Ge:Yb source sample

be in aqueous solution. Due to the fact that
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Since CdTe is an insoluble material in any medium, it requires a process of digestion to 

carry the sample at solution. Thi

Once the sample is digested in aqua regia,

dissolved in water. Usually 2
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oscillating magnetic field, ionizing the atoms. 

plasma enters in the mass spectrometer where a quadrupole filter separates the 

according to their charge/mass ratio, to quantify

capable of analyzing positive ions, therefore elements such as C, N, O and the halogens

be quantified. The sensitivity of the equipment for most of the elements that can be quantified is 

in the order of parts per billion (

 

In our particular case, 

approximation of the stoichiometry of the materials

 

Schema of the sequence of process of a ICP-MS. 

These measurements were carried out at the Interdepartmental Research Service (SIDI) of 

rsidad Autónoma de Madrid (UAM) by mean an ELAN-6000 Perkin

basically of two parts: an atomizer of the sample and a mass 

the CdTe:Ge:Yb source samples, the first requirement is that it must 

Due to the fact that these sources are solid, the first step

Since CdTe is an insoluble material in any medium, it requires a process of digestion to 

solution. This is done by treating the sample in hot aqua regia 

digested in aqua regia, Cd and Te are formed, and thus they

in water. Usually 2 µm of CdTe, 1 mL of aqua regia for digestion and

injected into the atomizer forming an aerosol in the presence of an

osol is transformed at high plasma temperature due to the presence of an 

oscillating magnetic field, ionizing the atoms. Once the sample is atomized and ionized, the 

the mass spectrometer where a quadrupole filter separates the 

according to their charge/mass ratio, to quantify its composition. The equipment used is only 

capable of analyzing positive ions, therefore elements such as C, N, O and the halogens

The sensitivity of the equipment for most of the elements that can be quantified is 

the order of parts per billion (ppb) [26]. 

 this technique allows us to determine the Cd/Te ratio, 

of the stoichiometry of the materials), to analyze the dopants concentration 

 

 

These measurements were carried out at the Interdepartmental Research Service (SIDI) of 

Perkin-Elmer Sciex 

of the sample and a mass 

the first requirement is that it must 

are solid, the first step is to dissolve 

Since CdTe is an insoluble material in any medium, it requires a process of digestion to 

aqua regia (~ 100 ºC). 

they can be easily 

1 mL of aqua regia for digestion and, 2 mL of water 

in the presence of an Ar 

temperature due to the presence of an 

atomized and ionized, the 

the mass spectrometer where a quadrupole filter separates the components 

The equipment used is only 

capable of analyzing positive ions, therefore elements such as C, N, O and the halogens cannot 

The sensitivity of the equipment for most of the elements that can be quantified is 

to determine the Cd/Te ratio, (it is an 

, to analyze the dopants concentration (for 
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instance to see their distribution along the ingot), and to analyze almost all impurities present in 

the sample. 

 

 

3.3.2.2 Energy dispersive X- ray spectroscopy, EDX 

 

EDX or EDS is a chemical microanalysis technique used in conjunction with scanning 

electron microscopy (SEM). This technique is capable of providing elemental imaging of the 

main phases as well as of the trace elements at a submicrometer scale. 

 

The operating principle of the EDX analyzer is related to the characteristic X- rays emitted 

from the sample surface, when it is excited by the electrons that impact on it from the electron 

beam microscope. Namely, the electrons from the electron microscope are accelerated with a 

voltage of ~20 kV and they impact on the surface of the sample, exciting the elements present 

which are de-excited emitting their characteristic X- rays. The study of the emission spectrum 

allows us to identify the elements present in the samples [27,28]. 

 

The sensitivity of the technique is poor, usually 1% by mass and it is only useful to 

identify and quantify seconds phases, precipitates, etc., i.e., the kind of defects with high 

concentration of its components. In some cases it is capable of quantifying impurities in low 

concentrations. The areas to be examined are from hundreds of nanometers to several 

millimeters. Figure 3.11 shows a typical EDX spectrum obtained from a CdTe sample nominally 

pure. 

 

 
Figure 3.11. Typical EDX spectra of a CdTe/Si thin film growth by VPE. 
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This technique is available at the Interdepartmental Research Service (SIDI) of 

Universidad Autónoma de Madrid (UAM) and

Complutense de Madrid (UCM).

a Philips XL30 SEM. 

 

 

3.3.2.3 X- ray Fluorescence,

 

X- ray fluorescence is another

the main phases and the trace elements at sub

 

This technique is powerful to carry out quantitative elemental analysis in 

[29,30]. Using exciting radiation that 

have the advantage of providing an extremely high number of photons 

which can be subsequently focused in order to carry out measurements with spot sizes within 

the range of microns. Moreover, while the source itself provides continuous radiation over a 

wide energy range, it is possible to optimize the recording cond

energy with a monochromator. 

 

The measurements were

Facility (ESRF) in Grenoble France

 

Figure 3.12. XRF setup located at

 

The beamline is equipped with three 

crystal monochromator with an energy resolution of 

focused on the sample surface by means of 

photons/sat 28 keV as excitation 

 

This technique is available at the Interdepartmental Research Service (SIDI) of 

Universidad Autónoma de Madrid (UAM) and, in the material department of the Universidad 

Complutense de Madrid (UCM). SIDI equipment consists on a DX4i EDAX analyzer coupled to 

Fluorescence, XRF 

another technique used to obtain elemental and chemical imaging of 

and the trace elements at submicrometer scale. 

powerful to carry out quantitative elemental analysis in 

Using exciting radiation that it is produced at a synchrotron radiation (SR) source, we 

have the advantage of providing an extremely high number of photons from

which can be subsequently focused in order to carry out measurements with spot sizes within 

the range of microns. Moreover, while the source itself provides continuous radiation over a 

wide energy range, it is possible to optimize the recording conditions by selecting the excitation 

energy with a monochromator.  

The measurements were performed at the ID18F beamline at the European Radiation 

in Grenoble France. The setup is shown in figure 3.12. 

  
located at ESRF installations. 

The beamline is equipped with three undulated sources and a fixed-exit double Si (111) 

crystal monochromator with an energy resolution of ∆E/E~10-4. The monochromatic

focused on the sample surface by means of an Al compound refractive lenses, which 

excitation energy [31]. The optical stack uses 112 lenses with a parabolic 

 

This technique is available at the Interdepartmental Research Service (SIDI) of 

in the material department of the Universidad 

a DX4i EDAX analyzer coupled to 

technique used to obtain elemental and chemical imaging of 

powerful to carry out quantitative elemental analysis in semiconductors 

produced at a synchrotron radiation (SR) source, we 

from a small source, 

which can be subsequently focused in order to carry out measurements with spot sizes within 

the range of microns. Moreover, while the source itself provides continuous radiation over a 

itions by selecting the excitation 

ID18F beamline at the European Radiation 

 

exit double Si (111) 

. The monochromatic beam is 

Al compound refractive lenses, which yields ~109 

The optical stack uses 112 lenses with a parabolic 
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profile and a radius of curvature of 196 µm [32]. The intensity of the incident X- ray beam is 

monitored with a mini-ionization chamber [33]. A single-element solid state Si(Li) detector (150 

eV/energy resolution at Mn-Kα edge, 4 ms shaping time; 30 mm2 active area; 4 mm active 

thickness) collects the characteristic XRF lines. By creating a secondary source using the 

beamline slits (0.1×0.1 mm), the beam dimensions estimated by the Au knife-edge scan method 

[34] were 1.5×5.1 µm2 (V×H) at 28 keV. 

 

Data were analyzed with PyMCA code. X- ray imaging implements a Levenberg–

Marquardt algorithm to fit the spectra with constraints on the fitting parameters (detector 

characteristics, detection geometry, matrix composition, excitation energy, etc). The complete 

emission line series was fitted using theoretical intensity ratios and line emission energies. A 

more detailed description of this code was given by Solé, V.A et al. [35]. The obtained fitting 

configuration was applied to each pixel of the 2D maps to calculate the different elemental 

maps through a batch treatment. 

 

 

3.3.2.4 Rutherford Back Scattering, RBS 

 
RBS is an ion scattering technique that is used for elemental compositional analysis. RBS 

allows quantification without the use of reference standards. During RBS measurements, ions of 

high energy (MeV) are directed onto a sample and the energy distribution and yield of the 

backscattered ions at a given angle are recorded [36-37].  

 

The experimental equipment located at the Centro de Microanálisis de materiales 

(CMAM/UAM) consists of the accelerator, its beam lines, dedicated to various application areas 

and several ancillary equipments (micro-analytical techniques, sample preparation) (see figure 

3.13). The accelerator, built by HVEE, is of the tandem type and reaches a maximum voltage of 

5 MV at the terminal. The acceleration system is of the Cockroft-Walton type. It is provided 

with two sources: a plasma source for gaseous substances and a sputtering source for obtaining 

practically any element of the periodic table from a solid target. 

 

This type of accelerator is the best suited for Ion Beam Analysis, (IBA), techniques applied 

to Materials Science, Archaeometry, Environmental Science, etc. 

 

The Standard Beamline at CMAM is a multipurpose line, mainly used for “classical” IBA 

techniques over small areas. 
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It has an experimental chamber equipped with a 4 axis goniometer, a HPGe detector for 

gamma rays and two implanted silicon detectors (one fixed and one movable) for charged 

particles detection. For the movable detector it is possible to define different solid angles and to 

put absorbent foils at its entrance. 

 

All this equipment, together with a continuously under-development set of acquisition 

and control programs allow us to make both Rutherford Backscattering (RBS) as other IBA 

techniques. The beamline can be used for irradiating samples with a large variety of ions, from 

H to Au, being possible to cover areas up to 8x8 mm2. And a high sensitivity optical camera and 

a special viewport for far-infrared (thermal) camera, complete the offer of available 

instrumentation of the beamline. 

 

  
Figure 3.13. Full view of the standard beammline located at CMAM. 

 

• IBA Techniques 

 

The IBA techniques are analytical techniques which use as a probe an ion to analyze the 

composition (at different levels: elemental, molecular, spatial, depth…) of a sample through 

atomic or nuclear reactions. 

 

When a material is bombarded with an ion beam, it can produce a large variety of 

reactions from which information is obtained, among other possible things, the elemental 

chemical composition of the sample answered in depth, see figure 3.14. 

 



 

 

Figure 3.14. Some interaction which occur when an ion beam impact on a material.
 

Depending on the incident beam energy and ion

techniques [38] can be classified as:

 

Energy 

1-10 KeV 

10-100 KeV 

A few MeV 

10-100 MeV 

1-10 MeV 

 

i SIMS: Secondary Ion Mass Spectroscopy. LEIS: Low Energy Ion Scattering. MEIS: Medium Energy Ion Scattering. 
PIXE: Particle Induced X-ray Emission. PIGE: Particle Induced 
Spectroscopy. ERDA: Elastic Recoil Detectio
 

Table 3.VII. Techniques for characterization of materials according to the incident beam energy together 
with the species most used in ion analysis
 

Rutherford backscattering spectrometry (RBS)

materials science for the determination of the composition. It is based on the measure of a 

backscattered beam of high energy ions impinging on a sample. 

 

RBS is one of the best-established IBA techniques in thin film characte

high energy (1-10 MeV) beam (He or

scattered by nuclei into the sample are detected: the higher the mass of an atom that is hit by an 

ion beam, the higher the energy of the ion 

discrimination and, by counting the scattered ions as a function of energy, the number of atoms 

of each element present can be determined.
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Some interaction which occur when an ion beam impact on a material. 

Depending on the incident beam energy and ion-matter interaction, (see

be classified as: 

Typical ion Method of study i 

O+, Ar+, He+ SIMS, LEIS 

He+, p+ MEIS 

He2+, p PIXE, PIGE, RBS, Channeling, ERDA

Ag, Cu10+ ERDA 

He+, D+, p+ NRA 

: Secondary Ion Mass Spectroscopy. LEIS: Low Energy Ion Scattering. MEIS: Medium Energy Ion Scattering. 
ray Emission. PIGE: Particle Induced γ-ray Emission. RBS: Rutherford Backscattering 

Spectroscopy. ERDA: Elastic Recoil Detection Analysis. NRA: Nuclear Reaction Analysis. 

Techniques for characterization of materials according to the incident beam energy together 
with the species most used in ion analysis. 

Rutherford backscattering spectrometry (RBS) is a powerful analytical technique used in 

materials science for the determination of the composition. It is based on the measure of a 

backscattered beam of high energy ions impinging on a sample.  

established IBA techniques in thin film characterization, in which a 

10 MeV) beam (He or H) is directed to a sample. The ions that are elastically 

the sample are detected: the higher the mass of an atom that is hit by an 

ion beam, the higher the energy of the ion will be after backscattering. This results in mass 

discrimination and, by counting the scattered ions as a function of energy, the number of atoms 

of each element present can be determined. 
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see table 3.VII) IBA 

PIXE, PIGE, RBS, Channeling, ERDA 

: Secondary Ion Mass Spectroscopy. LEIS: Low Energy Ion Scattering. MEIS: Medium Energy Ion Scattering. 
ray Emission. RBS: Rutherford Backscattering 

Techniques for characterization of materials according to the incident beam energy together 

analytical technique used in 

materials science for the determination of the composition. It is based on the measure of a 

rization, in which a 

a sample. The ions that are elastically 

the sample are detected: the higher the mass of an atom that is hit by an 

will be after backscattering. This results in mass 

discrimination and, by counting the scattered ions as a function of energy, the number of atoms 
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Apart from mass information, the main strength of RBS is the depth resolution (in the nm 

scale). During the flight path through the sample, the ions lose energy, and this energy loss per 

unit distance is known for every material, allowing the conversion of the RBS spectrum into a 

depth profile. For example, an ion scattered at a certain depth will lose more energy (on the way 

in and out of the target) than an ion scattered by the same atom but at the sample surface. 

 

In the analysis of materials using the RBS technique usually uses a beam of 4He ions with 

energy between 1 and 2 MeV. The main reasons for this are easy to get a beam of this type, its 

stopping power is well known in almost all elements, the energy resolution of silicon detectors 

is between 11 to 15 keV and the most important its cross section in this energy range, for 

elements heavier than Be is close to that of Rutherford. 

 

Figure 3.15a shows the geometry of a typical measurement with a RBS spectrum which 

represents the number of backscattered ions (counts) versus its energy (channel number). 

 

If the test sample is thick enough, the spectrum will typically show a flat region in the 

peaks corresponding to each element whose thickness is related to the thickness of the film, see 

the example in figure 3.15b. 
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Figure 3.15. (a) Geometry typical experimental backscattering spectroscopy. (b) Backscattering spectrum of 
Cu foil deposited on a Si substrate. 
 

The depth resolution is determined by the energy resolution of the detector and the 

random deviations of the beam energy, which is called energy straggling, since not all the ions 

lose energy in the same way. 

 

To transform the energy level on a scale in depth is necessary to perform a calibration. The 

calibration is necessary to establish the relationship between the channel number in which the 

peak appears on the surface of at least two elements of different mass number and energy of 

backscattered particles after hitting the surface with atoms of the material used for calibration, 

whose density should be well known [39]. 

a) b) 
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In our case, RBS measurements were performed using a He+ ion beam at energy of 3 MeV; 

and the measurements of the samples were carried out by comparing the experimental 

measurements and simulations with commercial software SIMNRA [40]. 

 

 

3.3.3 Structural Techniques 

 

The structural properties of the samples were studied by means X- ray Diffraction (XRD) 

and, by Raman Spectroscopy techniques. 

 

 

3.3.3.1 X- ray Diffraction, XRD 

 
XRD is a powerful nondestructive technique for characterizing crystalline and, 

polycrystalline materials. It provides information about structures, phases, preferred crystal 

orientations (texture), and other structural parameters, such as average grain size, crystallinity, 

strain, etc [41-42]. 

 

XRD is a physical phenomenon that occurs when a X- ray beam of a particular 

wavelength interacts with the atomic distribution of a material. Due to the fact that the 

characteristic wavelength of the X- rays (0.5-2.5 Å) is of the same order of magnitude than the 

typical distance between the atoms in solids, this technique very sensitive at the atomic scale, 

therefore, provides great information on the crystal structure of the material studied [43]. 

 

The technique is based on observing the scattered intensity of an X- ray beam that hits a 

sample as a function of incident and scattered angle, polarization, and wavelength or energy, 

respectively. 

 

The X- rays are generated by a X- ray source, filtered to produce monochromatic 

radiation, collimated to concentrate, and directed towards the sample. The interaction of the 

incident rays with the sample produces constructive interference (and a diffracted ray) when 

conditions satisfy Bragg's Law (nλ=2d sinθ). This law relates the wavelength of electromagnetic 

radiation to the diffraction angle and the lattice spacing in a crystalline sample. The diffracted 

X- rays are then detected, processed and counted. By scanning the sample through a range of 2θ 

angles, all possible diffraction directions of the lattice should be attained due to the random 

orientation of the grains of the material. Conversion of the diffraction peaks to d-spacings 
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allows identification of the material because each material has a set of unique d-spacings. 

Typically, this is achieved by comparison of d-spacings with standard reference patterns. 

 

X- rays are produced generally by either X- ray tubes or synchrotron radiation. In our 

particular case, we use the Philips MRD X-ray diffractometer with θ-2θ (Bragg-Bretano) 

configuration located at IMM laboratory. It has a Cu target (CuKα1) which emit 8 KeV with a 

corresponding wavelength of 1.54 Å (see figure 3.16).  

 

The schematic of the rotation curves at 2θ, where the Bragg condition is satisfied and the θ 

angle which shows posterior change at the exit of the sample is also depicted in figure 3.16b. 

 

 
Figure 3.16. (a) Philips MRD X- ray diffractometer. And (b) schematic of the rotation curves. It is shown 
the 2θ where the Bragg condition are satisfied and, the θ angle which posterior change at the exit of the 
sample. 
 

This technique was mainly used to characterize thin films grown on substrates, where a 

high quality is critical. Therefore, this method is used as an important step in the process 

development and control tool, as long as X- rays can penetrate through the epitaxial layers and 

measure the properties of both the film and the substrate. 

 

From the peaks appearing in the XRD spectra, we can obtain information about the 

crystallinity and the interplanar distance by means of the width a half peak height ("Full width 

at half maximum" FWHM) and Bragg's formula, respectively [44]. 

 

In addition, some synchrotron radiation measurements were carried out, due to the fact 

that in recent years synchrotron facilities have become widely used as preferred sources for 

XRD measurements. Synchrotron radiation is emitted by electrons or positrons travelling at 

near light speed in a circular storage ring. These powerful sources, which are thousands to 

millions of times more intense than laboratory X-ray tubes, have become indispensable tools for 

a wide range of structural investigations and brought advances in numerous fields of science 

and technology. The setup used has the same configuration than that observed in figure 3.12. 
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3.3.3.2 Raman Spectroscopy

 

Raman Spectroscopy enables to determine the chemical structure of a sample and identify 

its compounds by means of molecular vibrations, similar to Fourier Transform Infrared 

Spectroscopy (FTIR). However, Raman yields better spatial resolution and enables the analysis 

of smaller samples. This is a good technique for the qualitative analysis of organic and/or 

inorganic mixed materials and can also be employed for semi

analysis.  

Raman spectroscopy is a nondestructive analysis technique based on study inelastic 

scattering of the light when it interact

 

Commonly, a laser is used as a powerful monochromatic light. So

light after the impact with the 

majority of the photons that interact with the molecules are scattered elastically. This is called 

Rayleigh scattering. Rayleigh scattered photons have the same wavelength than t

light; therefore they do not provide

approximately 1 out of a million photons are 

Sir Chandrasekhara Raman in 

frequency (or inelastic scattering Raman 

molecules of the material. The detected frequency changes are characteristic of the material 

analyzed, and frequency independent of the incident light. A more detailed description of 

Raman spectroscopy technique can found in reference [

 

Figure 3.17 presents a schematic drawing of the Raman effect (a) and

experimental setup (b). 

 

Figure 3.17. (a)Schematic representation of the Raman 
network diffraction and holographic filter to block the elastically scattered light
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Raman Spectroscopy 

Raman Spectroscopy enables to determine the chemical structure of a sample and identify 

its compounds by means of molecular vibrations, similar to Fourier Transform Infrared 

However, Raman yields better spatial resolution and enables the analysis 

of smaller samples. This is a good technique for the qualitative analysis of organic and/or 

inorganic mixed materials and can also be employed for semi-quantitative and quantitative 

Raman spectroscopy is a nondestructive analysis technique based on study inelastic 

scattering of the light when it interacts with the matter. 

Commonly, a laser is used as a powerful monochromatic light. So, most of the incident 

impact with the material under study, is scattered at the same frequency. 

majority of the photons that interact with the molecules are scattered elastically. This is called 

Rayleigh scattering. Rayleigh scattered photons have the same wavelength than t

they do not provide any information about the sample under analysis

approximately 1 out of a million photons are inelastically scattered. An effect first described by 

Sir Chandrasekhara Raman in 1922 [45]. This small portion of light experiment slight changes in 

frequency (or inelastic scattering Raman Effect) due to interaction with the vibrations of the 

molecules of the material. The detected frequency changes are characteristic of the material 

y independent of the incident light. A more detailed description of 

Raman spectroscopy technique can found in reference [46]. 

presents a schematic drawing of the Raman effect (a) and

chematic representation of the Raman Effect. (b)Raman spectrometer with a single 
network diffraction and holographic filter to block the elastically scattered light. 
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Raman Spectroscopy enables to determine the chemical structure of a sample and identify 

its compounds by means of molecular vibrations, similar to Fourier Transform Infrared 

However, Raman yields better spatial resolution and enables the analysis 

of smaller samples. This is a good technique for the qualitative analysis of organic and/or 

quantitative and quantitative 

Raman spectroscopy is a nondestructive analysis technique based on study inelastic 

most of the incident 

study, is scattered at the same frequency. The 

majority of the photons that interact with the molecules are scattered elastically. This is called 

Rayleigh scattering. Rayleigh scattered photons have the same wavelength than the incident 

under analysis. However, 

scattered. An effect first described by 

portion of light experiment slight changes in 

) due to interaction with the vibrations of the 

molecules of the material. The detected frequency changes are characteristic of the material 

y independent of the incident light. A more detailed description of 

presents a schematic drawing of the Raman effect (a) and a typical 

 
Raman spectrometer with a single 
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These measurements were realized in Universidad de Barcelona (UB) in collaboration 

with Victor Izquierdo- Roca. And the samples were measured using two excitation frequencies, 

514.5 nm (laser green) and 632.28 nm (red laser). Different holographic filters are also used 

providing access to the acoustic phonons, in the case of the green laser, to obtain complete 

information of the spectrum. 

 

 

3.3.4 Optical Techniques 

 

The optical characterization was carried out by photoluminescence, PL and 

cathodoluminescence CL studies, respectively. 

 

 

3.3.4.1 Photoluminescence, PL 

 

 PL is a non destructive technique which allows evaluating the structural quality and 

purity of the samples. At the same time it provides us a lot of information about the different 

impurities and structural defects present in the material. 

 

PL is the spontaneous emission of light from a material under optical excitation. When 

light with sufficient energy is incident on material, photons are absorbed and electronic 

excitations are created. Eventually, these excitations relax and the electrons return to the ground 

state. If radiative relaxation occurs, the emitted light is called PL. This light can be collected and 

analyzed to yield a wealth of information about the photoexcited material. The PL spectrum 

provides the transition energies, which can be used to determine electronic energy levels. The 

PL intensity gives a measure of the relative rates of radiative and nonradiative recombination. 

Variation of the PL intensity with external parameter like temperature and applied voltage can 

be used to characterize the underlying electronic states and band [47]. 

 

When the photons inside in the material surface, they have an energy, E which is minor or 

higher that its band gap energy (Eg). Then if E > Eg, the material absorbs the photons. Indeed, 

this energy is enough to excite the carriers since the VB to CB generating electron-hole pairs. In 

the case that E < Eg the photons transmission trough the material occurs without absorption. 

Other physical processes important in PL are the recombination process, namely the interaction 

between electron and holes of the material with radiative emission to back to initial state. The 

most important transitions that can be found in a PL spectrum are the following: 
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- Band to band transitions: are direct recombinations between electrons of the CB and 

holes of the VB. The photon energy involved is the same that the Eg. 

 

- Band- defect level transition: these transitions takes place between a band and an 

impurity level. The emitted photons have an energy equal to the distance between the 

level and the band which it is recombined. 

 

- Transitions between defects levels: in this case, the recombination occurs between the 

different defects levels, as an acceptor and a donor. 

 
There are also excitonics transitions. These transitions correspond to electron–hole pairs 

recombinations. 

 

 
Figure 3.18. Schematic of the different transitions observed in a PL spectrum. 

 

In semiconductors, since the interactions between excitons and the crystal are weak, they 

can be significantly affected by both impurities and defects. Indeed, it is observed that the 

luminescence of bounds between excitons and impurities or defects as well as the 

recombination between donor-acceptor impurity bounds yield valuable information about the 

energy levels structure within the bandgap. 

 

The setup and schematic used during the thesis (both at IMM) are shown in figure 3.19. 
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Figure 3.19. PL (a) setup and (b) schematic located at IMM laboratories. 

 

It consists of a light source as laser excitation, a radiation detector and a monochromator. 

Besides, it is necessary a cryostat if the measurements are carried out at low temperatures. 

 

As excitation source a Spectra Physic Ar laser 2020-05 with a wavelength of 5145 Å and, a 

power from 1-20 10-4 W/cm2 is used. The light emitted by a laser goes through a filter that 

absorbs the infrared component and it is directed onto the sample under study by means of a 

series mirrors and lenses. Then, the light is focused into the sample in a holder that is inserted 

in a He cryostat with closed circuit. The temperature is adjusted by a controller SI 9650 which 

allows working in a temperature range around 20-80 K. The radiation emitted by the sample is 

focused on the entrance grating of the monochromator Spex 1681 0.22m. At the entrance it is 

placed an absorption filter to eliminate any scattered light that might exist. Thus, the light 

emitted goes to the monochromator coupled to a Ge detector North Coast EO-817L Scientific 

Corporation,  at which is applied a voltage of 250 V and is cooled with N2 (l) to reduce the dark 

current of the detector. Finally, the signal is treated by a Lock-in Amplifier EG & G 5207 and 

collected in a PC to obtain the PL spectra of the samples. 

 

At the entrance and exit of the monochromator there are slits whose opening can be 

varied to control the amount of light reaching to detector, and also to determine the resolution, 

32 Å/mm. The aperture used for the experiments was 50 µm. 

 

On the other hand, to avoid that the incident light can be scattered by irregularities and 

increase the emission efficiency, the sample must have specular surface, with a smooth polish 

finished. Taking into account that at low temperatures, higher resolutions of the peaks of 

photoluminescence are obtained, some high resolution studies at lower temperature were made 

in the Mathematic and Physic Institute of Charles University in Prague. The setup belonging to 

the group of Prof. J. Franc uses a Fourier transform infrared spectrometer Bruker IFS 66/S and 
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flow helium cryostat Leybold Her

CdTe films was carried out by Ti sapphire laser with excitation 

(λ= 0.6328 mm) with the 10 mW output excitation. This radiation allow

recombination levels in the bandgap of the CdTe layers with the thicknesses less than 0.1 mm. 

Thus, the luminescence and transmittance spectra were recorded by Si or Ge detectors sensitive 

in the 700-2500 nm spectral range.

 

 For our CdTe samples, 

shown in figure 3.20. It is observed that at high 

region is formed with very intense

related to defect levels appear. 

where the most important emission

summarized.  

Figure 3.20. Typical PL spectrum

 

Zone A. This zone, close

due to both free (X) and bound

A-X) respectively). From this zone

crystalline quality of the sample, given by the presence of the peak corresponding to 

exciton and determining the width at half height. 

 

Zone B. This region is mainly dominated by the transition between dono

states (DAP), as well as phonon replicas of the exciton lines, usually corresponding to the line of 

acceptors (A-X). It also gives us critical information about the presence of different impurities, 

as could be seen in Appendix 
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flow helium cryostat Leybold Hereaus VSK 4-300. Under these conditions the PL excitation of 

CdTe films was carried out by Ti sapphire laser with excitation power 0.3-0.5 W or He

= 0.6328 mm) with the 10 mW output excitation. This radiation allow

els in the bandgap of the CdTe layers with the thicknesses less than 0.1 mm. 

Thus, the luminescence and transmittance spectra were recorded by Si or Ge detectors sensitive 

2500 nm spectral range. 

For our CdTe samples, PL spectra are studied taking into account four basic regions as 

It is observed that at high energies, close to the band gap, an excitonic 

very intense peaks. At lower energies, between 0.4-1.3

appear. More information about the analysis is given in 

the most important emission in PL spectra of CdTe and their possible assignation

um for a CdTe sample, where the four regions studied are detailed

close to the edge of the band gap, is formed by the ex

bound excitons, (either donor or acceptor superficial

From this zone on, one can extract important information about the 

crystalline quality of the sample, given by the presence of the peak corresponding to 

width at half height.  

This region is mainly dominated by the transition between dono

states (DAP), as well as phonon replicas of the exciton lines, usually corresponding to the line of 

X). It also gives us critical information about the presence of different impurities, 

Appendix B. 
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300. Under these conditions the PL excitation of 

0.5 W or He-Ne laser 

= 0.6328 mm) with the 10 mW output excitation. This radiation allows studying the 

els in the bandgap of the CdTe layers with the thicknesses less than 0.1 mm. 

Thus, the luminescence and transmittance spectra were recorded by Si or Ge detectors sensitive 

account four basic regions as 

band gap, an excitonic 

1.3 eV, some peaks 

More information about the analysis is given in the Appendix B; 

possible assignations are 

 

are detailed. 

to the edge of the band gap, is formed by the excitonic emissions 

superficial impurities (D-X, 

an extract important information about the 

crystalline quality of the sample, given by the presence of the peak corresponding to free 

This region is mainly dominated by the transition between donor and acceptor 

states (DAP), as well as phonon replicas of the exciton lines, usually corresponding to the line of 

X). It also gives us critical information about the presence of different impurities, 
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Zone C. The 1.4 eV band is related to structural defects, dislocations, grain boundaries, 

stress, or Donor-Aceptor pair transition correlated with the structure (VCd-DTe), i.e a complex 

formed by a Cd-vacancies, VCd and a donor in the position of Te, also called A-centre. In any 

case, structural defects are a characteristic photoluminescence band of each of them, so they are 

easily identifiable. Usually, it has a typical form by a main line (called zero-phonon replica, 

ZPL) and a series of phononic replicas, which can be modeled by the equation of Huang-Rhys 

and linked with the type of impurity that is originates [48], by: 
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Where, In is the maximum intensity of the replica n, In-1, the intensity of the previous reply and 

S is the Huang-Rhys parameter is specific to each donor center.  

 

The value of the intensity of each peak can be approximated by a Gaussian and it can be 

written as follows: 
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In this equation, A is the area of the peak with energy E, EZ0 the energy position of the 

zero phonon replicas, dE is the phonon energy and ED is a factor related to the binding energy 

of the exciton, in the defect part with acceptor character. Furthermore, depending on the 

chemical species involved in the transition, we have a different number of Huang-Rhys and this 

parameter can be used to identify different impurities. 

 

For our thin films fabricated from polycrystalline material, the exciton region shows low 

intensity, while the regions of the defects, particularly structural defects, are the most important 

in the spectra. 

 

The band originated by structural defects is centered at 1.47 eV and is called Y- band. It 

can be related to recombination of dislocations and grain boundaries [49]. This band can also be 

adjusted using the equation of Huang-Rhys, usually presenting a low of S because it is 

originated by defects that have low coupling with the lattice. 

 

Zone D. This zone is represented by emissions from recombinations at deeper levels. The 

1.1 eV band has a complex structure and at is related to Te-vacancies, VTe [50]. Also in this 
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region, for the cases in which the dopant may be introduced to a deeper level, the emission can 

be due to these levels. 

 

 

3.3.4.2 Cathodoluminescence, CL 

 

CL technique is based on the interaction of electrons with matter. When an electron beam 

penetrates into a solid target, electrons can interact elastically or inelastically with it. The CL is a 

technique that activates the photon emission using as excitation mechanism the SEM electron 

beam. This electron bombardment of the materials results in a characteristic emission of light in 

UV, visible, or infrared parts of the spectrum. The analysis by means CL allows us to obtain 

information from the material according to the depth varying the beam energy. When a high 

energy electron coming from a SEM interacts with a semiconductor, it creates a very large 

number of electron-hole pairs, some of which through radiative mechanisms can recombine 

between them. In our case, the potential accelerations vary between 1-30 KV. 

 

The CL signal has its origin near the surface where the electron beam is able to activate the 

radiative mechanisms. The volume that generates the CL signal depends on the spatial region 

within the material where the electron beam dissipates its energy. The volume at which these 

collisions occur is approximately spheric, although there is a loss in the sphericity as increasing 

the atomic number of the material. It is called Gruen range, the vertical dimension of this 

volume of energy losses. A simple expression to determine this range, in which electrons lose 

their energy, is that given by Kanaya and Okayama [51]: 
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where, A is the atomic weight in g/mol, ρ is the density in (g/cm3) and Eh is the energy of the 

electron beam in keV. 

 

Besides, we have to take into account effects as the diffusion length of the minority carrier 

and the diameter of the incident electron beam over the sample to obtain an approximate value 

for Gruen range.  

 

The analysis by means CL technique allows the determination of several properties of the 

material with a spatial resolution of less than 1 µm as a function of the beam diameter. For 
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example, the CL spectroscopy can be used to obtain monochromatic imaging for both 

identification and distribution of luminescence centres. But, in principle, a direct measurement 

of the absolute concentration of the luminescence centres, is not possible to realize, because the 

CL contrast is proportional to the ratio between the probabilities of the radiative recombination 

and the total recombination (including the radiative and nonradiative contribution, i.e, the CL 

contrast). It is determined by the local variation in the concentration of radiative recombination 

centers. 

 

From spectral analyses of the emission, the identification of luminescence centres and, 

studies of their behavior changing the observation conditions (as temperature, excitation 

conditions, etc) can be performed. An excellent monograph on the CL technique is that of 

Yacobi and Holt [52]. There are also review articles, which makes a more thorough review of 

the theory, as the work of Davison [53] and Petrov [54] and more recently the thesis realized by 

Dr. P. Hidalgo [55].  

 

When the electron beam is focused over a sample, a series of signals, X- rays, primary and 

secondary, luminescence, etc, are generated. Thus, the luminescence signal CL images can be 

obtained.  

 

The signal is collected by a suitable detector and converted into electrical signal that, 

appropriately treated and synchronized with the SEM scanning system, allows us to obtain 

images of the spatial distribution of the radiative recombination centers. The schematic of the 

experimental setup is outlined in figure 3.21. 

 

 
Figure 3.21. Schematic of CL setup of the micro- and nano- characterization of electronic materials group 
located at UCM. 
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The two SEM: a Hitachi S-2500 and a Leica Stereoscan 440 have been adapted to 

implement CL technique and are located at Universidad Complutense de Madrid (UCM). By 

means a lens and a windows (both of CaF), the photons generated in the material are collected. 

For this, the optical lens focuses the light onto the windows, to minimize the possible 

absorption in the infrarred. The microscope Hitachi S-2500 has a temperature control system 

based in a combination of N2 liquid, N2 gas and a thermal resistance which allows us to work in 

temperatures ranging between 80 K and 512 K. 

 

Using this technique we can obtain panchromatic images, monochrome images and 

spectra. For panchromatic imaging the detector is adapted directly to the window of the CaF 

microscope by a light guide, which includes transmittance range from 300 nm to 2200 nm. 

Currently there are no detectors that cover a very wide detection range, so different detectors 

are often used. The detector used consists of a PiN diode of Ge, of ADC, cooled by N2 liquid for 

operate. Its spectral detection range goes from 850 nm to 1900 nm (1.46 - 0.65 eV). The radiation 

reached by the detector is converted into an electrical signal that is driven to a differential 

amplifier video AM502 Tektronik. Subsequently, the amplified signal and noise filtering is 

carried to an image scanner where it is synchronized with the scanning microscope system thus 

obtaining the CL image. The imaging system (PIXIE-8) store the information obtained to a 

digital file, so after that can be analyzed on any computer. 

 

The obtained monochromatic imaging helps us to identify luminescent centres with 

spatial resolution. Selecting the appropriate wavelength in the monochromator, only the 

radiation with the selected wavelength reaches the detector. Thus the images formed consist 

only of one type of radiation, and it allows analyzing the spatial distribution of radiative centers 

that cause this emission. 

 
CL spectra allow the identification of different radiative processes in the sample. Further 

analysis of the spectra allows us to determine the wavelengths of the emission bands. The 

acquisition of CL spectra is done following the schema showed above in figure 3.21. The 

monochromator is introduced between the window and the detector. In our case, an Oriel 78 

215 model is used, where the values of the wavelength can be controlled by computer via an 

RS232 connection. The monochromator is equipped with a diffraction grating interchangeable 

depending on the spectral range analyzed. For our experiments, we use a 300 lines/mm 

diffraction grating covering a spectral range from 1000-4000 nm. The computer controls the 

rotation of the lattice and at the same time, for a given wavelength, acquired through a data 

acquisition card, the value of the signal that contains the detector is coupled to the output of the 

monochromator. Thus we get a CL spectrum of the signal collected by the detector as a function 

of wavelength. The control program improves the ratio signal to noise averaging up to 1000 
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times the measure for each of the wavelengths. The spectral response of the system has been 

calibrated by analyzing the transmittance functions of each of the elements used, light guides, 

monochromator and detector. 

 

 

3.3.5 Electrical techniques 

 
Finally, for the electrical characterization, studies of I-V characteristic and surface Voltage 

Spectroscopy, SPS were carried out. 

 

 

3.3.5.1 I-V Characteristic 

 

The fundamental characterization of a photovoltaic cell is the measure of the current-

voltage I-V characteristic. These measurements at both dark and illumination conditions are 

essential to describe the device [56-59]. However, in this thesis only the I-V characteristic in 

dark conditions is presented. 

 

In a p-n junction the relationship between current and voltage is given by the following 

equation: 

 











−= 1nkT

qV

Osc eJJ   (3.10) 

 

where q is the electron charge, k is the Boltzmann constant and, T is the temperature at which it 

is being measured. The current density, J, is expressed in A/cm2. JOsc is the dark current and n 

is the ideality factor of the diode. For heterojuntions n has values usually between 1 and 3. 

When the value of n is close to 1, the transport mechanism of the charges in the cell is by 

diffusion. Homojunctions normally have a factor close to 1, and for epitaxial heterojunctions is 

around 2. In the case of CdTe- based cells, the values of this factor can widely vary. The dark 

current is the saturation value of current in the diode reverse configuration. 

 

For CdS/CdTe heterojuntions the most relevant well-known charge transport 

mechanisms are: 
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- Diffusion model: In this model, two semiconductors with different values of band gap, 

dielectric constants, work functions and electron affinities are considered. The interface 

states in the mechanisms of transport of charge carriers are neglected. 

 

- Emission model: This model combines the classical theory of the thermionic emission 

and diffusion model. 

 

- Emission-recombination model: This model is based on the assumption that there is a 

thin layer at the interface of semiconductors, which has a strong influence on the rate of 

charge carriers recombination. The charge carriers reach the interface states by the 

thermal emission, exceeding their respective barriers, recombining in the states of the 

interface. 

 

- Tunnel effect model: This model assumes that the charge carriers go through the 

potential barrier by a tunneling mechanism. It is assumed that tunneling through the 

barrier exceeds greatly the thermionic emission process. 

 

Both the diffusion and emission model predicts the dependences of the current on the 

voltage, which does not fit exactly to those obtained experimentally. In the real heterojunctions 

the transport mechanisms are generally a combination of recombination, tunneling and 

thermionic emission model. The supremacy of one mechanism over the other depends on the 

voltage applied to the device and the particular way in which it was manufactured. In the 

manufacture of each heterojunction it is necessary to a proposed energy band model based on 

experimental results. The front contacts were taken on the TCO (Transparent Conducting 

Oxide) deposited on the glass. 

 

Another interesting feature when considering this type of device is the open circuit 

voltage (Voc): it is the maximum voltage that appears across the terminals of the solar cell when 

the current is zero in the device. The open circuit voltage is due to the direct polarization of the 

p-n junction when the light strikes the cell. It is expressed by: 
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In this equation, JL is the current density generated by light. Voc depends logarithmically of the 

current generated by the reverse light and the dark current. However, while JL values vary 
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little, JOsc values can take several orders of magnitude of difference, so that the value of Voc is 

strongly conditioned by the values of JOsc. 

 

The dark current strongly depends on recombinant mechanisms. As fewer carriers are 

recombinated, lower reverse saturation current and higher values for the Voc are obtained. The 

dark current also depends on the temperature when it increases the value of Voc increases and 

JOsc decreases. The Voc value also depends on the value Eg. At higher values of Eg, greater value 

of Voc is obtained.  

 

The setup used in this thesis is located at Institut de Recherche et Développement sur 

l'Énergie Photovoltaïque (IRDEP (CNRS-EDF-ENSCP)) and basically consist in a Keythkey 

electrometer 6514 with a source of high voltage ET NHQ 105L DC in the configuration shown in 

figure 3.22 [60]. 

 

 
Figure 3.22. Basic configuration used for I-V characteristic measurements. 

 

Applying to the samples a variable voltage, the current between the contacts were 

measured. From the representation of I versus V, parameters characteristics of solar cells as JOsc 

and VOC can be calculated. 

 

 

3.3.5.2 Surface Voltage Spectroscopy, SPS 

 

SPS provides information on the surface electronic structure. The transitions between 

electronic states can be sampled through photon injection. In the presence of an internal electric 

field, e.g., a space-charge region, the excited carriers are swept away and separated giving rise 

to surface charging, known as the photovoltaic effect. SPS, based on the photovoltaic effect, is a 

valuable method for the investigation of several semiconductor properties [61] amongst them 

the Eg which is defined by the threshold in the optical absorption spectra. 

 

Electrometer

RMAT
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While other spectroscopical methods based on photoemission, e.g., X- ray photoelectron 

spectroscopy, require ultrahigh vacuum conditions and large scale facilities, SPS measurements 

can be carried out in air. Moreover, this method does not require any complicated surface 

preparation, thinning contact preparation, or costly apparatus.  

 

For our experimental setup (Kelvin probe configuration), we assume that any change in 

the surface potential, causes a changes of equal magnitude in the surface work function, W. In 

absence of photochemical activity, the change in surface work function is equivalent to the 

Surface Photovoltage (SPV) measurement (in absolute value terms). Therefore, we can consider 

that the potential energy drop is equal to the difference in the work functions between 

CdTe:Bi/CdS/ITO film and a vibrating Au reference probe. It is, indeed, usually known as the 

contact potential difference, CPD [62,63]. 

 

Taking this into account, the SPV is the difference between the CPD values in dark and 

under illumination [64]. The dark CPD is the difference between the work function of the 

semiconductor (Ws) and the Kelvin Probe metal electrode (WM).  

 

Ws = ζ – eVs + χ - ∆�s   (3.12) 

 

where ζ is the difference between the conduction band edge EC and the Fermi level, EF in the 

semiconductor bulk, e is the electron charge, Vs is the surface potential, χ is the electron affinity, 

and ∆����s is the surface dipole energy [65]. 

 

A typical SPV spectrum of CdTe- based films as function of the wavelength of the incident 

photons shows that the light induced surface charging is caused by the surface photovoltage 

due to the generation of electron hole pairs and to the charge separation in the CdTe film. 

Indeed, at photon energies below the band gap film, the CPD is constant. This constant level 

corresponds to the W, at the given experimental conditions (atmospheric air). 

 

The schematic configuration diagram of the SPV measurements is shown in figure 3.23.  

 



Chapter 3   

71 

 

Figure 3.23. Schematic block diagram of a generic SPS setup. 

 

The sample under study is typically placed inside a metallic box, which serves as both a 

dark box and a Faraday cage. This box must be such that it effectively includes the probe, be it a 

vibrating metal plate (i.e. a Kelvin probe). Clearly, for spectroscopic purposes one needs to 

generate the SPV signal using a broadly tunable light source. The default choice therefore 

would be the use of a ‘white light’ source in conjunction with a monochromator. Because the 

typical super-bandgap absorption coefficient is typically orders of magnitude larger than the 

sub-badgap coefficient, SPS is vulnerable to the spurious contribution of high-order diffraction 

peaks and stray light. Use of a monochromator where these effects are as small as possible is 

therefore highly recommended. Using a Kelvin probe, lock-in detections are made by vibration 

of the probe itself. The actual recording of an SPV spectrum is coordinated by a real time 

computer program. This program controls the monochromator motor and thus wavelength 

changes, operates the control electronics of the probe, reads the measurement results by 

interfacing with the probe readout electronics via an analogue to digital converter and finally 

stores the obtained spectrum for subsequent display and analysis.  

 

The first elementary application of SPS that we discuss is the approximate determination 

of the Eg. This determination is based on the large increase in absorption coefficient near the 

band gap energy. This increase brings about a significant change of the SPV signal, which is 

easily identified as a sharp change in the slope of the SPV curve. 

 

By extrapolating of (SPV)2 or (SPV)1/2 as function of the energy (hν) of the incident 

photons was therefore used to obtain highly accurate values of the Eg in semiconductors. The 

energy position is usually found by the intersection of the (SPV)2 with the photon energy axis 

(a) [66].  
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Although in many cases the type of semiconductor is known a priori, in other cases SPS is 

used for fast and non-destructive verification of the semiconductor type in CdTe films. This is 

very important because the doping of CdTe is known to be non-trivial and mainly subject to 

compensation. This may be achieved with the help of the sign of the knee associated with the 

SPV curve. The SPS signal is bent upward towards the surface represents a p-type behavior. 

Being this fact characteristic of transitions from Ev maximum to unoccupied donor surface states 

in the Eg. 

 

Therefore, the advantage of this technique comes from the fact that absorption spectra are 

emulated via voltage spectra; while reflection and transmission are inherently ignored (they 

may reduce the sensitivity of the measurement but will not interfere to any major effect with the 

spectra shape of the sample). A unique characteristic of SPS, however, is that it provides 

significant hints to determine the dominating transport mechanism. In particular, the 

photovoltage signal indicates the effective conductivity type of the layer. 
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Chapter 4 

 

PHYSICAL PROPERTIES OF CdTe– BASED SOURCES  

 

This chapter is devoted to the optimization of the growth method of CdTe and CdZnTe 

sources. The role of some dopants such as: Ge, Bi, Yb and Zn in the improvement of material 

properties is studied.  

 

 

4. 1 Introduction  
 

CdTe presents unique properties that make it appropriate for device applications. 

Compared to most common semiconductors its components have high atomic numbers (ZCd = 

48, ZTe = 52), and its density is 5.86 g/cm3 (approximately 2.5 times denser than Si). As a result, 

this material strongly interacts with both X- and γ- radiation [1,2]. Optically, it is a strong 

absorber in both the near-infrared (NIR) and visible regions of the electromagnetic spectrum 

and exhibits unusually high nonlinear optical coefficients. Like most semiconductors, CdTe’s 

properties can be widely varied by doping [3,4]. Extensive research has been devoted to this 

topic. However, a detailed description of all possible modifications is out of the scope of this 

work. Therefore, only the most relevant examples will be presented here. 

 

The electrical conductivity of pure (un- doped) CdTe is mainly governed by residual 

impurities [5-7]. Due to the difficulty of manufacturing pure samples (since any exposition to 

the atmosphere results in an unacceptable contamination), impurities are commonly present. 

 

Un- doped CdTe is much less sensitive for radiation detection than doped CdTe, 

especially when using Ge and Sn as dopants. However, “pure” (un- doped) CdTe samples with 

high resistivity are interesting as substrates for the growth of high quality epitaxial HgCdTe [8].  

 

The majority of the impurities known in CdTe belong to the IIIA (Al, Ga and In) and VIIA 

(Cl, Br and I) groups and behave as shallow donors. On the other hand, the elements of IA (Li, 

Na and K) and IB (Cu, Ag and Au) groups behave as shallow acceptors. The elements of the 

group VA (N, P and As) can act so much like acceptors or shallow donors depending on the 

lattice position in which they are located. 

 

To reach the semi-insulating state the density of shallow acceptors and donors has to be 

exactly compensated [3]. The presence of a deep level that stabilizes the Fermi level near the 
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centre of the band gap [3]. Several native defects have been postulated as possible deep levels 

(Te-antisite, TeCd; Cd-vacancy, VCd) to be responsible for the high resistivity of CdTe doped 

with shallow donor. Nevertheless this topic is still a matter of controversy. 

 

The possibility to obtain CdTe samples of high resistivity doping with deep donors has 

been widely studied [9-14]. The most commonly dopants used for this purpose are Ge and Sn 

with levels: Ge+2/+3 to ionization energy associated at these deep donors, EC-0.95 eV (where Ec is 

the energy value of the Conduction Band, CB), which is far from CB, and Sn+2/+3 to EC-0.85 eV 

[14]. However, doping CdTe with Ge and Sn has some disadvantages since these dopants 

introduce fast recombination centres (the so-called S-centres), deteriorating its transport charge 

properties [13,14]. Nowadays, this is one of the major constraints for further development of 

CdTe-based X- and γ- ray detectors. 

 

Recently, Bi has been proposed as an useful dopant which leads to an increase in 

photoconductivity [15,16]. This finding could be important for solar cell applications [17]. 

Previous studies show that photoconductivity improves with increasing Bi concentration up to 

a certain limit [17]. Moreover, changes in the electrical resistivity up to 5 orders of magnitude 

have been observed when increasing the Bi concentration from 1017 to 1019 at/cm3. The reason 

for such changes is explained by taking into account the modifications that it induces in the 

defect level structure. It is known that for low Bi concentration (1x1017 at./cm3), Bi atoms occupy 

the VCd, thus, decreasing the effective density of acceptors and therefore, increasing the 

resistivity [18] leading to a semi-insulating state. For a Bi concentration in the range of 1x1018 - 

8x1018 at./cm3 , Bi replaces Te from its CdTe lattice position, increasing the effective density of 

acceptors in comparison to the un- doped samples, (BiTe is an acceptor defect). Under these 

doping conditions (Bi concentration of 1x1017 at./cm3), an increase in conductivity has been 

observed due to its acceptor behavior. However, since the variation in conductivity is not 

proportional to the variation in the holes density, the mechanism is not fully understand. Only 

few works in literature are devoted to the study of Bi- doped despite of its influence in the 

optoelectronics properties of CdTe- based solar cells and for X- ray detection applications. We 

have contributed to this research by showing that Bi is a suitable doping to obtain semi-

insulating CdTe with high photosensitivity and excellent transport charge properties [19]. In 

this chapter, the energetic location of the Bi-related defects and their interaction with other 

structural defects will be analyzed as a essential step for further development of CdTe:Bi- based 

devices [20].  

 
According to literature, substantial efforts have being made to improve the physical 

properties of a number of different materials by doping them with rare earth elements, in 

particular the influence of Ytterbium (Yb) doping on the physical properties of soft glass fibers 
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[21], ceramics [22], nonorganic compound nanocrystals [23], garnet crystals [24], phosphors [25], 

proton conductors [26], etc, have been carried out. It has been shown that doping III-V 

semiconductors (for example, GaAs), with Yb and Er, significantly increases their 

photoluminescence efficiency and carrier lifetime [27]. The consequences of rare earth doping 

are twofold: (i) formation of new defects level and (ii) ability of rare earth elements to react with 

residual impurities in semiconductor lattice (the so-called “cleaning” process).  

 

Conversely, the effects of rare earth doping on magnetic and optical properties of II-VI 

semiconductors have been also extensively investigated (see for example Refs. 28–31). 

Nevertheless, much less information is found in literature related to the electrical and transport 

charge properties of these materials, when comparing them with the well studied III-V 

semiconductors. 

 

In this chapter, it will be shown that by combining Ge and rare earth doping, we have 

been able to overcome the previously mentioned difficulties advising for electrical 

compensation theory and, to notably improve the transport charge properties of this kind of 

materials (up to a factor of 3 in the resistivity).  

 

Special attention has been paid to Cd(Zn)Te bulk because of its potential use for X- and γ- 

ray radiation detectors operating at room temperature (see [32] and [33,34], respectively).  

 

 

4.2 Growth of CdTe- based sources 
 

Analyzing the state of the art of sources’ growth, it can be seen that in the last years there 

has been considerable progress in the growth and characterization of doped CdTe bulk sources 

by different techniques. However, their commercial use is still limited by numerous 

technological problems, such as homogeneity in large areas, and high cost ([16,33-36]). 

 

 

4.2.1 Growth and characterization of CdTe:Ge:Yb co- doped sources 
 

As previously mentioned, the co- doping of CdTe with deep donors and rare earth 

element could be a promising way to overcome the difficulty of low resistivity inherent to the 

un-doped CdTe and to obtain semi-insulating CdTe sources with good transport charge 

properties [37]. Consequently, the purpose of the present study is to investigate the effect of Yb 

and Ge doping on the electrical resistivity of CdTe. 
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4.2.1.1 Growth procedure 
 

CdTe crystals co- doped with Ge and Yb (CdTe:Ge:Yb) were grown by the vertical 

Bridgman method in sealed high-purity quartz ampoules using electronic-grade raw materials 

[18,38]. Prior to the growth process, the CdTe:Ge:Yb mixture was synthesized and homogenized 

at 1200 ºC in an oscillating furnace for 20 hours. During the Bridgman growth, the CdTe:Ge:Yb 

crystals were pulled down at the rate of 0.5–2 mm/h under a thermal gradient of  5–7 ºC/cm. 

Based on the results of previous studies on the growth and properties of doped CdTe [9], the 

nominal Ge concentration was kept constant at 5x1017 at./cm3 and the Yb concentration was 

varied in the range of 1017-1019 at./cm3.  

 

In order to obtain samples suitable for characterization, after the growth procedure, the 

crystals were sliced perpendicularly to the growth direction to obtain 10x10 mm2 area and 1mm 

thick samples. Afterward, the sources were chemically polished in a 5% bromine–methanol 

solution and rinsed to remove the surface damage.  

 

 

4.2.1.2 Physical properties 
 

The physical properties were investigated by combining different (morphological, 

structural, electrical and optical) characterization techniques. These techniques help us to 

properly understand the CdTe electrical behaviour.  

 

 

 4.2.1.2.1 Morphological and chemical characterization 
 

Scanning electron microscopy (SEM) was used for morphological characterisation of 

CdTe:Ge:Yb sources. Observing all sources, it was found that for CdTe:Ge:Yb (Ge - 5x1017 

at./cm3: Yb - 1x1019 at./cm3) samples, some small dots appeared, as illustrates in figure 4.1. The 

size of these dots is around dozen of nm.  

 

To elucidate the chemical origin of these small dots, energy dispersive X- ray (EDAX) 

analysis was carried out. In addition, inductively coupled plasma mass spectroscopy (ICP–MS) 

was used to determine the dopants and residual impurity concentrations. All the obtained 

results evidence that, as expected, these dots are Yb precipitates. 
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Figure 4.1. a) SEM image of a CdTe:Ge:Yb (Ge- 5x1018 at./cm3: Yb- 1x1019 at./cm3) sample grown by 
vertical Bridgman method, at 1200 ºC in an oscillating furnace for 20 hours. 

 

Studying the Yb solubility limit, more information about homogeneity and quality of the 

sources can be obtained. Note that SEM data, is an indirect way to study the solubility limit. In 

this sense, no evidence of Yb precipitation has been observed for a Yb doping level below 5x1018 

at./cm3. This result agrees quite well with EDAX data (shown later in this section) which 

indicate that the solubility limit is close to ~ 5x1018 at./cm3. 

 

All these data demonstrate that homogeneous CdTe:Ge:Yb crystals with Yb concentration 

below ~ 5x1018 at./cm3 can be grown with a reasonably good morphological quality by tuning 

the growth process parameters [37]. A thorough investigation is required in this direction but 

we considered that was out of the scope of this thesis.  

 

 

4.2.1.2.2 Electrical characterization: Effect of Yb concentration on the 

resistivity and lifetime of CdTe:Ge:Yb co-doped sources 

 

The characterization of the electrical properties of the material is a key point for further 

development of devices, since such devices require crystals with high electrical resistivity. 

 
For electrical characterization gold contacts were deposited by electrochemistry on 

samples. Afterward, I-V characteristic curves were measured. Photoconductivity lifetimes were 

determined as a function of light intensity by means of quadrature frequency resolved 

photoconductivity measurements (QFRP) carried out at room temperature [38,39]. 

 

Firstly, the dependence of electrical conductivity on Yb concentration is studied. Based on 

previous results on the growth properties of CdTe:Ge and considering the theoretical 

Yb precipitates 
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simulation results reported below, the nominal Ge concentration was kept constant at 5x1017 

at./cm3 in all CdTe:Ge:Yb crystals whereas the Yb concentration was varied in the range of 1017 

to 1019 at./cm3 [40].  

 

In order to look for the optimal doping condition, the electrical resistivity of CdTe:Ge:Yb 

crystals was simulated using the compensation model developed for GaAs [41-42] and adopted 

for CdTe. This model is based on the compensation of the shallow acceptors by a deep donor in 

the middle of the band gap. More details about the model can be found in the works realized by 

M. Fiederle et al. [43] and in section 2.6.1.  

 

The resistivity behaviour was examined as a function of the concentrations of both 

dopants, assuming the presence of two deep donor levels corresponding to Ge+2/+3 at EC−0.95 

eV (Ref. 14) and Yb+2/+3 at EC−1.2 eV [37].  

 

A first set of simulations was done fixing the Yb concentration at three different values 

(1x1017, 1x1018, and 1x1019 at./cm3) and varying the Ge concentration in the range of 1x1016 -

1x1018 at./cm3  with the aim of studying the role of Ge for a precise electrical compensation [40]. 

The results are shown in figure 4.2. 
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Figure 4.2. Simulated electrical resistivity values for CdTe:Ge:Yb sources as a function of Ge concentration 
for three different Yb concentrations (Yb 17—1 x1017 at./cm3 (blue line), Yb 18—1x1018 at./cm3 (red line), 
and Yb 19—1x1019 at./cm3 (green line)). The points marked as S1 and S3 corresponds to the samples in 
Table I. 

 

These results proof that the resistivity of CdTe:Ge:Yb sources strongly depends on Ge 

concentration. A drastic resistivity enhancement is observed for [Ge] in the range of 5x1016–1017 

at./cm3 and it slowly decreases for Ge concentrations higher than ~ 1017 at./cm3. According to 
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simulations, the maximum resistivity is obtained at the lowest Yb concentration. In addition, the 

simulations point out that resistivity has a lower dependence on Ge concentration at larger Yb 

concentrations. In general, resistivity has a weak dependence on Yb concentration at Ge 

concentrations around ~ 5x1017 at./cm3, varying less than half an order of magnitude in all the 

studied range. This is an expected result since Yb introduces a very deep donor level that is 

barely ionized at room temperature and, consequently, it does not affect the CdTe:Ge:Yb 

resistivity [44]. It is noteworthy to mention that these simulations are in agreement with later 

experimental data on CdTe:Ge:Yb crystals. This fact supports the idea of adopting the electrical 

compensation theory developed for III-VI semiconductors. 

 

 The nominal (i.e., intentionally introduced during growth) and measured concentrations 

of Ge and Yb dopants as well as, the concentrations of acceptors and donors in CdTe:Ge:Yb 

crystals are listed in table 4.I. It can be observed, that Yb doping affects the solubility of Ge co-

dopants, the concentrations of electrically active residual impurities and native defects. In 

particular, when the Yb concentration increases, both the Ge concentration and the total 

acceptor and donor concentrations decrease. The latter effect can be explained by the high 

reactivity of Yb dopants that act as a cleaning agent, reacting with residual impurities of the 

group I and segregating them to the top of the CdTe:Ge:Yb crystal ingot; in a similar way as it 

was reported for III-V semiconductors [45]. The observed decrease in the Ge concentration with 

rising Yb concentration might be due either to the reaction between both co- dopants or to the 

fact that Ge, and Yb competes for replace Cd position in CdTe lattice, but Yb atoms might 

preferentially occupy this position since Yb is chemically more similar to Cd than Ge. 

 

Sample 

Code 

Nominal Ge 

conc.(at./cm3) 

Nominal Yb 

conc.(at./cm3) 

 Measured Ge 

conc.(at./cm3) 

Measured Yb 

conc.(at./cm3) 

NA 

(at./cm3) 

ND 

(at./cm3) 

S1 5x1017 1x1017 4x1017 1.2x1017 3.3x1016 1x1016 

S2 5x1017 1x1018 7x1016 8.8x1017 2.5x1016 1.6x1016 

S3 5x1017 1x1019 2.3x1016 6x1018 2.1x1016 9.7x1015 

S4 5x1017 0 3.7x1017 N.D. 6x1016 2.2x1016 

 
Table 4.I Overview of nominal (i.e., intentionally introduced during the growth) and measured Ge and Yb 
concentration dopants, together with density of acceptors (NA) and donors (ND) for CdTe:Ge:Yb samples. 

 

A second set of simulations was carried out by fixing the Ge concentration at 5x1017 

at./cm3 (which according to literature is the typical value to obtain the native acceptor 

compensation in Ge-doped CdTe crystals [14]) and varying the Yb concentration in the range of 

1x1017-1x1019 at./cm3. The aim of these simulations is to demonstrate that the concentration of 

Yb is a key point for a precise electrical compensation. 
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Experimentally, the resistivity of CdTe:Ge:Yb crystals with a nominal Ge concentration of 

5x1017 at./cm3 as a function of Yb concentration is depicted in figure 4.3.  
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Figure 4.3. Experimental resistivity of CdTe:Ge:Yb crystals grown with a fix nominal Ge concentration of 
5x1017 at./cm3 as a function of Yb concentration. (Dotted line is only a visual guide). 

 

Experimental data reveal a drastic reduction in resistivity of up to 106 Ω·cm with 

increasing Yb concentration from ~ 9.4x1017 to 7.9x1018 at./cm3. Moreover, it is observed that 

CdTe:Yb sources keep a semi-insulating behaviour similar to that of CdTe:Ge only in a narrow 

1x1017- 3x1017 at./cm3 Yb concentration range. The resistivity in this range is larger than 109 

Ω·cm which could be understood by taking into account the data of Table 4.I. Note that sample 

S1 (the one with the lowest Yb concentration in Table 4.I) has an experimental resistivity of 

5.5x109 Ω·cm, which is in agreement with the corresponding simulated value in figure 4.2 (4x109 

Ω·cm). In this case, CdTe:Ge:Yb is very similar to CdTe:Ge because the Yb concentration is low 

and its influence is almost negligible. When the Yb concentration increases, the resistivity falls 

with the decrease of actual Ge concentration due to the substitution of Ge atoms by Yb in the Cd 

sublattice. Thus, we can state that the resistivity reduction is linked to a lower Ge concentration. 

(This fact is in agreement with the results shown in table 4.I) [46]. 

 

The effect of Yb doping on the electron lifetime was studied as a function of Yb 

concentration by QRFP measurements. The photoconductive response of CdTe:Ge:Yb sample as 

a function of the excitation light frequency [39] was obtained. The results are shown in figure 

4.4. 
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Figure 4.4. QRFP spectra for S1 (the one with the lowest Yb concentration) and S3 samples (the one with 
the highest Yb concentration) in table 4.I at room temperature. 

 

In agreement with simulated data the photoconductivity increases at low frequencies up 

to a certain maximum (fmax) and then decreases in the high frequency region [47,48]. The carrier 

lifetime (τ) is calculated as a function of fmax as follows: 

 

max2

1

f⋅
=

π
τ   (4.1) 

 

The evolution of electron lifetime as a function of Yb concentration for CdTe:Ge:Yb 

crystals is depicted in figure 4.5. Results for un- doped and CdTe:Ge crystals are  also added for 

sake of completeness.  
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Figure 4.5. Evolution of electron lifetime as a function of Yb concentration for CdTe:Ge:Yb crystals. τund is 
the electron lifetime for a typical un- doped CdTe crystal (dotted line is a visual guide). τGe-dop is the 
electron lifetime for a typical Ge-doped CdTe crystal (S4 in Table 4.I). 
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The most remarkable feature in this graph is that the CdTe:Ge:Yb lifetime increases from 

5.5 to 9 µs with decreasing Yb concentration from 2x1017 to 1x1017 at./cm3, where the sources are 

semi-insulating. Namely, a further enhancement in Yb concentration leads to a decrease of 

lifetime. Such behaviour could be explained by two possible mechanisms which coexist and act 

in different ways. The first one, and presumably the most important, is the cleaning process due 

to the interaction of Yb dopants with residual impurities (e.g., see Ref. 45). Note in Table 4.I that 

the major reduction in impurities concentration is detected for low Yb concentration. The 

second possible mechanism is related to the doping- induced changes in the defect level 

structure for CdTe:Ge:Yb sources in comparison to that of the un- doped and Ge-doped CdTe 

ones. Indeed, the later mechanism has been considered as a possible explanation for the 

observed improvement in the transport charge properties of CdTe sources doped with deep 

donors [49]. 

 

 

 4.2.1.2.3 Optical characterization: PL and CL studies 
 

Photoluminescence PL characterization of the samples was performed at 10 K. The 

spectra for three different CdTe samples doped with Ge (5x1017 at./cm3), Yb (1x1018 at./cm3) 

and co- doped with Ge:Yb (1x1017:1x1018 at./cm3) are presented in figure 4.6. In general, all 

spectra exhibit a strong emission of neutral donor-bound excitons (D0X) in the band-edge 

region, in which the PL intensity increases with rising Yb concentration. This may imply that 

the Yb dopant produces a shift of the Fermi level towards the conduction band, thus explaining 

the observed high resistivity for CdTe:Ge:Yb.  
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Figure 4.6. Photoluminescence spectra measured at T=10 K for samples doped with Ge (red line), Yb 
(green line) and co-doped with Ge:Yb (blue line). 
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The other important feature of PL spectra is the strong increase in the PL band centred at 

1.55 eV for Yb- doped sources. The high intensity of the 1.55 eV band measured for CdTe:Ge:Yb 

and CdTe:Yb sources may be associated to an increase of donor defects that form complexes 

with VCd. This reveals that the Yb incorporation introduces donor levels in CdTe. This band for 

the Yb doped sources does not seem to shift in energy when changing the Yb concentration; 

since this emission is related with a donor–acceptor pair (DAP) transitions between hydrogen-

like donor levels and acceptor levels connected to defect complex with the structure (VCd–DCd) 

or (VCd–2DCd) (a considerable part of the VCd are stabilized with donors on Cd sites, due to the 

formation of these complexes structure) [50-52].  

 

A typical Cathodoluminescence, CL image of the surface for a CdTe:Ge:Yb (1x1017:1x1018 

at/cm3) source is presented in figure 4.7. It exhibits a granular crystal structure in which the 

grain boundaries appear as bright lines. Such a color contrast has been previously reported for 

similar CdTe:Ge films as well as, for other semiconductors and insulator materials [11,53]. It has 

been found to be due to the decoration of boundaries by impurities and/or point defects.  

 

 

Figure 4.7. CL image of a high-resistivity CdTe:Ge:Yb source. 

 

The area within the grains is very homogeneous without any microscale structural defects 

like voids, precipitates, impurity clusters, etc. Nevertheless, some of these defects are observed 

as non-radiative dark spots within the grain boundaries, proving their role as defect segregation 

centres (in figure 4.7 it is shown some precipitates). This segregation seems to be also related 

with the purification effect caused by the interaction of Yb dopant with the group I residual 

impurities.  

 

Grain 
boudaries Precipitates 
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Increasing the Yb concentration at values larger than ~ 5x1018 at./cm3 results in a loss of 

homogeneity for CdTe:Ge:Yb source. High Yb doping level induces the formation of a higher 

number of grains in which the bright bands become for tens of microns broader. 

 

The CL spectrum for a CdTe:Ge:Yb source (1x1017:1x1018 at./cm3) is depicted in figure 4.8. 

In this figure two deep level bands centred at 1.10 eV and ~ 1.40 eV can be observed. Gaussian 

deconvolution of the most intense band (1.10 eV) shows that it has three different components 

centred at 0.99 eV, 1.09 eV and 1.39 eV respectively [46]. 

 

 

Figure 4.8. Measured (black dots) and simulated (black line) CL spectrum for a CdTe:Ge:Yb (1x1017:1x1018 
at/cm3) source, with a Gaussian deconvolution (dashed lines) of the band centred at 1.10 eV. 

 

The three components can be associated to levels at about 1.10 eV below the conduction 

band for CdTe, which have been suggested to be related to different states of Te-vacancies, VTe 

[54,55]. The high energy band at 1.39 eV might be due to the presence of radioactive 

recombination centres [44]. 

 

 

4.2.2 Growth and characterization of CdTe:Bi doped sources and CdTe:Bi:Yb 

co- doped sources 

 

Bi- doping aims to achieve CdTe semi-insulating semiconductors with high 

photosensivity and excellent transport charge properties. The growth of CdTe:Bi is a relatively 

new topic. Therefore, a detailed characterization of this material is carried out, focussing on the 

study of its potential capabilities. 

1.39 eV 

1.10 eV 
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4.2.2.1 Growth procedure 
 

CdTe:Bi and CdTe:Bi:Yb crystals were grown by the Vertical Bridgman Method in a 

quartz ampoule with a pyrolytic graphite coating. The growth rate was 0.4 mm/h. A 

temperature gradient in the solidification zone of 5 ºC/cm was measured during growth. 

 

The CdTe:Bi crystals were doped during growth with two Bi concentrations of 1x1017 

at./cm3 (sample 1) and 7x1017 at./cm3 (sample 2). The dopant concentrations in CdTe:Bi:Yb 

crystals (sample 3) were 1x1017 at./cm3 for Bi and 1x1018 at./cm3 for Yb. More details on the 

growth procedure setup can be found elsewhere [16].  

 

 

4.2.2.2 Physical properties 
 

The morphological and optical properties of the samples have been characterized by 

means of SEM and CL, respectively. 

 

 

4.2.2.2.1 Morphological characterization 
 

The morphological characterisation of CdTe:Bi and CdTe:Bi:Yb sources has been 

performed by using SEM. Figure 4.9b, shows a typical SEM image for a CdTe:Bi surface. 

 

 
 

Figure 4.9. (a) Photograph and (b) SEM image of a CdTe:Bi source grown by vertical Bridgman method at 
1200 ºC. The growth rate was 0.4 mm/h. 

 

The surface shows high homogeneity, without nothing significant to mention. Indeed, no 

significant differences between the surface of CdTe:Bi and CdTe:Bi:Yb were observed. 

Moreover, the surface appearance of these two sources was very much similar to those 

presented in section 4.2.1.2.1. 

 

 

a) 
b) 
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 4.2.2.2.2 Optical Characterization: CL studies 
 

Based in the work carried out by the Dr. Edgardo Saucedo et al. [15,18]. Two defect 

centres were identified for Bi- doped CdTe sources by photoluminescence and 

photoconductivity measurements. The first one, responsible for the high resistivity and the very 

good photoconductivity of the CdTe:Bi crystals, is associated with a deep level located at 

Ev+0.71 eV. The second, mainly present at high Bi concentrations, is considered to be 

responsible for the low resistivity and poor photoconductivity. It is an acceptor centre located at 

Ev+0.30 eV, and assigned to BiTe specie. 

 

CL characterization. A CL image of a CdTe:Bi sample (sample 1) is shown in figure 4.10a. 

As for CdTe:Ge doped crystals, the sample exhibits a granular structure. Grain boundaries 

appear in this image as bright lines. The image shows high homogeneity. The interior of the 

grains is very homogeneous and neither precipitates nor other non-radiative recombination 

centres are observed [56]. Similar characteristics have been previously reported for other 

semiconductors and insulating materials and, are due to the deterioration of the boundaries by 

impurities and or point of defect. (As we previously mentioned in CL studies for CdTe:Ge:Yb).  

 

 
 

Figure 4.10. (a) CL image of the (a) sample 1 (Bi- doped with 1x1017 at./cm3 ), (b)  sample 2 (Bi- doped with 
7x1017 at./cm3) and, (c) sample 3 (Bi- doped with 1x1017 at./cm3 and Yb-doped with 1x1018 at./cm3). 

 

As shown in figure 4.10b (sample 2) increasing the Bi concentration results in a loss of 

homogeneity of the samples surface. Moreover, it gives rise to higher number of grains 

surrounded by boundaries in which the bright bands extend up to about 50 µm. 

 

In general, the sample 1 has a higher CL emission than sample 2. Moreover, its emission is 

rather homogeneous where a higher CL contrast is observed probably due to some inclusion of 

the same material with a higher Bi concentration (see fig 4.10a). The black lines, which are 

arbitrary distributed all over the area, probably due to the typical defects introducing during 

the polishing process. For sample 2, in figure 4.10b, it is also observed that the surface presents 
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the same dark line and inclusions due to the polishing process than those observed in sample 1. 

Also as seen in figure 4.10c, the main features observed in the CL images for sample 3, co-

doped with Bi and Yb (Bi- doped with 1x1017 at./cm3 and Yb- doped 1x 018 at./cm3), are parallel 

dark lines. Note that this result contrast in some sense with those obtained for the other two 

cases, where the lines were arbitrary distributed. Such distribution of lines has been previously 

reported for other semiconductors like GaSb:Te, [57,58] and it has been attributed to the 

variation in the dopant concentration. In order to determine which dopant gives rise to the 

striations, EDX maps for Bi and Yb were recorded. No spatial variations of any of these 

elements were detected. This suggests that the concentration of the element is below the 

detection limit of the EDX, although has a strong influence on the dopant sensitive CL 

measurements.  

 

CL measurements show that in the sample with higher Bi content (7x1017 at./cm3) a dense 

network o highly decorated grain boundaries is formed whereas in the co- doped samples, 

dopant striations are observed which are probably due to the presence of Yb. 

 

The CL spectrum for sample 1 (figure 4.11) shows the near band gap emission band at 

1.56 eV (this energy is connected with the excitonic transition involving the edge of the band) 

and two deep level bands centred at about 1.10 eV and 0.78 eV. Gaussian deconvolution of the 

most intense band, centred at 1.10 eV, shows that it has three components centred at 1.12 eV, 

1.06 eV, and 0.96 eV. The first one can be associated to a level at about 1.10 eV below the 

conduction band of CdTe, which has been suggested to be related to VTe [59, 60]. According to 

A. Castaldini et al., the other two bands, with an acceptor character are associated to the 

complex structure formed by tellurium vacancies and interstitial (VTe- Tei)) [51]. The low energy 

band at 0.78 eV is also complex and, it is the results of the deconvolution of two components 

centred at 0.78 eV and 0.77 eV, which are related to different states of an acceptor involving 

native VCd defects and impurities [61]. 
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Figure 4.11. Measured (full circles), and fitted (solid line) CL spectrum for sample 1(Bi- doped with 1x1017 
at./cm3), with a Gaussian deconvolution (dashed lines) of the band centred at 1.10 eV. 

 

By comparing with CL spectrum of CdTe:Ge:Yb sources (see figure 4.8), it can be deduced 

that the addition of Bi in the CdTe lattice gives rise to a dramatic reduction in  the A-band 

related with VCd. 

 

The CL spectrum for sample 2 (figure 4.12) is noisier than for sample 1 due to a lower CL 

emission. It shows bands at about 1.45 eV and 1.35 eV emission bands [51], in addition to the 

near band gap emission at 1.56 eV and the deep level at 1.10 eV, which were also presented in 

sample 1.  

 
Figure 4.12. Measured (full circles) and best fit (solid line) CL spectrum for sample 2 (Bi- doped with 
7x1017 at./cm3), with a Gaussian deconvolution (dashed line). 

1.56 eV 

1.45 eV 

1.35 eV 

1.10 eV 

 1.10 eV 

0.78 eV 

 1.56 eV 
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As shown in figure 4.12, in comparison with sample 1 (see figure 4.11), two new peaks 

appear at 1.35 eV and 1.45 eV in the CL spectrum for the sample 2. These bands are related to 

the dopant. In agreement with previously reported luminescence results for Ge- doped and un-

doped CdTe samples, these new peaks might correspond to A centres formed by VCd and Bi 

atoms [62,63]. In the CL spectrum for sample 1, the peak centred at 0.78 eV connected to native 

defects does not appear in this sample, suggesting that this sample presents a native defect 

concentration lower than sample 1. 

 

As in the Bi- doped samples, the CL spectrum for sample 3 (figure 4.13) shows the band 

gap emission centred at 1.56 eV, and the low energy band centred upon 1.10 eV. Nevertheless, 

the A-band centred at about 1.43 eV is less intense than for sample 2 and was not observed in 

sample 1 (which has the same Bi content as this sample). The existence of this additional band 

indicates that the presence of Yb also contributes to this emission, therefore suggesting the 

existence of a new radiative centre involving Yb atoms. 

 

The influence of Yb is also observed in the band centred at 1.10 eV which is broader 

than in the other samples and shows a slight shift to higher energies with a maximum at 1.08 

eV. Gaussian deconvolution of this band shows that it is formed by three emission peaks 

centred at 1.17 eV, 1.05 eV, and 0.95 eV. 

 

 

Figure 4.13. Measured data (full circles) and best fit (solid line) CL spectrum for sample 3, (CdTe:Bi:Yb), 
with Gaussian deconvolution (dashed line) of the band centred at 1.10 eV.  

 

In comparison with CL spectra measured for sample 1 and sample 2, the spectrum for 

sample 3 shows a displacement at higher energies in one of the band present in the region from 

  

1.10 eV 

1.43eV 

1.56 eV 
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0.90 eV to 1.25 eV. The origin of this displacement is not well understood. Probably it may be 

due to the presence of Yb which modifies somehow the recombination centre. Nevertheless, its 

study falls out of the scope of this thesis. 

 

By comparing the CL intensity for the band centred at 1.10 eV to the other relative 

intensities for other bands for sample 3, one realized that it is higher than for the other two 

samples. Beside, the intensity of band gap at 1.56 eV in the case of sample 2 is high than those 

observed in sample 1 and sample 3.  

 

Therefore, Bi- doping contributes to the appearance of the A luminescence band and, at 

higher Bi content a dense network of highly decorated grain boundaries is formed. In addition, 

Yb causes a blue shift of the deep level band centred at about 1.1 eV [56]. 

 

 

4.2.3 Study of the deterioration of Cd1-xZnxTe sources: reasons and 

consequences 

 

In this section, the deterioration of Cd1-xZnxTe sources after several runs is going to be 

systematically studied in order to improve the quality of the Cd1-xZnxTe films growth from 

those sources and to obtain reproducible films. 

 

 

4.2.3.1 Growth procedure 
 

Cd1-xZnxTe sources were grown by the Bridgman method [16]. The electronic-grade 6N 

Cd, Te and Zn were used as raw materials. The materials (about 100 g in total) were charged 

and sealed in high-purity quartz ampoules. Prior to the growth process, the mixture was 

homogenized at 1200 ºC in an oscillating furnace for 20 hours. During the Bridgman growth 

process, the Cd1-xZnxTe polycrystals were pulled down at 4–10 mm/h under a thermal gradient 

of 7 ºC/cm. The crystals were sliced perpendicularly to the growth direction into the 1.5–2 mm 

thick and 18 mm diameter wafers that were mechanically slandered with SiC powder and 

chemically polished in the 5% bromine-in-methanol solution and washed to remove the surface 

damage. Figure 4.14 shows an example of Cd1-xZnxTe ingot and slice sources. 
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Figure 4.14. Photograph of a Cd1-xZnxTe polycrystal (a) ingot and (b) slice grown by Bridgman technique 
for the fabrication of VPE sources. 

 

Cd1-xZnxTe films were grown on two different substrates, Si and Silicon oxide (SiOx) 6-

inches substrates. These substrates were mainly selected because of their low cost and the 

facility to obtain them in large areas. The substrate temperature range and the growth rate were 

selected to be between 600- 850 ºC and 1–10 nm/s, respectively.  

 

 

4.2.3.2 Physical properties 
 

The samples analyzed in this section, were cut from the central zone of the ingot, to 

diminish the effect of the different composition due to the segregation coefficient of the Zn in 

the CdTe, which usually is major than the unit [63,64]. 

 

As an alloy of CdTe, it is normal that this kind of material presents structural defects such 

as Te precipitates, twins, grain boundaries and clusters of dislocations. Because of this, effort 

has been put into the characterization of these sources to obtain more information about them 

[65]. 

 

Similar combined SEM, EDAX and, XRD characterization for Cd1-xZnxTe films is carried 

out to study the effect of source composition on the VPE large area films. 

 

 

4.2.3.2.1 Structural and compositional characterization 
 

As previously mentioned, one of the problems associated with this compound is to 

achieve an homogeneous Zn distribution along the ingot. This is due to the difficulties inherent 

to growth of ternary compounds, since its melting temperature significantly increases with Zn 

concentration [66,67], which makes the growth process a challenge. In this thesis, a Zn 

concentration of 4 at.% has been used. 

 

 a) b) 



Chapter 4   

95 

Due to the fact that Zn atom is isovalent to Cd atom, when Zn is added to a CdTe 

lattice, the matrix sublattice is altered and the VCd is reduced. The addition of Zn to CdTe 

produces important changes in the base material characteristics, such as lattice constant, α, and 

energy band gap, Eg, i.e. Eg increases in the range of 1.4 to 2.2 eV and, α in the range between 6.1 

to 6.5 Å when adding Zn. 

 

We have observed that the concentration and size of the precipitates in CdZnTe 

samples are slightly higher than in CdTe. This behaviour is a fact which in literature has been 

described by other authors [9,10]. The Zn distribution in the ingot measured by EDAX is shown 

in figure 4.15. 

 
Figure 4.15. Typical distribution of [Zn] along the growth axis for Cd1-xZnxTe polycrystal derived from 
EDAX measurements. 

 

In figure 4.15 is shown that in the A and C region (edges of the sources) the Zn 

concentration is non-uniform whereas that [Zn] is approximately constant in the B region 

(centre of the sources). This fact indicates that the solid-liquid interface is quite flat at this 

region. But the axial non-uniformity at the initial and end portion of the ingot, points out to a 

non planar solid-liquid interface at these places. 

 

If we observe the figure and the inset with more detail, the polycristal can be studied in 

three different regions. In the segment A of the polycristal, the Zn concentration slightly 

increases when increasing the distance from the ingot, (namely since 0 to ~20 mm), being 

between 16-17 at.%. When the central segment B is reached, the solidification fraction is ~ 0.55 

remains almost constant. However, in the segment C of the ingot, for high solidification 

fractions, a sudden decrease in the Zn concentration is detected. This behaviour is in agreement 



  Physical properties of CdTe- based sources  

96 

with reported data [8] where it is shown that Zn content and the solidified fraction are related 

by the Pfann´s equation: 

 

( )( )1
0 1

−
−⋅⋅=

k

s gkCC

  (4.2) 

 

where Cs is the Zn content measured at a point when the fraction solidified is g, k is the 

partition coefficient and, C0 is the initial content.  

 

The anomalous segregation in the initial portion of the CZT crystal has been observed 

by many workers and, as it is associated with considerable supercooling of the tip region, under 

low gradient conditions. This kind of anomalous segregation behaviour is postulated to result 

from the burst of growth from the initially supercooled melt. In this initial portion, the growth 

is under conditions where melt mixing is not complete and the growth rate is varying, i.e. 

decreasing from the initial fast growth under non- equilibrium freezing conditions, to a slower 

steady-state equilibrium growth conditions. 

 

Nevertheless, these measurements evidence that the Zn distribution along the growth- 

axes is quite homogeneous, however in order to obtain the optimum sources they have to be cut 

from the uniform part of Cd1-xZnxTe polycrystal.  

 

 

4.2.3.3 Degradation of the sources after several deposition runs 
 

A photograph of the same source taken prior to (a) and after (b) several deposition runs is 

shown in figure 4.16. This source is cut from the central area of the ingot. A simple visual 

inspection evidences that, the appearance of the source surface is significantly different prior to 

and after several deposition runs. The as- prepared source manifests the characteristic grey 

color for Cd1-xZnxTe compound (figure 4.16a). On the contrary, black and big size red spots are 

observed (figure 4.16b) at the source surface after several runs. These spots are areas of 

amorphous CdTe and ZnTe, respectively. 

  
 

 

Figure 4.16. Photograph of a Cd1-xZnxTe polycrystal grown by Bridgman technique for the fabrication of 
VPE sources: (a) VPE sources as- prepared and, (b) after several VPE deposition runs. 

a) b) 
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More detailed information about the microstructural and compositional changes can be 

derived from SEM images (figure 4.17b) and EDAX data (figure 4.17c-d), respectively. For the 

sake of clarity, different regions have been separately analyzed as shown in figures 4.17 c-d. 

 

Element 
App  

Conc. 

Intensity 

Corrn. 

Weight 

% 

Weight 

% Sigma 

Atomic 

% 

Zn K 2.89 1.0887 6.78 0.83 11.86 

Cd L 14.95 0.9849 38.81 0.99 39.44 

Te L 21.70 1.0194 54.41 1.05 48.70 

Total   100.00   

 

Element 
App 
Conc. 

Intensity 
Corrn. 

Weight 
% 

Weight 
% Sigma 

Atomic 
% 

Zn K 3.76 1.0883 7.45 0.74 12.96 

Cd L 17.27 0.9833 37.87 0.90 38.32 

Te L 25.95 1.0231 54.68 0.96 48.73 

Total   100.00   

 

a)

b)

c) d)

A B

 

Figure 4.17. (a) Photography of the analysed source. (b) SEM images of different part of Cd1-xZnxTe source 
prior to VPE growth. (c) EDAX measurements of region A and (d) region B of Cd1-xZnxTe source.  

 

In figure 4.17, we can observe that the as-prepared source manifests multi-grain 

structures without any specific features. However, presenting some region (zone B) where the 

size of the structures is slightly bigger than in zone A. For this source, we did not analyze the 

intermediate zone because we were mainly interested in studying the origin of the extreme 

contrast changes. 

 

Apart from the morphological differences deduced from SEM images, EDAX data (listed 

in table 4.II) taken in the two different regions demonstrate that they present a very much 

similar chemical composition, indicating that the majority components Te, Cd and Zn are 

homogeneously distributed.   

 

Element Zone A. at % Zone B. at % 

Zn 7.45 6.78 

Cd 37.87 38.81 

Te 54.68 54.41 

Total 100.00 100.00 
 

Table 4.II. Brief overview of the chemical composition measured on the two region A and B for the as- 
prepared source. 
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The same characterization of the source was carried out after several depositions run. For 

this, efforts were made to analyse the same regions than in as- prepared sources (see figure 

4.18a-d). 

 

As shown in figure 4.18b SEM images evidence the existence of three regions (named A, B 

and C) which have significant differences in morphology. The region A presents dark colour 

and bigger structure than the other two regions. The region B is darker and less extensive than 

region A. And, the region C presents red color. 

 

Red zoneBlack zone

Element 
App 

Conc. 

Intensity 

Corrn 

Weight 

% 

Weight 

% sigma 

Atomic 

% 

  Zn K 6.33 1.0836 13.85 0.95 23.10 

Cd L 11.65 0.9682 28.51 0.90 27.65 

Te L 25.71 1.0572 57.64 1.05 49.25 

Totals   100.00   

 

Element 
App 

Conc. 

Intensity 

Corrn. 

Weight 

% 

Weight 

% sigma 

Atomic 

% 

Zn K 15.29 1.0732 27.78 0.95 42.45 

Cd L 4.57 0.9373 9.50 0.63 8.45 

Te L 36.38 1.1306 62.72 0.98 49.11 

Totals   100.00   

 

Element 
App 

Conc. 

Intensity 

Corrn. 

Weight 

% 

Weight 

% sigma 

Atomic 

% 

Zn K 16.05 1.0711 30.87 0.98 46.33 

Cd L 2.22 0.9310 4.92 0.56 4.30 

Te L 35.87 1.1508 64.21 1.01 49.37 

Totals   100.00   

 

a)

b)

c) d)

e)

 

Figure 4.18. (a) Photography of a source after several deposition runs. (b) SEM images of different part of 
Cd1-xZnxTe source. (c) EDAX measurements of region A, (d) region B and (e) region C. 

 

Region A corresponds to one of the dark parts of the source. EDAX measurements 

evidences that the Zn and Te concentration are higher than that for the as- grown source, (Zn 

concentration increases from 7.45 to 13.85 at.% and [Te] from 54.68 to 57.64 at.%), whereas the 

Cd concentration decreases from 37.87 to 28.51 at.%. Zone B (also dark) is located in between 

the intermediate part of zone A and zone C, where the increment of Zn and Te concentration 

(Zn concentration increases from 13.85 to 27.78 at.% and [Te] from 57.64 to 62.72 at.%), whereas 

the Cd decreases from 28.51 to 9.50 at.%) in comparison with zone A, can be appreciated. 

Region C corresponds to the red part of the source. The color is due to the excess of Zn with 

respect to other parts of the source. In the following table 4.III these compositional differences 

A 
B 

C 
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are summarize. In contrast with the as- deposited source, the chemical composition of these 

three regions is no more homogeneous (see table 4.III). 

 

Element Zone A. at % Zone B. at % Zone C. at % 

Zn 13.85 27.78 30.87 

Cd 28.51 9.50 4.92 

Te 57.64 62.72 64.21 

Total 100.00 100.00 100.00 

 

Table 4.III. Overview of the chemical composition measured on the three regions A, B and C of the source 
after several deposition runs. 

 

To analyze the influence of the source state on the thin film structure and chemical 

composition, two samples were grown under the same conditions but using the two different 

sources: (a) a virgin source and, (b) a source that has been previously used during several 

deposition runs, (specifically three). The differences between them can be appreciated just by 

visual inspection as shown in figure 4.19. 

 

   
 

Figure 4.19. Photographs of Cd1-xZnxTe/SiO2/Si films growth by VPE using (a) a virgin source and, (b) a 
source after several growths runs. 

 

As expected, the samples grown by using the virgin source are completely uniform (in 

terms of chemical composition, microstructure, etc as shown hereafter) all over the area, 

whereas the other samples exhibit a well-defined red core region. Further, EDAX 

characterization, indeed, confirms that the dark brown core, which appears in figure 4.19b is 

due to an inhomogeneous enrichment of Cd1-xZnxTe layer with Zn. 

 

The most critical factor determining the reproducibility of VPE process was found to be 

deterioration of source composition that results in an inhomogeneous enrichment of Cd1-xZnxTe 

layer with Zn. Therefore, as a summary of VPE experiments, figure 4.20 reports the evolution of 

Zn and Cd concentration on the surface of both Cd1-xZnxTe source and layer respectively, with 

the time of VPE growth. 

a) b) 
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Figure 4.20. EDAX data on the evolution of the Zn and Cd concentration on the surface of Cd1-xZnxTe 

source (■-□) and Cd1-xZnxTe /Si layer (▼-∇) versus the time of VPE growth. 

 

It is seen that an increase in deposition time, results in an increment of Zn content on Cd1-

xZnxTe source surface. This fact is result of its decomposition in ZnTe and CdTe segregation. As 

a consequence, the Zn content in Cd1-xZnxTe layer increases, too. Therefore, taking into account 

all these results, figure 4.20 shows that within relatively short deposition time (less than 10–15 

min), this effect is negligible. This allows us to grow in a well-control way with uniform and 

predictable composition in a thickness range of about 0.1-5 µm [68].  

 

 

4.3 Conclusions 
 

In this chapter we have demonstrated that the co- doping of CdTe sources with Ge as 

deep donor and, with Yb as rare-earth element is a promising way to obtain semi-insulating 

CdTe crystals with good transport properties. High resistivity (5·109 Ω·cm) and lifetime (9 µs) 

were obtained confirming the beneficial effect of rare earth element. Moreover, we have shown 

that control of the Yb concentration is crucial for achieving electrical compensation. In addition, 

experimental findings testify that high resistivity sources of reasonably good structural quality 

can be grown with the Yb concentration below the value of 5x1018 at./cm3. 

 

CL measurements of Bi- doped samples with higher Bi content (7x1017 at./cm3) show the 

formation of a dense network of highly decorated grain boundaries. The co- doped samples 

show dopant striations which are probably due to the presence of Yb. Besides Bi doping 

contributes to the appearance of the A luminescence band. And, for CdTe:Bi:Yb, Yb causes a 

blue shift of the deep level band centred at about 1.10 eV. 
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We have also demonstrated that the prolonged VPE growth induces the continuous 

deterioration of source composition that gives rise to an inhomogeneous enrichment of Cd1-

xZnxTe films with Zn. The fast VPE runs using the sources in the form of thin polycrystalline 

wafers provide the most uniform Cd1-xZnxTe films.  
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Chapter 5 

 

PHYSICAL PROPERTIES OF CdTe– BASED THIN FILMS 

 

This chapter is devoted to the optimization of the growth method of CdTe- compound 

and CdZnTe thin films.  

 

Although, there has been considerable progress in growth of epitaxial films by different 

techniques from vapor phases [1-5], its commercial use is still limited due to the problems 

arising from the complexity of the growth processes. In this thesis, we have developed a simple 

and efficient industrial-like process which allows the fast growth of large-area CdTe layers with 

uniform composition and thickness. The method could be of importance for further 

implementation in industrial facilities. 

 

Moreover, the same way than in the previous chapter, the role of some dopants such as: 

Ge, Bi, Yb and Zn in the improvement of material properties is studied.  

 

 

5. 1 Introduction 
 

Considering that CdTe presents unique properties that make it appropriate for device 

applications, (as we just mentioned in chapter 4). Only few works in literature are devoted to 

the study of Bi- doped despite of its influence in the optoelectronics properties of CdTe- based 

solar cells and for X- ray detection applications. We have contributed to this research by 

showing that Bi is a suitable doping to obtain semi-insulating CdTe with high photosensitivity 

and excellent transport charge properties [6]. In this chapter, the quality of some CdTe:Bi films 

will be analyzed as a essential step for further development of CdTe:Bi- based devices [7].  

 

As it has been previously shown (section 4.2.2) Bi- doping contributes to reduce the 

resistivity up to 5 orders of magnitude, and to increase photoconductivity [8]. Because of these 

reasons CdTe:Bi polycrystalline thin films have been suggested as a new alternative to be used 

as absorber layers in solar cells. CdTe has a band gap of 1.5 eV that matches well to the solar 

spectrum and, its absorption coefficient is very high for frequencies in the visible part of the 

electromagnetic spectrum. Thus, it only takes a few µm of material to absorb 90% of the incident 

light. As a result of these properties CdTe- based solar cells have received significant attention 
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and are considered a viable alternative to Si- based technologies. In fact, CdTe solar cells yield 

higher wattage per square foot, at a lower price per watt of capacity. 

 

Besides, taking into account the studies carried out in the previous chapter, where, we 

have demonstrated that transport charge properties of CdTe:Ge doped could be improved by 

co- doping with rare earth, e.g Yb. We have studied CdTe:Ge:Yb layer, and experimental 

finding testify that homogeneous layer of reasonably good quality can be obtained. 

 

Also special attention has been paid to Cd(Zn)Te- based heterostructures because of their 

potential use for X- and γ- ray radiation detectors operating at room temperature (see [9] and 

[10,11], respectively). The latest advances in this area suggest that Cd(Zn)Te- based epitaxial 

heterostructures (and particularly, nanostructures) could be of great concern for the 

development of high resolution multi-pixel imaging detectors [12,13]. These detectors could be 

considered as a natural evolution of the classic arrays made from Cd(Zn)Te bulk crystals. 

 

Moreover, Cd1-xZnxTe layers grown on small size substrates have been proven to 

present interesting features required for nonlinear applications at optical wavelengths such as 

high nonlinear Kerr effect (similar to that in GaAs) and small losses due to the two-photon 

absorption effect. For this reason, Cd1-xZnxTe can be considered to be a good candidate for 

waveguide development on any kind of photonic devices which, as far as we know, have not 

been developed yet. Therefore, one of the objectives of the chapter is to demonstrate the 

capabilities of these films as waveguides at industry level. This requires the development of a 

simple and efficient industrial-like growth method to allow the fast growth of Cd1-xZnxTe large-

area layers with an uniform composition and with a thickness comparable to wavelengths in 

the infrared  range of the electromagnetic spectrum.(λ= 1550 nm). 

 

 

5.2 Growth and characterization of CdTe:Bi films 

 
In this section a detailed characterization of CdTe:Bi films is carried out, focussing on the 

study of its potential capabilities. 

 

Previous studies have faced the enhancement of the efficiency of CdTe- based solar cells 

by improving the different parts of the device. However, as far as we know little or no effort has 

been devoted to improve the physical properties of the films. Therefore, in this chapter, taking 

into account that one of the main problems is related with the CdTe deposition is due to its 

polycrystalline nature. The grain boundaries associated with its morphology give rise to 

trapping centres that result in carrier recombination, diminishing the charge transport in the 
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cell. Therefore, we focus our studies on improving the quality of the films and the fabrication of 

a novel and reliable back contact based on Bi2Te3, which also allows diminishing the working 

function of the CdTe:Bi.  

 

 

5.2.1 Growth procedure 
 

Using the CdTe:Bi polycrystals studied in section 4.2.2 as evaporation sources, CdTe:Bi 

thin film with a thickness between 0.1-3 µm were simultaneously deposited on different 

substrates (Si, SiO2, CdS/ITO, etc) by VPE technique [14]. CdS/ITO substrate was chosen for 

solar cells fabrication, whereas Si (1 0 0) was selected for RBS and XRD characterization.  

 

The substrate temperature range and growth rate were selected to be between 500–750 ºC 

and 1–10 nm/s, respectively. More details about the growth method can be found in section 

3.1.2. 

 

 

5.2.2 Physical properties 
 

One of the major concerns was the study of physical and chemical properties of the thin 

films. So, the characterization was done using SEM, XRD and RBS techniques. 

 

 

5.2.2.1 Morphological characterization  
 

The morphological characterization of the films was done by SEM. SEM images for a 

CdTe:Bi film are shown in figure 5.1. Note that, the film grows conformal to substrate. The SiOx 

substrates employed for this study present a patterning realized by means several technological 

processes needed for further experiments. However, we focus our attention in the morphology 

of the layer to study. 

 

This film exhibits an uniform grain morphology with an average grain size under 100 nm. 

The surface consists in many islands compactly packed; (namely each crystal is in contact with 

adjacent). This is a typical feature of the VPE growth and polycrystalline layers (figure 5.1a). 
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Figure 5.1. (a) Surface morphology and (b) cross-sectional SEM images for a CTe:Bi/Si film with a 
thickness of 2.46 µm. 

 

In figure 5.1b, the cross-sectional image shows a film with a thickness of ~2.46 µm with 

good adhesion to the substrate. It can be observed that the film exhibits a compact columnar 

structure perpendicular to the substrate. 

 

In order to study the thickness dependence of the surface appearance, SEM images were 

taken on films with different thickness. As shown in figure 5.2, no significant differences 

between the surface of CdTe:Bi films with 0.20 µm and 2.46 µm thickness, is appreciated. 

Moreover, in both cases the layers cover the substrate in a very uniform and compact way. 

 

  
 
Figure 5.2. Cross-sectional SEM images of a CdTe:Bi/Si films with a thickness of (a)  ~ 200 nm and (b) 2.46 
µm. 

 

 

5.2.2.2 Structural characterization  
 

The crystal structure was studied by XRD in Bragg-Bretano geometry. Four Bragg peaks 

can be observed in the XRD pattern at 6.78º, 11.06º, 13.11º and 16.94º which are related to (111), 

(220), (311) and (331) CdTe reflections, respectively (see figure 5.3). Thus, the result evidences 

a) b) 

a) b) 

0.20µm 2.46 µm 
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that, the sample is polycrystalline and preferentially oriented along the (111) direction. By 

comparing the 2θ position of the (111) peak with that reported in literature [15], one can observe 

that for the as- grown sample the peak is a bit displaced to the left indicating that the films 

presents a tensile stress, typical of this kind of growth. 
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Figure 5.3. XRD pattern for a CdTe:Bi film. 

 

To assess the crystalline quality, the full-width at half–maximum, FHWM, for the 

preferential orientation was calculated. For this sample, the FHWM obtained was 0.35º. This 

value is on the high side of the typical FHWM range for CdTe. Thus, this would be in 

agreement with the presence of some impurities which can deform slightly the lattice. 

 

 

5.2.2.3 Compositional characterization  
 

The elemental composition of the CdTe samples doped with Bi was characterised by 

means of Rutherford Backscattering Spectroscopy (RBS) under the conditions previously 

described in section (3.3.2.4). As shown in figure 5.4, the elemental composition was estimated 

by comparing experimental and simulated RBS data. For the simulation the SIMNRA computer 

code [M. Mayer, SIMNRA, Version 5.02, Max Plank Institut für Plasmaphysik] was used. These 

data evidence that the layer is composed by a 57 at.% of Cd, a 42 at.% of Cd and around 1 at.% 

of Bi. No impurity traces are detected in the CdTeBi layer within the resolution limit of the 

measurement. 
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Figure 5.4. RBS spectrum for a CdTe:Bi thin film. Inset of Bi peak belonging at RBS spectrum of CdTe:Bi 
thin film. 

 

It is important to highlight that, it the first time that the Bi presence is detected with this 

compositional technique. For this type of material, we have not found any reference in the 

literature.  

 

 

5.2.2.4 Electrical characterization 
 

The electrical properties of the films were characterised by Surface Photovoltage 

Spectroscopy (SPS) and by measuring the I-V characteristic curves. 

 

CdTe:Bi deposited on Cadmium sulfide (CdS) and Indium tin oxide (ITO), 

(CdTe:Bi/CdS/ITO), samples were fabricated by VPE techniques for electrical characterization.   

 

CdTe/CdS hetejunction is typically used as p-n junction. Therefore in order to study the 

junction properties, the SPS method was used [16-18]. It is well known that any change in the 

surface potential, causes a changes of equal magnitude in the surface work function, W. Thus, 

in absence of photochemical activity, the change in surface work function is equivalent to the 

Surface Photovoltage (SPV) measurement (in absolute value terms).  

 

A typical SPV spectrum for a CdTe:Bi/CdS/ITO film is shown in figure 5.5. 

 



  Physical properties of CdTe- based thin films 

112 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Typical SPS spectrum for a CdTe:Bi/CdS/ITO thin film. 

 

It is seen that the incident light-induced surface charging is caused by the surface 

photovoltage. This fact is due to the generation of electron-hole pairs and to the charge 

separation in the CdTe:Bi layer. Indeed, at photon energies below the band gap, Eg, the SPV is 

constant. This constant level corresponds to the work function W, at the given experimental 

conditions (air atmosphere). 

 

 The Eg value is calculated from SPS data by extrapolating (SPV)2 to 0 as indicated in 

figure 5.6 [17]. 
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Figure 5.6. Estimation of optical band gap for a CdTe:Bi/CdS/ITO thin film. 

 

400 600 800 1000 1200

0,04

0,05

0,06

0,07

0,08

0,09

0,10

S
P

V
 (

V
2
)

λ λ λ λ (nm)

ITO

CdTe:Bi:Yb

CdS

400 600 800 1000 1200

0,04

0,05

0,06

0,07

0,08

0,09

0,10

S
P

V
 (

V
2
)

λ λ λ λ (nm)

400 600 800 1000 1200

0,04

0,05

0,06

0,07

0,08

0,09

0,10

S
P

V
 (

V
2
)

λ λ λ λ (nm)

ITO

CdTe:Bi:Yb

CdS

S
P
V
(V

2
) 



Chapter 5   

113 

Based on this method the Eg value is calculated to be 1.48 eV, which is in excellent 

agreement with the commonly accepted value of 1.45 eV for CdTe [14]. 

 

According to SPS data, CdTe:Bi film exhibits a p-type semiconductor behavior. This 

information may be achieved with the help of the sign of the knee associated with the SPV 

curve. The SPS signal is bent upward towards the surface which indicates that we are dealing 

with a p-type behavior, as expected. This information is very important because of the doping 

of CdTe is known to be non-trivial and subject to compensation mainly by anphoteric behavior 

of Bi-doping. 

 

In order to obtain information about the the saturation current and the ideality factor, 

dark I-V characteristics were investigated. Our main contribution to this study is the 

innovation introduced in the back contact fabrication by means of a n-p-n heterojuntion formed 

by a Bi2Te3/CdTe:Bi/CdS hererostructure in Au/Bi2Te3/CdTe:Bi/CdS/ITO final solar cell, 

which presents a gradual variation of the band gap from 480 nm to 855 nm. 

 

According to theory [19,20], the relation between the current and the voltage in a p-n 

junction is given by  the equation (5.1): 

 











−= 1nkT

qV

Osc eJJ   (5.1) 

 

where, q is the electron charge, k is Boltzman´s constant, T is the temperature in Kelvin degrees, 

JOsc is the dark current and, n is the diode ideality factor with values between 1 and 3 for 

heterojuntions.  

 

This equation is also valid if recombination in the contact space charge layer is negligible. 

This hypothesis will be assumed in this study [21]. A perfect match to theory is observed when 

n = 1 which indicates that the transport charge mechanism in the cell is diffusion.  

 

The I-V characteristic curve measured under dark conditions is shown in figure 5.7. As 

shown, the I(V) curve can be well fitted by an exponential function which evidences that the 

junction voltage saturates at high bias and the electrons recombine at the back contact (in other 

words due to the presence of Schottky barrier under forward bias). This saturation occurs 

because of the back contact barrier and has nothing to do with the electron current. Therefore, 

we assume that the total current is equal to the hole current. 
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Figure 5.7. Dark I-V curve for back contact Au/Bi2Te3/CdTe:Bi heterojuntion for a 
Au/Bi2Te3/CdTe:Bi/CdS/ITO solar cell. 

 

The obtained values for dark current and diode ideality factor were, Josc= 3.47·10-7A/cm2 

and n= 1.91, respectively. On the other hand, values of n close to 2 shows that the transport 

mechanisms are dominated by emission-recombination current [22-25]. The obtained value is 

similar than those previously reported for this kind of device which points out that a large 

variety of the recombination process are taking place at the spatial charge region. 

 

From these parameters and assuming that the cell is operated at open circuit, I = 0, the 

voltage across the output terminals is defined as the open-circuit voltage, Voc by equation (5.2): 

 









+= 1ln

Osc

L
OC

J

J

q

nkT
V   (5.2) 

 

where Voc is the maximum voltage available for a solar cell, Josc  is the dark current, and JL is the 

density of the light current generated by the light. The Voc corresponds to the amount of 

forward bias on the solar cell due to the bias of the solar cell junction with the light-generated 

current.  

 

Comparing the Voc that we have measured to that reported for CdTe/ITO monocrystrals 

(890 mV) and to CdTe homounions deposited by close spaced sublimation, CSS, (820 mV), we 

observe that they are very much similar which indicates that our samples have a high quality. 

The efficiencies for these configurations are 13.4% and 9.7% respectively. 
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5.3 Growth and characterization of CdTe:Ge:Yb films  
 

In this section, homogeneous films of reasonably good structural quality have been grown 

by VPE with Yb concentration below 5 x1018 at./cm3. 

 

 

5.3.1 Growth procedure 
 

CdTe:Ge:Yb polycrystals were used (see section 4.2.1) as VPE sources, in order to grow 

CdTe:Ge:Yb films. The growth of CdTe:Ge:Yb (0.2–2) µm thick films was carried out on 

different (Si, SiO2, Al2O2, LiNO3, CdS/ITO, etc) substrates at temperatures in the range of 500–

750 ºC. The growth rates were selected to be in the range of 1–10 nm/s. 

 

 

5.3.2 Physical properties 
 

XRD, CL and XRF techniques were used to investigate the physical properties of these 

CdTe:Ge:Yb thin films.  

 

 

5.3.2.1 Structural and compositional characterization  
 

The structural characterisation of this film was carried out by XRD. XRD pattern 

measured for a CdTe:Ge:Yb film is shown in figure 5.8.  
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Figure 5.8. Typical XRD pattern for a CdTe:Ge:Yb/Al2O3 film. 
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The Bragg peaks located at 6.78º, 7.33º, 11.10º, 12.22º, 13.06º, 14.74º, 17.13º, 17.95º, 20.19º, 

25.92º and 27.60º correspond to (111), (200), (220), (311), (222),  (400), (331), (420), (511), (533), 

and (444) CdTe crystallographic directions, evidencing that the sample is polycrystalline and 

preferentially orientated along (420) direction. This result contrasts somehow with the typical 

(111) peak associated with preferential orientation obtained for other CdTe- based thin films. 

The difference in preferential orientation may be linked to the presence of Yb in this layer. 

 

Comparing the value of the peak position of the preferential orientation (420) with the 

reported in JCPDS which has a theoretical value of 17.58º, it is observed that the peak is 

displaced to the right indicating that the film is to a compressive stress. 

 

To check the crystalline quality of the layer, the FWHM was calculated for preferential 

orientation. The obtained value was 0.07º. This value is rather low for CdTe thin films, 

indicating a reasonably good quality of the film. 

 

While information about the major elements can be obtained with EDX, the quantification 

of the trace and minor elements by means EDX analysis is difficult due to the detection limits of 

the technique. To overcome this problem, X- ray fluorescence (XRF) measurements were 

performed at the European Synchrotron Radiation Facility, ESRF, at the microprobe station 

ID18F.  

 

XRF data were treated and analyzed by using the PyMCA code. This code allows us to 

identify the elemental composition and distribution of the major elements as well as, the 

presence of trace elements with good accuracy. The set up specification was detailed described 

in section 3.3.2.3. 

 

The fundamental parameter method was used to determine the relative concentration. 

This method usually requires knowledge of all elements in standard samples [26]. Its 

application consists of two steps: calibration which is the prediction of the intensity of 

characteristic lines for a composition that is identical to the standard used, accounting for 

instrumental related factors, and then analysis. Using the calibration data, a first estimation of 

the composition of an unknown sample is possible, and later the theoretical intensities 

calculated and differenced with the measured one—by repeating those steps until the 

convergence is reached. The XRF spectra acquired for CdTe:Ge:Yb/ Si are shown in figure 5.9. 
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Figure 5.9. XRF spectra for CdTe:Ge:Yb/Si film recorder an excitation energy at 28 keV. 

 

The elemental concentration calculated from these data is shown in Table 5.I. 

 

 

 

 

 

 

 

 

Table 5.I. Overview of elemental composition for a CdTe:Ge:Yb/Si film. 

 

These data agree quite well with that previously reported for this material. Note that the 

presence of Osmium (Os) could be due to the Os incorporation taking place during the 

deposition process (the boat where the sample was placed was made of Os) whereas, the 

presence of the Bi can be also attributed to the presence of impurities inherent to the source. 

 

 

5.3.2.2 Optical characterization 
 

The optical characterization of the films was carried out by CL. CL images are quite 

homogeneous and do not show any kind of contrast. For this reason they are not shown here. 

These results contrast somehow with those presented in section 4.2.1.2.3 for sources where a 

high contrast was observed. 
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A typical CL spectrum for a CdTe:Ge:Yb film is shown in figure 5.10. By comparing it 

with that shown in CdTe:Ge:Yb sources (see figure 4.8). It can be observed that the influence of 

Yb is also apparent in the 1.10 eV band that is narrower and more intense than in the sources 

and it is slightly shifted to higher energies. The Gaussian deconvolution of this band shows 

several components that have not been identified yet. 

 

 
 

Figure 5.10. CL spectrum for a CdTe:Ge:Yb layer with the Gaussian deconvolution of the band centred at 
1.10 eV. 

 

 

Nevertheless, considering the high intensity of the peak centred at 1.10 eV and the 

thickness of the film between 1-2 µm, one may think that this peak is somehow connected to 

emission between Yb ions. 

 

On the other hand, other remarkable difference in comparison with sources is that for 

films the highest energy band at 1.39 eV associated to radioactive recombination centres [27], 

does not appear.  

 

 

5.4 Growth and characterization of Cd1-xZnxTe films  

 

This section of the thesis is devoted to the study of the chemical and physical properties of 

CdTe- based films, which have been grown by using the Cd1-xZnxTe source characterised in 

section 4.2.3.2. 

 



Chapter 5   

119 

The main goal of the work is to develop a simple and efficient industrial-like growth 

method that allows fast growth of large-area CdTe films with uniform composition and 

thickness. The big milestone is to achieve films with homogeneous chemical composition. 

 

 

5.4.1 Growth procedure 
 

Cd1-xZnxTe films were grown on two different substrates, Si and Silicon oxide (SiOx) 6-

inches substrates. These substrates were mainly selected because of their low cost and the 

facility to obtain them in large areas. The substrate temperature range and the growth rate were 

selected to be between 600-850 ºC and 1–10 nm/s, respectively.  

 

 

5.4.2 Physical properties 
 

The morphological, structural and compositional properties of theCd1-xZnxTe films have 

been investigated using by SEM, XRD and EDAX techniques.  

 

 

5.4.2.1 Morphological characterization  
 

The main feature observed in Cd1-xZnxTe films by a firstly visual inspection is that, they 

have a specular surface. Nevertheless, the most interesting features of the surface morphology 

have been investigated by employing SEM.  

 

Typical SEM images of a Cd1-xZnxTe polycrystal film grown on SiO2/Si are shown in 

figure 5.11. 

   
 

Figure 5.11. SEM (a) cross-section and, (b) morphological image of a CdZnTe/SiO2/Si film. 

CdZnTe 

SiO2 

Si 

a) b) 
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The cross-section of the CdZnTe/SiO2/Si structure shows a well defined and very flat 

heterojuntion interface (figure 5.11a). This image reveals a good adhesion to the substrate with 

no evidence of crack through the polycrystal. It is observed that this film with a thickness of 

about ~500 nm presents a compact columnar structure perpendicular to the substrate very 

typical for films grown by VPE. The width of the columns is approximately of some dozens of 

nm.  

 

More interesting information about the surface of the films can be derived from figure 

5.11b. The image exhibits an uniform grain morphology. The surface consists of many quite 

compact islands (that seems to nucleate) randomly oriented, which uniformly cover large 

substrate areas. Besides, different grain size can be appreciated being the average grain size 

~200 nm. 

 

 

5.4.2.2 Structural characterization  
 

In order to study the structural properties of these samples, XRD measurement were 

performed in Bragg- Bretano geometry.  

 

Three Bragg peaks located at 23.68º, 39.11º and 46.11º are observed (with more intensity 

than the rest) on the XRD pattern for this sample (see figure 5.12).  
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Figure 5.12. XRD spectra for a Cd1-xZnxTe/SiO2/Si film. 
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These peaks corresponds to (111) (220) and (311) CdTe crystallographic directions. Thus, 

this result evidences that, the sample is polycrystalline and preferentially oriented along the 

(111) direction.  

 

By comparing XRD spectrum for both films and  that sources studied in section 4.2.3, one 

realizes that the two spectra are quite similar (see figure 5.13a). In the inset of figure 5.13b, it is 

shown a zoom of the (111) crystallographic direction for both film and source samples.  

 
Figure 5.13. XRD patterns for a Cd1-xZnxTe source and a layer. The inset shows a zoom of the (111) peak 

for this two samples at logarithmic scale. 

 

In order to assess the crystalline quality of this layer, linewidth measurements (full-width 

at half-maximum (FHWM)) was performed. Focusing on preferential orientation, the FWHM is 

0.19º, a reasonably low value for crystals indicating good crystalline quality. This value is lower 

than for Cd1-xZnxTe source (0.24º), as it is expected.  

 

 

5.4.2.3 Compositional characterization  
 

The chemical composition of these samples has been studied by EDAX, as function of the 

source’ deterioration, (after several runs), investigated in section 4.2.3 (see this section) [28]. 
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5.5 Conclusions 
 

From the sources studied in chapter 4, CdTe:Bi and CdTe:Ge:Yb films were grown with 

relative good crystallinity. In particular the first one has been demonstrated to be a promising 

alternative as absorber layer in solar cells. In this sense, our efforts were focused in the study of 

the back contact, where we obtain a strong ohmic contact or special device structures use to be 

quite difficult. One of the main conclusions of this chapter is the use of Bi2Te2 as a back contact 

for solar cell application. Our studies evidence that the use of this material notably decrease the 

work function of Au/Bi2Te2/CdTe:Bi heterojuntion which results very promising for further 

device development. 

 

With respect to the CdTe:Ge:Yb, the experimental findings seem to point out that films 

with reasonable good structural properties can be grown by doping them with Yb at a 

concentration below the value 5x1018 at./cm3 (which is estimated to be the Yb solubility limit for 

CdTe). 

 

 From the Cd1-xZnxTe sources studied in previous chapter, it is possible to obtain Cd1-

xZnxTe films with quite quality. Therefore, we can consider that VPE technique is a well-control 

way to obtain films with uniform and predictable composition that could be considered for 

applications in photonics and radiation detectors. 
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Chapter 6 

 

THERMAL TREATMENT OF CdTe- BASED FILMS GROWN BY 

VPE  

 

The latest advances in this area suggest that the effect of stress and lateral defects in 

CdTe- based epitaxial heterostructures on the recombination mechanisms could be almost 

completely eliminated by heating the substrate during the growth process and by post growth 

thermal annealing [1-2]. Namely, in the work of Neretina et al. [3], the strained structures of 

CdTe/Si have been thermally annealed at 400 ºC, 500 ºC, and 600 ºC for 10 s, concluding that 

the optimum annealing temperature, which gives rise to highest quality films, is 500 ºC. From 

these results, we continue studying the effect of thermal annealing at higher temperatures to 

investigate if further improvement on the quality of the CdTe layers can be achieved. 

 

 

6.1 Thermal treatment of CdTe:PdI/Si films 
 

 CdTe:PdI polycrystalline layers were grown by VPE on Si(100) substrates at a substrate 

temperature of 300 ºC. The growth rate and time were in the range of 10-20 Å/s and 2-10 min, 

respectively [4]. The layers grown under these conditions are planar and homogeneous, having 

a thickness of ~ 400-800 nm as confirmed by perfilometry.  

 

The thermal treatments were carried out using a Rapid Thermal Processing System, which 

by means tungsten halogen lamps and cold heating chamber walls allow fast wafer heating and 

cooling rates. The Rapid Thermal Annealing, RTA, setup located at CAI at the UCM was 

described in section 3.2. To protect CdTe:PdI/Si from any impurities, samples were enclosed in 

a graphite boat. The RTA temperature was selected to vary in the range between 450 – 1050 °C 

and the treatment elapsed 10 s. 

 

 

6.1.1 Morphological characterization 
  

The temperature evolution of the surface microrelief as characterized by SEM is shown in 

figure 6.1.  
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Figure 6.1. SEM images of CdTe:PdI/Si VPE layers: as- grown (a) and, after RTA treatment at 650 ºC (b), 
750 ºC (c) and 900 ºC (d). 
 

As- grown CdTe:PdI/Si layer shows an uniform grain morphology, randomly oriented 

(see figure 6.1a). The grains present different average size covering all the substrate. Important 

changes can be observed in figure 6.1(b-d) by simple visual inspection for annealed films. Films 

heated up to 750 ºC are formed by grains of different size compactly packed and uniformly 

distributed all over the substrate. In general, the RTA treatment results in a reduction of the 

surface roughness with a progressive increase of the grain size, by a factor of 3-5, and in the 

formation of cellular-like structures (fig. 6.1b-d). These cellular structures are originated by 

native point defects promoted by the climb processes [5].  

 

As shown in figure 6.1d, films heated at ~ 900-1050 ºC are damaged due to the high 

annealing temperatures. Indeed, a carefully inspection allows us to identify the presence of 

some holes which might be related to the generation of high stress during deposition at these 

elevated temperatures. Stress that might be associated to both the large difference in the 

thermal expansion coefficient between the Si substrate and the CdTe:PdI thin films (∆α/α ≈ 46.9 

a ) b ) 

c ) d ) 
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% at 25 ºC) (2.6·10-6 K (at 250 K) for Si and 5·10-6 K(at 250 K) for CdTe:PdI), and the large lattice 

mismatch (∆α/α ≈ 19%) between them [6]. The presence of these holes is further corroborated 

by RBS. Figure 6.2 shows an RBS spectrum for the film annealed at 900 ºC. This spectrum can be 

only well fitted by assuming a certain amount of Si on the sample surface [7]. Since the 

deposited film does not contain any Si, this result corroborates the presence of holes in the 

films. 
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Figure 6.2. Measured (red dots) and simulated (colour lines) RBS spectrum for a CdTePdI layer annealed 
at 900 ºC. 
 

Therefore, having in mind these preliminary results, we focus our interest on the study of 

the temperature range between 650-850 ºC. Since films annealed at higher temperatures 

900<T<1050 ºC are severely damaged, they are not going to be further investigated. 

 

More detailed information about the surface roughness was obtained by means AFM as 

shown in figure 6.3.  

 

1.0µm

 
1.0µm

 

1.0µm

 

Figure 6.3. AFM images for CdTe:PdI/Si VPE layers: as grown (a) and, after RTA treatment at 500 ºC (b), 
and at 750 ºC (c). 
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Different grain size randomly distributed can be appreciated for all the studied samples. 

In agreement with SEM data AFM images show an enhancement in the grain size with rising 

temperature [8]. Moreover, the RMS (root mean square) of the roughness was calculated [9]. 

The measured values decrease with increasing temperature from 21.93 nm for as- grown to 

15.91 nm for 750 ºC annealed samples. 

 

The evolution of average grain size as a function of annealing temperature as estimated 

from SEM and AFM data is depicted in figure 6.4. 
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Figure 6.4. Evolution of the average grain size as a function of annealing temperature for CdTe:PdI films. 
 

Both methods show the same trend. Nevertheless, the disagreement in the absolute values 

might be associated to the grain size dispersion and to the accuracy of the method. 

 

Moreover, in order to study other aspects in the morphology of these samples, cross- 

sectional SEM measurements were carried out. As shown in figure 6.5 no significant differences 

between the cross-sectional images for as- grown and for annealed samples were observed. 

Both as-grown and annealed CdTe:PdI/SiO2/Si structure show a well defined and very flat 

heterojuntion interface (figure 6.5a) revealing a good adhesion to the substrate with no evidence 

of crack through the polycrystal. It is observed that as- grown film of ~ 500 nm of thickness 

presents a compact columnar structure perpendicular to the substrate (very likely to that of 

similar samples grown by the same techniques, studied in previous sections).  
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Figure 6.5. Cross-sectional SEM images for an as- grown (a) and a post- growth annealed at 650 ºC (b) 
CdTe:PdI/Si heterostructures, grown by VPE.  

 

 

6.1.2 Structural characterization 
 

The crystalline structure was studied by XRD. XRD patterns for CdTe:PdI as– grown and 

at annealed at different temperatures  samples are shown in figure 6.6. 
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Figure 6.6. XRD spectra for CdTe:PdI/Si layers: as grown (black line) and annealed at 450 ºC (red line), 650 
ºC (blue line) and, 750 ºC (green line). 

 

Six Bragg peaks located at 23.75º, 39.31º, 46.43º, 56.82º, 62.33º and, 76.30º connected to the 

(111), (220), (311), (400), (331) and (511) crystaloghaphic directions are observed [10,11]. That 

indicates that all films are polycrystalline and preferentially oriented along the (111) direction. 

Nevertheless, as shown in table 6.I small variations in the 2θ positions and in the FWHM values 

are observed. In general, the 2θ positions are shifted to higher values (tensile stress) with 

 a) b) 
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increasing annealing temperatures and the FWHM values decrease, which in agreement with 

SEM and AFM measurements indicates an enhancement of the grain size. 

 

Sample Centre FWHM(111) 

As- grown 23.754 0.10556 

Annealed at 450ºC 23.757 0.10738 

Annealed at 650ºC 23.773 0.10207 

Annealed at 750ºC 23.811 0.10027 

 
Table 6.I. Summarize of 2θ position for the (111) peak and FWHM value for as- deposited and annealed 
for CdTe:PdI/Si films. 
 

By comparing the 2θ position of the preferential orientation with that reported in the 

literature, 23.759º, one can realize that for as- grown and for lower annealing (450 ºC), the peaks 

are slightly displaced to the left pointing towards a change in the stress state of the films, 

toward to tensile stress. However for annealing temperature higher than 450 ºC (650 ºC and 750 

ºC) the peaks are displaced to the right indicating that the films are under compressive stress.  

 

 

6.1.3 Elemental composition  
 

The elemental composition of the samples was characterised prior to and after the RTA 

treatments by, Energy dispersive Spectroscopy (EDS) and Rutherford Backscattering 

Spectroscopy (RBS). 

 

The elemental atomic percentage for as- grown and annealed films obtained by EDS 

technique is listed in Table 6.II. 

 

Sample 
Cd Atom.C.(atm.%) 

± Error (%) 

Te Atom. C.(atm.%) 

± Error (%) 

Pd Atom. C. (atm.%) 

± Error (%) 

I Atom. C. (atm.%) 

± Error (%) 

As- grown 48.18 ± 1.2 50.47 ± 1.7 0.02 ± 0 1.34 ± 0.2 

Annealing at 450ºC 47.89 ± 1.5 49.90 ± 1.9 0.57 ± 0.1 1.64 ± 0.4 

Annealing at 500ºC 47.97 ± 1.5 50.12 ± 1.9 0.53 ± 0.1 1.38 ± 0.4 

Annealing at 650ºC 45.98 ± 2.1 49.47 ± 3.2 0.94 ± 0.1 3.61 ± 0.4 

Annealing at 750ºC 49.36 ± 1.5 48.55 ± 2 0.79 ± 0.1 1.33 ±0.4 

 
Table 6.II. Overview of compositional concentration for the CdTe:PdI films studied. 
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It is observed that as-grown samples are Te-rich. For samples heated at lower 

temperatures (up to 500 ºC), the Te and Cd concentration slightly decrease and the Pd and I 

concentration increases. However at 750 ºC the films become to be Cd-rich. According to these 

results, the sample with the best stoichiometry (the most balanced) has been found to be that 

annealed at 750 ºC. In figure 6.7 we show an example of EDS images for the sample annealed at 

500 ºC. 

 

 

 
Figure 6.7. EDS images for a CdTe:PdI/Si annealed at 500 ºC. The color code for EDS measurement of each 
element is: red for Te, green for Cd, blue for I, violet for Pd and yellow for Si. 
 

Typical measured (red dots) and simulated (colour line) RBS spectra for CdTe:PbI/Si 

annealed at 450 ºC and are shown in figure 6.8. These spectra illustrate that the films consists of 

Cd (44 at.%), Te (38 at.%), Pd (7 at. %) and I (9 at.%) deposited on a Si substrate. No other 

elements were detected within the resolution limit of the technique. 
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Figure 6.8. Measured (red dots) and simulated (colour line) RBS spectra for CdTe:PbI/Si annealed at 450 
ºC. 
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6.1.4 Optical characterization 
 

The optical properties of CdTe:PdI have been determined prior to and after annealing by 

means of the PL technique.  

 

PL spectra measured at 20 K, (this temperature is sufficient to produce a satisfactory 

luminescence) for as- grown and annealed films are shown in figure 6.9. 
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Figure 6.9. PL spectra for CdTe:PdI/Si layers (20 K): as grown (turquoise blue line) and annealed at - 450 
ºC (blue line), 500 ºC (green line) , 650ºC (red line), 750 ºC (black line). 
 

The measured spectrum for the as- grown film has two bands. The first band centred at 

1.42 eV called A-band [12,13] is originated by the recombination of structural defects like 

dislocations or tensions in the lattice owed to defects in the shape of complexes. The acceptor 

part has a (VCd -DTe) structure type [14] and, donor part has some superficial impurities [15]. 

The second band centred at 1.46 eV, generally called Y-band is originated by structural defects 

and it is related to the recombination process taken place in dislocation and grains boundaries 

[16]. On the other hand, the peak centred at 1.57 eV with very low intensity has a complex 

origin being formed by overlapping of transitions type donor- acceptor pair (DAP), leading to 

the conclusion that this is related to the VCd.  In particular, this peak is associated to the bound 

exciton A0X [17]. 

 

The intensity of the A-band increases with rising annealing temperature. This fact is due 

to the increase in the VCd concentration and to disappearance of the Y-band. Moreover, the 

highest value of the emission associated to the recombination between donors and acceptors 
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pair at 1.57 eV, namely to AºX transition is observed for the sample annealed at 750 ºC as raises 

annealing temperature [18]. 

 

 

6.2 Study of the sub-bandgap photoluminescence from CdTe annealed films 

deposited on different substrates  

 

In this section our efforts have been focused on studying the influence of the combination 

substrate type and thermal treatment on the physical properties of the CdTe films. 

 

As previously mentioned the optical properties of CdTe films have been demonstrated to 

highly depend on their crystalline quality, in particular on the dislocation density at the 

film/substrate interface. Then, in this section, we study the influence of the lattice mismatch on 

the dislocation density, and therefore on the optical properties. For this purpose different 

substrates were selected. The substrate selection was oriented to industrial implementation and 

it has been mainly done according to the following criteria: a) decreasing the lattice mismatch, 

b) low cost and, c) availability in large wafer size.  

 

In general, the lattice mismatch between CdTe and sapphire, GaAs, Si substrates is higher 

than 10% [19-23].  

 

 

6.2.1 Thermal treatment of CdTe/Si 
 

For this study CdTe films were deposited on commercial (100) Si substrates. The growth 

was carried out at evaporation temperatures ranging ~ 500-800 ºC, and the growth rate was in 

the range of 0.05-0.2 µm/min (the variation of this value depends directly on evaporation 

temperatures).  

 

 

6.2.1.1 Morphological characterization 
 

The morphology of the films has been characterized by SEM and AFM. The layers grown 

under these conditions are planar and homogeneous, having a thickness of ~ 1-3 µm as 

confirmed by perfilometry. Both the surface and cross sectional SEM images for as-deposited 

CdTe/Si sample, annealed at 500 ºC and 750 ºC are shown in figure 6.10a-b. 
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Figure 6.10.  SEM images of a typical surface and, cross-section (a) for as- deposited CdTe/Si. And cross- 
section (b) for a sample annealed at 500 ºC and (c) for a sample annealed at 750 ºC. 
 

No remarkable differences are observed between these samples. Moreover, both their 

surface morphology and the cross-section have the same characteristics than those presented in 

previous sections.  

 

Comparing the cross sectional images for as- deposited and annealed samples, it is 

observed that all layers present a well defined and flat interface between the CdTe film and Si 

substrate, and exhibit good adhesion to the substrate. No evidences of cracks and large surface 

defects through the bulk are seen. 

 
AFM images were taken to obtain additional and more precise information about surface 

roughness, shape and size of the grains. The images are shown in figure 6.11. In general, 

difference grains are observed. 

 

1.0µm 1.0µm 1.0µm

 

d) 

a) b) c) 

a) b) c) 



 Thermal treatment of CdTe- based films growth by VPE 

  135 

1.61.41.210.80.60.40.20

80

70

60

50

40

30

20

10

0

X[µm]

Z
[n
m
]

1.61.41.210.80.60.40.20

80

70

60

50

40

30

20

10

0

X[µm]

Z
[n
m
]

1.41.210.80.60.40.20

100

80

60

40

20

0

X[µm]

Z
[n
m
]

 

Figure 6.11. AFM images and profiles for a CdTe/Si film at RT (a,d), annealed at 500 ºC (b,e), and 
annealed at 750 ºC (c,f). 
 

In agreement with SEM data, the as- grown sample exhibits uniform grains whose size 

vary from 100 to 200 nm. The RMS (RMS is calculated as the Root Mean Square between peaks 

and valleys of a surface measured microscopic), was calculated to be around 22.4 for these 

films. No significant changes on the sample surface were observed for those films annealed at 

temperatures lower than 750 ºC. However, for films annealed at 750 ºC an enhancement in the 

grain size for some grain is observed, namely there are grain of different sizes, and therefore the 

surface becomes to be less homogeneous. 

 

The evolution of the roughness as a function of the temperature is depicted in figure 6.12 

where, we can observe that the RMS value tends to decrease when increasing annealing 

temperature. 
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Figure 6.12. Evolution of the surface roughness for a CdTe/Si layers as a function of annealing 
temperature. 
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6.2.1.2 Optical characterization 
 

Photoluminescence and transmittance measurements were carried out for as-grown and 

annealed layers, using Fourier-transform infrared spectrometer, FTIR. The excitation powers 

used for PL measurement were 0.3-0.5 W (Ti-sapphire laser at λ= 800 nm) and 10 mW (He-Ne 

laser at λ= 632.8 nm). This radiation allows studying the recombination levels in the bandgap of 

the CdTe layers with thicknesses less than 0.1 mm.  

 

In figure 6.13, PL spectra for as- grown and annealed CdTe/Si films are compared [24]. 

The whole signal below 1.10 eV originates from the Si substrate. Therefore, the only emissions 

which are discussed are those observed at energies higher than 1.10 eV. 
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Figure 6.13. PL spectra (a) for as-grown (black line) and for annealed at 500 ºC (blue line), (b) at 750 ºC 
(green line) and at 900 ºC (dot black line) CdTe/Si samples. 
 

Firstly, we discuss the PL spectrum obtained for the CdTe/Si as- grown sample, where 

the complex structure of the sub-bandgap in the range 1.20-1.53 eV. The spectrum mainly 

consists of two main PL bands. The first band centred at 1.40 eV is originated from 

recombination in A-center, composed from a VCd and a neighbouring atom impurity (Cl or Cu) 

[15]. The second band, peaking at 1.47 eV, is originated from the extended “dislocation” states. 

Similar bands were often observed in CdTe single crystals containing dislocations [25,26].  
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A clear increase of the A-center area is observed with rising annealing temperature, 

which is possible due to the increase of the VCd concentration. Moreover, for sample annealed at 

500 ºC, a PL emission band develops at 1.58 eV. This band with low intensity can be ascribed to 

the mixture of the band to band, free, eX, and bound exciton, AºX, emissions and it is due to the 

polycrystalline nature of CdTe [26], as well as, to the remained residual stress at the interface 

[26]. Another remarkable feature is the disappearance of the “dislocation” band located at 1.47 

eV. All these facts suggest that dislocations and impurities around them can be diminished 

already at 500 ºC; this corresponds to a notable improvement in the crystalline quality of CdTe 

layer [26]. 

 

PL spectra for samples annealed at temperatures of 750 ºC are shown in figure 6.18b. In 

these spectra it is observed that the intensity of the peak located at 1.40 eV (corresponding to the 

A-band) increases and that it becomes broader. Thus, annealing led, at this temperature to a ~ 3-

10% increase of the total PL intensity. This result evidences that, the presence of a strong 1.42 eV 

band is characteristic of either a compensated material or for poor quality crystals. This can be 

explained by an increase in the VCd density associated to both lost of crystallinity or 

decomposition of the films, corroborating the holes that appeared in the layer at thermal 

annealing above 750 ºC. 

 

The FWHM of the A-centre emission together with the annealing temperature is depicted 

in table 6.III. 

 

Temperature, T (ºC) FWHM (meV) 

500 80  

750 100 

 
Table 6.III. The FWHM evolution for A-centre emission band as a function of annealing temperature. 
 

It is shown that as A-centre concentration increase with temperature, possibly, due to 

the increase in the VCd concentration. 

 

The quality of the film influences possible losses which would be in the wall of CdTe 

waveguides.  
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6.2.2 Influence of CdTe growth onto sapphire substrate in the study of PL 

sub- bandgap 

 

In order to check the influence of the substrate on the layer properties, CdTe layers have 

been grown under the same conditions onto commercial misoriented 3º off the (0001) sapphire 

substrate which was used to obtain CdTe films oriented along the direction onto (111) Si 

substrate.  

 

 

6.2.2.1 Morphological characterization 
 

SEM images of CdTe deposited on sapphire films are shown in figure 6.14. It is observed 

that these samples present a very much similar morphology to those deposited on Si. 

 

   

   

Figure 6.14. SEM images of a typical surface (a,b) and, cross-section (c,d) for a CdTe/Sapphire sample. 
 

Under this condition, we obtained a 2.33 µm thick CdTe film uniformly formed over the 

entire substrate area. As in previous studies the film is formed by randomly distributed grains 

of different size between 120-220 nm. Moreover, the film present sharp flat interface with a 

good adhesion to the substrate (see figure 6.13 (c,d)). Cross-sectional images show that the 

a) b) 

c) d) 
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sample exhibits a columnar growth and is free from any macrodefects typical of this kind of 

material. 

 

 

6.2.2.2 Optical characterization 
 

The measured PL spectrum together with the best fit obtained for CdTe films grown on 

sapphire are shown in figure 6.15. One can see that it is similar to that for CdTe/Si and shown 

in figure 6.13.  

1,1 1,2 1,3 1,4 1,5 1,6 1,7
0,00

0,05

0,10

0,15

0,20

0,25

0,30

 

 

E(eV)

1.43 eV

1.48 eV

CdTe/sapphire

 

P
L

 i
n

te
n

s
it

y
 (

a
.u

.)

 
Figure 6.15. PL spectrum for as-grown CdTe/sapphire sample at 4.2 K (thickness of the CdTe layer is ∼ 1.8 
µm).  
 

The sub-bandgap emissions dominate the spectrum. These two bands are identified to 

correspond to an A-center (1.43 eV) and “dislocation” band (1.48 eV). This feature can be 

observed for CdTe monocrystal, recombination at dislocations is responsible for a narrow 

emission band which is due to a weak electron-phonon interaction [27].  

 

The transmission spectrum can be measured for samples deposited on sapphire but not 

for those deposited on Si since sapphire has been transparent in the 1.10-1.70 eV energy region. 

 

The Transmission spectrum for CdTe/sapphire films is shown in figure 6.16. The 

principal characteristic of transmittance spectra for this thin film is the presence of maximum 

and minimum interferential. These values are related with the refraction index and absorption 

coefficient of the material.  
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Figure 6.16. Transmittance for as-grown CdTe film on sapphire substrate at 4.2 K (thickness of the CdTe 
layer is ∼ 1.8 µm).  
 

Comparing the decomposed PL spectrum with the corresponding transmission spectrum, 

we can conclude, that the interference effect pronounced in the transmission spectrum can 

really deteriorate the shape of PL spectrum, namely, the PL spectrum of as- grown CdTe/Si 

sample shown in figure 6.13. 

 

The determination of the semiconductor band gap, Eg, within the parabolic 

approximation, where direct transitions between the BV and the BC are considered, can be 

calculated from the Swanepoel‘s equation to be: 

 

2/1)()( gEhAh −= ννα
  (6.1)

 

 

where, α is the absorption coefficient, A is a constant, hν is the energy of phonons and Eg is the 

gap energy. According to this formula and considering the data depicted on the transmittance 

spectrum, the Eg value was estimated to be ~1.6 eV (extrapolation to α=0 in the α2 versus hv plot 

(see figure 6.16)) [28,29].  

 

In order to ensure that the origin of the 1.47-1.48 eV PL band differs from that of the 1.43 

eV band, the dependence of the PL intensity on excitation power in the range from 0.05 mW to 

0.6 W, is measured. The results are shown in figure 6.17. A similar dependence has been 

observed for those sample deposited on Si (not shown). 
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Figure 6.17. Dependence of PL spectrum vs the excitation power for the CdTe/sapphire sample (the 
excitation powers are indicated). 
 

If we deconvolute these spectrums like those in figure 6.13, the same two sub-bandgap 

emissions that dominate the spectrum are observed. Nevertheless, in this particular case, one 

can see that the intensity of the “dislocation” PL band (1.48 eV) grows faster than that of the A-

center band indicating the presence of some dislocation and/or grain boundaries. 

 

After decomposition of these spectra, the dependence of the integrated intensities of PL 

band for the A-center and dislocation on excitation power is depicted in figure 6.18. 
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Figure 6.18. Dependencies of the integrated A-center and “dislocation” PL bands on excitation power at 
4.2 K. Solid lines correspond with a linear fit.  
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It is observed that the PL intensity of the A-centre band increases sublinearly with 

excitation power, while the dependence for the “dislocation” band is linear. This fact 

unambiguously confirms that these two bands do not have the same nature. 

 

6.3 Thermal treatment of SiO2/ Cd(Zn)Te/SiO2 / Si films 
 

To complete the chapter, this section is devoted to the study of thermal treatment on 

encapsulated SiO2/CdZnTe (40%)/SiO2/Si films. This design gives a variation in the refractive 

index of the materials that will allow the light guiding. These multilayers are going to be used 

to fabricate CdTe- based waveguides. For that, CdZnTe polycrystalline films were grown on 

SiO2/Si substrates at a substrate temperature of about 300 ºC. With a growth rate and time ~ 15 

Å/s and 4 min, respectively.  

 

After that, the films were encapsulated with a layer of 500 nm of SiO2 by Plasma Chemical 

Vapour Deposition (PCVD, Surface Technology 310 D/F) at 300 ºC [30]. However for this case, 

the annealing temperature was selected to be varied in the range of 650-900 °C. The elapsed 

time was 10s. 

 

6.3.1 Morphological characterization 
 

The as- grown films deposited under these conditions present the same characteristics 

than those presented in previous cases. A typical SEM image of a CdZnTe/SiO2 film is shown in 

figure 6.19a. It is observed that the studied film is quite planar and homogeneous; having a 

thickness of ~500 nm. It presents a compact columnar structure with approximately some 

dozens of nm. As shown in figure 6.19a, the cross sectional images of a CdZnTe/SiO2/Si 

structure exhibits, as well as previous cases, a well defined and very flat heterojuntion interface 

pointing to a good adhesion between film and substrate. 

 
Figure 6.19. Typical SEM images of (a) a surface of CdZnTe/SiO2 film), (b) cross-section of 
SiO2/CdZnTe/SiO2/Si encapsulated film and, (c) cross-section of SiO2/CdZnTe/SiO2/Si film annealed at 
650 ºC (c). 

a) b) c) 
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The results for a SiO2/CdZnTe/SiO2/Si heterostructure annealed at 650 ºC can be 

observed in figure 6.19c. The film keeps a sharp flat interface with the substrate and a 

roughness surface with a microrelief height of ~ 50-60 nm. Although, these films were 

encapsulated, the same morphological characteristics than those films studied in previous 

sections can be observed.  

 

 

6.3.2 Structural characterization 
 
The structural characterization of the films was carried out by means XRD.  θ -2θ scans for 

as- grown and annealed layers are shown in figure 6.20. 
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Figure 6.20. XRD spectra for SiO2/CdZnTe/SiO2 layer: as- grown (black line) and, annealed at 650 ºC (pink 
line), and at 750 ºC (blue line). 
 

The patterns reveal that as in similar films (e.g. in CdTe:Bi samples) six Bragg peaks 

located approximately at 23.75º, 39.31º, 46.43º, 56.82º, 76.30º and 89.96º which are related to the 

(111), (220), (311), (331),(511) and (531) crystaloghaphic directions. Thus, these results evidence 

that, samples are policrystalline and preferential oriented along the (111) direction.  

 

Considering the (111) peak and comparing its position such as for as- grown and annealed 

films with that for JCPDS database, one realize that for the as- deposited sample the peak is in 

the same position that the theoretical peak (see figure 6.21).  
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Figure 6.21. XRD spectra associated to (111) preferential direction for SiO2/CdZnTe/SiO2 as-grown (black 
line) and annealed at different temperatures, 650 ºC (pink line) and, 750 ºC (blue line). 
 

Also, FHWM was calculated, in order to assess the crystalline quality of these layers. The 

2θ positions together with the FHWM values for the preferential orientation are shown in table 

6.IV. As increasing the annealing in the sample, the peaks are a little bit displaced to the right 

indicating a slightly compressive stress in the samples. 

 

Sample Centre FWHM(111) Height 

As- grown 23.759 0.13425 0.92822 

Annealed at 650 ºC 23.896 0.10870 0.07245 

Annealed at 750 ºC 23.886 0.10899 0.01992 

 
Table 6.IV. Overview of variation of FWHM with diffraction angles for a SiO2/CdZnTe/SiO2 films. 
 

The FHWM show changes in function of annealing temperatures. As increases the 

annealing temperature, there is a gradual decrease of these values, indicating good crystalline 

quality. These data evidence that annealing improves the crystalline quality of the layer. In this 

case the best result was obtained for the sample annealed at 650 ºC. 

 

 

6.4 Conclusions 
 

In this chapter, we have presented the experimental results on the remarkable 

improvement of the recombination quality of the CdTe films by post growth thermal annealing 

(RTA). We shown that heating the samples notably improves both its crystalline structure and 

its surface morphology and it allows to significantly reduce the typical concentration of native 

and foreign defects.  
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 For the three studied cases, the substrate does not affect to the morphology of the films´ 

surface.  

 
� For CdTe:PdI/Si, the increase in the PL peak intensity is in very good agreement with 

the data obtained from SEM measurement which shows an increase in the average 

grain size and a decrease in the grain boundaries, and by XRD measurement, where the 

FWHM decreases as the annealing temperature increase. 

 

This fact demonstrates that annealing promotes an improvement in the structural 

quality of the film. The optimum annealing temperature, which gives rise to highest 

quality films, is ~750 ºC. Indeed, at very high temperature around 800 ºC, the effect is 

the opposite: the stress is so high that the films appear damaged. 

 

� For CdTe/Si, we found that annealing between 500- 750 ºC is an important factor to 

improve recombination in CdTe layers. The intensity of the sub-bandgap band in as-

grown samples of CdTe layers is ~3.5 times weaker as compared with the annealed 

samples, indicating the presence of a high defect concentration, which create non-

recombination centres. Moreover, after annealing the band-to-band emission at 1.58 eV 

appeared in the spectrum. Therefore, we have found that annealing at 500 ºC is an 

important factor to rembination in CdTe layer grown on both Si and sapphire 

substrates. 

 

� Finally, for encapsulated samples the optimum annealing temperature is a bit lower 

than for samples without encapsulation, namely at approximately 650 ºC.  

 

Therefore, the achieved high crystalline quality stimulates good optical quality, and the 

heteroepitaxial layers encourage us to use these films, for example, as an optical waveguide in 

integrated silicon optics devices. 
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Chapter 7 

 

TECHONOLOGICAL PROCESS OF CdTe– BASED FILMS 

 

This chapter is devoted to the study and development of technological processes that 

affect both the surface and the physical properties of the CdTe- based film. 

 

For technological applications of CdTe films, as photonic bandgap structures onto 

semiconductors like waveguides and, other particular photonics and optoelectronics devices, or 

even for a typical production of pixel in a detector; it is necessary to develop several fabrication 

processes that affect their surfaces [1]. In the present thesis, we study the effect of the Reactive 

Ion Beam Etching (RIBE), process on the photoluminescence (PL) of CdTe epitaxial layers 

grown on sapphire by MOVPE.  

 

Special attention has been paid to Cd(Zn)Te- based heterostructures because of its 

potential use for X- and γ- ray radiation detectors operating at room temperature (see [2] and 

[3,4], respectively). The latest advances in this area suggest that Cd(Zn)Te- based epitaxial 

heterostructures and, particularly, nanostructures formed by Cd(Zn)Te material into 

nanoporous alumina could be of great concern for the development of high resolution multi-

pixel imaging detectors [5,6]. These detectors could be considered as a natural evolution of the 

classic arrays made from Cd(Zn)Te bulk crystals [7]. 

 

 

7.1 Effect of RIBE on CdTe films 
 

Considering that RIBE process is a typical one to produce pixels and photonic bandgap 

structures onto semiconductors, we have studied the effect of RIBE process on PL properties for 

CdTe films. Moreover, the relation between changes in morphology and those in the PL 

spectrum has been achieved by means of Optical Microscopy (OM) and, Atomic Force 

Microscopy (AFM). 

 

 

7.1.1 Effect of RIBE on the photoluminescence of CdTe films 
 

This section is devoted to study the effect of the RIBE process on PL for CdTe layer grown 

on sapphire by Metalorganic Vapour Phase Epitaxy, (MOVPE).  
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In order to develop CdTe

CdTe processing cannot be carried out by chemical etch, RIBE has been demonstrated to be one 

of the most suitable techniques for CdTe processing.

 

7.1.1.1 Growth procedure
 

CdTe films were grown o

along the (111) direction, in a low pressure horizontal MOVPE reactor under optimal growth 

conditions [8,9]. Dimethyl cadmium and di

growth temperature was 340 °C, and the growth time was in the range of 2

thickness of the layers was in the range of 

Consorzio Creo (L’Aquila, Italia) and the films were grown by Angelo Mercuri.

 

 

7.1.1.2 Physical properties
 

7.1.1.2.1 Relation between morphological and 

processes 

 

The as grown CdTe films were divided into several areas by optical lithography using a 

Karl–Süss MJB3 mask aligner (see figure 7.1). Some of these areas were protected with a 0.3 

thick layer of aluminium evaporated over the photoresist. This method is c

fabrication process to estimate the etch

 
 

Figure 7.1. Typical optical microscope image of CdTe films after the photolithography process.

RIBE etch was performed on these samples using a RIBER reactor. The 

carried out under (CH4 +H2)/N

 

In order to develop CdTe- based devices some lithographic processing is needed. Since 

CdTe processing cannot be carried out by chemical etch, RIBE has been demonstrated to be one 

of the most suitable techniques for CdTe processing. 

.1 Growth procedure 

CdTe films were grown on a commercial sapphire substrate of misoriented 3° off the 

along the (111) direction, in a low pressure horizontal MOVPE reactor under optimal growth 

]. Dimethyl cadmium and di-isopropil tellurium were used as precursors, the 

ture was 340 °C, and the growth time was in the range of 2

thickness of the layers was in the range of 5–7 µm. The growth setup is placed at Laboratories of 

Consorzio Creo (L’Aquila, Italia) and the films were grown by Angelo Mercuri.

2 Physical properties 

Relation between morphological and optical changes 

The as grown CdTe films were divided into several areas by optical lithography using a 

Süss MJB3 mask aligner (see figure 7.1). Some of these areas were protected with a 0.3 

thick layer of aluminium evaporated over the photoresist. This method is commonly used in the 

fabrication process to estimate the etching rate of CdTe films.  

 
 

Typical optical microscope image of CdTe films after the photolithography process.

 

RIBE etch was performed on these samples using a RIBER reactor. The 

)/N2 plasma atmosphere for 90 min. The ion energy was selected to 

 

based devices some lithographic processing is needed. Since 

CdTe processing cannot be carried out by chemical etch, RIBE has been demonstrated to be one 
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along the (111) direction, in a low pressure horizontal MOVPE reactor under optimal growth 

isopropil tellurium were used as precursors, the 

ture was 340 °C, and the growth time was in the range of 2–4 hours. The 

up is placed at Laboratories of 

Consorzio Creo (L’Aquila, Italia) and the films were grown by Angelo Mercuri. 

changes after RIBE 

The as grown CdTe films were divided into several areas by optical lithography using a 

Süss MJB3 mask aligner (see figure 7.1). Some of these areas were protected with a 0.3 µm 

ommonly used in the 

Typical optical microscope image of CdTe films after the photolithography process. 

RIBE etch was performed on these samples using a RIBER reactor. The RIBE process was 

plasma atmosphere for 90 min. The ion energy was selected to 



 

be 400 eV and the total reduction of films

films after RIBE process is shown in figure 

Figure 7.2. SEM image of an etched area of CdTe films (I), and CdTe films protected with Al (II) after RIBE 
process. 

 

After that, the Al mask was removed by using orthophosphoric acid (H

images of the CdTe films surface after the RIBE process and, removal of the photoresist 

protecting the original surface are picked in figure 

grown (II) areas have a similar microrelief with an 

increase in surface roughness by about 10%, was observed within CdTe zones that were 

exposed to the RIBE. This demonstrates that the RIBE process under optimum technological 

conditions does not introduce significant morp

with respect to that observed for the as

 

a) 

 Technological processes of CdTe

be 400 eV and the total reduction of films thickness was about 1.5 µm [10]. The

films after RIBE process is shown in figure 7.2. 

 

 
 

etched area of CdTe films (I), and CdTe films protected with Al (II) after RIBE 

After that, the Al mask was removed by using orthophosphoric acid (H

images of the CdTe films surface after the RIBE process and, removal of the photoresist 

protecting the original surface are picked in figure 7.2. It is observed that the etched (I) and as 

grown (II) areas have a similar microrelief with an average roughness of 400 nm. A weak 

increase in surface roughness by about 10%, was observed within CdTe zones that were 

exposed to the RIBE. This demonstrates that the RIBE process under optimum technological 

conditions does not introduce significant morphology modifications of the exposed surfaces 

with respect to that observed for the as-grown samples. 
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]. The surface of CdTe 

etched area of CdTe films (I), and CdTe films protected with Al (II) after RIBE 

After that, the Al mask was removed by using orthophosphoric acid (H3PO4). Typical 

images of the CdTe films surface after the RIBE process and, removal of the photoresist 

. It is observed that the etched (I) and as 

average roughness of 400 nm. A weak 

increase in surface roughness by about 10%, was observed within CdTe zones that were 

exposed to the RIBE. This demonstrates that the RIBE process under optimum technological 

hology modifications of the exposed surfaces 
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Figure 7.3. Surface microrelief for CdTe film recorded by optical (a) and atomic force microscope (b) after 
the RIBE process: (I) etched area, (II) protected area (as- grown morphology) and (c) AFM profile of the 
etch area. The arrows indicate the boundary between protected and unprotected areas.  

 

After the RIBE process for both protected and unprotected areas [11], PL measurements 

were carried out at two different excitation conditions at 10 K:  

 

(i) Continuous wave (cw) configuration, keeping the excitation constant to mainly obtain 

information on the structure of the electronic level participating in the radioactive 

recombination.  

 

(ii) Time resolved PL (TPRL), to get information on carrier dynamics and recombination 

kinetics. (In this configuration, PL is excited using a pulsed excitation with light pulses 

of suitable duration). 

 

The results under these conditions are shown in figure 7.4. 
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Figure 7.4. PL spectra at 10 K under near resonant conditions (710 nm) and low excitation power in zones 
of the CdTe surfaces with (dotted line) and without (continuous line) RIBE etch.  
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The assignation of the different recombination features in the zones without RIBE, where 

more lines can be resolved, is indicated in figure 7.4. This assignation has been done on the 

basis of previous studies carried out for similar CdTe samples [9,12,13]. The high energy part of 

the spectrum, (1.5-1.6) eV, is the sum of several excitonic contributions, particularly three lines 

narrower than 3 meV peaked at 1.591 eV, 1.595 eV, and 1.598 eV are observed, which are 

associated with acceptor bound-exciton (A°X), donor bound-exciton (D°X), and near free-

exciton (FE) recombination, respectively [9, 12-15]. 

 

A high energy shoulder less intense than the exciton is observed at 1.606 eV. This 

shoulder is related to recombination lines, which is attributed to free carrier recombination and 

even above barrier donor related recombination due to phonon absorption [16]. The observation 

of this kind of recombination lines indicates the good optical quality of the as grown CdTe 

films. The broader line peaked at around 1.579 eV is associated to the 1-LO phonon replica of 

the free exciton (FE) recombination. The band at 1.560 eV is due to free electron-acceptor (eA°) 

recombination, whose corresponding phonon replica can be close to the energy of the neutral 

donor-acceptor (D°A°) transition, giving rise to the observed band peaked at around 1.537 eV 

[9]. The intense resonance at 1.515 eV is connected to the first phonon replica of the D°A° 

transition, and the weaker contribution at around 1.493 eV (deconvoluted at the low energy part 

of the PL spectrum) to a second phonon replica. The most intense PL band at 1.475 eV, together 

with a low energy PL shoulder, are associated with the carrier recombination through donor-

acceptor pairs (DAPs) and its corresponding 1-LO phonon replica. These pairs can be due to the 

group I residual impurities and their complexes with VCd, which are common in bulk and 

epitaxial films of CdTe [9, 13, 17-20]. 

 

All the recombination features described above are mostly common for both etched and 

as- grown CdTe surface. The main differences are the emission intensity and the better 

definitions of the PL resonances in the zones without RIBE etch. The integrated intensity in the 

spectral regions of (1.435–1.540) eV (neutral and pair donor acceptor recombination) and (1.540–

1.600) eV (FE and bound/free excitonic recombination) increases by factors of 8 and 14, 

respectively. At the same time, the emission is dominated by donor-acceptor pair recombination 

in the zones without RIBE, whereas is dominated by eA°-D°A° emission broad band at 1.547 eV 

in dotted line of figure 7.4 and acceptor bound exciton recombination in the zones with RIBE 

etch. It is worth noting that eA°-D°A° and also A°XD° X-FE recombination lines cannot be 

resolved in the experimental spectra for RIBE zones. In this case, two contributions can be 

deconvoluted by using Gaussian fits at 1.593 and 1.597 eV, the first one mostly due to A°X and 

the second to D°X-FE [11].  
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A straightforward question now is the origin of such changes between the PL spectra in 

both zones of the CdTe surface. The RIBE etch could introduce nitrogen impurities acting as 

acceptors if they substitute Te atoms [15]. In this case, an increase of the overall PL intensity can 

be expected if an increase of the acceptor concentration in the same proportion takes place. On 

the other hand, we cannot resolve eA° and D°A° contributions, as also occurs in the case of D°X 

and FE transitions. It could imply a simultaneous increase of acceptor and donor impurities. 

Nevertheless, from these results it cannot be concluded if the donors either were in the sample, 

but not participating in the recombination, or were introduced by the RIBE process. The time 

resolved PL (TRPL) experiments, results will support the last hypothesis, as explained below. 

 

Figure 7.5 shows PL transients representative for the free/bound exciton recombination 

(a) and donor-acceptor pair recombination (b). 
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Figure 7.5. PL transients at 10 K under near resonant conditions and low excitation power in the zones 
with and without RIBE etch representative of the donor-bound-exciton/free-exciton (detection at about 
1.596 eV) (a) and donor acceptor pair (b) recombination. Continuous lines are the best exponential fits to 
the experimental PL transients. 

 
The PL decay time in the zones without RIBE etch is typically longer than that measured 

in the etched zones. Something similar occurs for lower detection energies (1.447–1.555) eV, 



  Technological processes of CdTe- based films  

154 

characterizing eA°, D°A°, and donor–acceptor pairs (DAP) recombination processes. Indeed, 

the PL transients over this broad energy range have a similar aspect to those shown in figure 

7.5(b): a fast PL transient over the first 170 ps (rise plus decay), approximately, followed by a 

slow PL decay, longer for lower detection energies. On the one hand, we associate these slow 

decays to the impurity related recombination processes. On the other hand, the fast PL 

transients are very similar to the temporal response of the streak camera to the laser diffusion at 

the CdTe surface (system response), and it can be attributed to the fast transfer of carriers 

toward acceptor impurity levels prior to give rise to the different recombination paths observed 

in figure 7.4. The strong coupling with optical LO phonons in this material (Huang–Rhys factor 

around 1 or above [20, 21]) would be responsible of that fast carrier transfer and also of the 

appearance of replica of the main D°A° and DAP recombination channels. The D°A° and DAP 

recombinations are characterized with larger decay times when the emission energy is lower. 

Any discontinuity is observed at their corresponding phonon replica. As a matter of fact, the PL 

decay times are shorter in the zones with RIBE than in the zones without RIBE, diminishing the 

quantum efficiency. Therefore, we should measure longer decay times in the etched zones. This 

is due to the relation between radiative, assumed for the moment to be the same at zones with 

and without RIBE etch, nonradiative and effective decay time.  

 

The effective decay time, τD, is described by the following equation: 

 

  (7.1) 

 

where,  τR is the radiative decay time  and τNR,  is the nonradiative decay time. 

 

However, in our particular case and in contrast with this equation, we observe larger 

decay times in the virgin zones than in those etched. The simplest hypothesis to reconcile 

continuous wave and time resolved PL results is to assume an increase of the impurity 

concentration due to the RIBE process by a factor of around 10. Such an assumption would 

explain, the observed intensity increase in the eA°, D°A°, and DAP bands. In this way, it is 

possible a simultaneous increase of the PL intensity and a decrease of the non radiative times 

after the RIBE attack of CdTe. This is just the results shown in figure 7.6, where the dashed line 

represents the decay time values estimated by using equation (7.1), considering as radiative 

time the decay times measured in the zones without RIBE etch and using a nonradiative time 

around 2200 ps. This consideration was made by assuming that the radiative recombination 

times of the different processes in CdTe after RIBE etch do not significantly depend on the 

impurity concentration within the studied range. 

 

NRRD
τττ

111
+=



Chapter 7   

155 

1,46 1,48 1,50 1,52 1,54 1,56
0

400

800

1200

1600

RIBE etch

NO RIBE etch
D

e
c
a

y
 t

im
e

 (
p

s
)

 

 

 

850 840 830 820 810 800

 

Energy (eV)

Wavelength (nm)

 
Figure 7.6. Emission energy dependence of the PL decay time in the zones without (circles) and with 
(squares) RIBE attack. The dotted line corresponds to the estimated decay time. For the estimation the Eq. 
(7.1) was used. 

 

These results, demonstrate that at optimum conditions, the RIBE etch does not make 

significant morphological changes but it results in an increase of the concentration of acceptor 

impurities. This was revealed by an increase of the overall PL intensity and, simultaneously, a 

decrease of the PL decay time, more important on the low energy side of PL spectrum due to 

the recombination of carriers in acceptor pairs [11]. 

 

 

7.1.2 Nanostructures growth by etching process  
 

During our etching studies, we could observe the formation of needle-shape like 

nanostructures when using specific dry etching conditions (for etching time longer than 

standard). 

 

The following Optical Microscope image for an as– grown sample shows the presence of 

surface inhomogeneities that appear as a region with dark contrast (figure 7.7). 
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Figure 7.7. Typical optical image of CdTe surface obtained after an etching process.  

 

More information about these microstructural changes in film surfaces can be derived 

analyzing in detail these dark regions by means SEM (figure 7.8). From this figure, one realizes 

that the etching layer is mainly constituted by nanocrystalline structures [22]. 

 

  
 
Figure 7.8. SEM images of needle shape like structures obtained after dry etching. 

 

The formation of these needles was favoured with increasing the processing temperature 

and/or when the stoichiometry of the films differs from that of CdTe. The average needle size 

was inferred from SEM images to be in the range of ~ 37-74 nm.  

 

It is noteworthy that these CdTe films were used to validate a method for fabricating 

CdTe buried waveguides for photonic applications. This technology will be detailed in Chapter 

8 [23].  

 

It must be taken into account that the (dry) etching was performed in O2 atmosphere. O2 

usually is used to etch polymers that would otherwise tend to accumulate as a protective 

coating of carbon on the surface. Therefore, in order to check if the CdTe surfaces are carbon 

Smooth 

Needles 
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free or not, Raman Spectroscopy measurements were carried out. A Raman spectrum is shown 

in figure 7.9. 

100 200 300 400 500 600 700 800 900 1000 1100 1200

t-Te (E) 140 cm
-1

 

 

In
te

n
s
it

y
 (

a
.u

.)

Raman shift (cm-1)

Si 520 cm
-1

C-C bond

 1123 cm
-1

t-Te (E) 95 cm
-1

t-Te (A
1
) 121 cm

-1

CdTe 161 cm
-1

C-C bond 273 cm
-1

 

Figure 7.9. Raman spectrum of CdTe films after the etching process. 

 

The most characteristic bands centred at 121 cm-1, and 140 cm-1 corresponds to the A1 and 

E phonons modes respectively. These Raman modes are attributed to the presence of 

compressive stress on Te precipitates in CdTe [24]. The weak mode observed around 95(E) cm-1 

is characteristic of amorphous Te, (characteristic of Te trigonal) and indicates the presence of a 

trigonal lattice of Te [25]. Likewise, the peak at 141 cm-1 and 161 cm-1 are identified with 

transverse optic (TO) and the longitudinal optic (LO) phonons modes, respectively [26-28]. 

 

The mode 520 cm-1 is associated to Si. Because of its low intensity it can be concluded that 

[Si] is practically residual. The low frequency mode at 273 cm-1 and the high frequency mode 

1123 cm-1 seem to be modes of C-C bonds which we could associate to the presence of some 

traces of the resist used during the etching process [25]. 

 

With a lower photon energy, a red or NIR laser do not promote the electronic transition 

(and hence the fluorescence), so the Raman scatter may be far easier to detect. Conversely, as 

the wavelength, is increased in the visible range, from the green to red, the scattering efficiency 

decreases, so longer integration times or higher power lasers might be required. For our 

purposes, a red laser was chosen, but no additional information was obtained.  
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Therefore, taking into account these considerations and having in mind that the major 

parts of polymers give rise to Raman spectra with a fluorescence background. Exciting these 

samples with a green laser (532 nm) may promote this fluorescence, and may swamp any 

underlay Raman spectra to such extent that it cannot be any longer detectable.  

 

Afterwards, the sample was subjected to thermal treatment at 300 ºC in H2 atmosphere 

during 10 min with the purpose to decrease the surface roughness of the layer. Since the 

roughness would difficult the guidance of light through the sample. 

 

As shown in figure 7.7, no relevant changes in either the morphological structure or in the 

average needle size are observed after the thermal treatment in both post- RIBE processed 

annealed and post- processed zones.  

 

Raman spectra were measured by focussing the µ-beam in different regions of the sample. 

The results evidence that the planar area has a Raman spectrum (see figure 7.10a) dominated by 

Si mode, and has two modes (840 and 915 cm-1) that can be associated to both LA modes of O-O 

and O-C-O bonds, respectively. This indicates that these bonds are generated in the photoresist 

layer by O2 ion during the etching process. If the spectrum is observed without rectifying the 

base line (figure 7.10b), the base line sharply increases at low frequencies. This fact is indicative 

of the presence of a high reflectance material, most probably Au, since it was used for SEM 

inspection [22].  

100 200 300 400 500 600 700 800 900 1000 1100 1200

  (O-C-O) bond 

    915 cm
-1

 

 

In
te

n
s

it
y

 (
a

.u
.)

Raman shift (cm-1)

Si 520 cm
-1

  (O-O) bond  840 cm
-1

a)

100 200 300 400 500 600 700 800 900 1000 1100 1200

 

 

In
te

n
s
it

y
 (

a
.u

.)

Raman shift (cm-1)

Reflexión

Si

b)

 
Figure 7.10. Typical Raman spectrum of the planar area of the sample after thermal treatment (a) with (b) 
without rectification of the base line. 

 

The Dark area of the sample presents a Raman spectrum (figure 7.11) characterized by a 

dominant peak corresponding to the Te vibrational mode, which indicates a Te excess, due to 

the Cd evaporation in the surface, during the laser exposition. 
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Figure 7.11. Raman spectrum of the dark area for a sample after thermal treatment. 

 

The observation of Te optical modes on the surface has been reported by several authors 

[29-32]. However the origin of these modes is a subject of controversy. Shin et al. [30] have been 

attributed them to Te precipitates present as a part of growth process of CdTe. The authors 

conclude that the Te modes were due to small Te aggregates related with poor stoichiometry 

and gradually disappear with the increase of Cd contents. In a previous work of M. J. Soares et 

al. [33] showed by µ-Raman that visible radiation leads to the formation of Te aggregates on the 

irradiated surface, compromising any conclusion about Te inclusions on CdTe surface, and 

speculating that heating by laser light could break chemical bond and produce Cd evaporation, 

thus leaving an excess of Te in the surface. Namely, for excitation power densities to record a 

Raman spectrum, formation of Te aggregates on the CdTe sample surface only occurs if the 

excitation is above the gap. These higher temperatures give rise the optical damage, the photo- 

induced aggregation of Te involves hole [34] or vacancies [35] migration. This idea must be 

further explored and tested in the lab. 

 

Besides we observe two additional peaks at 200 cm-1 and 401 cm-1 that according to the 

literature, are connected with aliphatic change associated with C-C bonds [25].  

 
The differences between post-processed annealed and post-processed samples are 

shown in figure 7.12. It can be observed that after annealing the peaks are less intense indicating 

a deterioration of the films. 
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Figure 7.12. Raman spectra of the dark area for the as- grown sample (dark line) and after thermal 
treatment (red line). 

 
However if now, we use a red laser, the effect observed is quite similar (see figure 7.13). 
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Figure 7.13 Raman spectra of dark area for the as- grown sample (dark line) and after thermal treatment 
(red line). 

 

The annealed sample, presents again slight asymmetry and a broad peak centred at 161 

cm-1 as well as, another less intensive and broader peak at 141 cm-1. (These correspond such to 

LO and 2 LO phonons lines in CdTe, respectively). LO peaks show a red shift of 5 cm-1 

compared to the CdTe bulk indicating that the film becames to deteriorate. In these two cases 

studied, it is clear that the peaks in the spectra of annealed samples are less intense than those 
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observed in samples without annealing. This effect seems caused by the diffusion of additional 

Te into CdTe films.  

 

 

7.2 Vapor growth of CdZnTe columnar nanopixels into porous alumina 
 

We have studied the growth of CdZnTe films into nanoporous alumina. The objective of 

this work is to investigate the formation of Cd(Zn)Te crystalline columnar nanostructures that 

may be very attractive for the fabrication of micropixels suitable for further development of X-

and γ- ray high resolution imaging devices. 

 

 

7.2.1 Growth procedure 
 

Sochinskii et al. [36] demonstrate the formation of CdTe columnar nano and 

microstructures by vapour phase epitaxy (VPE) deposition of CdTe on (Ga)InSb layers grown 

by molecular beam epitaxy on semi- insulating GaAs (1 0 0) substrates. It was found that the In 

or Ga quantum dots, when they are present on the surface of (Ga)InSb layer, act as nucleation 

points for CdTe during the VPE process, leading to the formation of CdTe columnar structures.  

 

Previous works also show the use of porous alumina as a template for CdTe columnar 

growth [37-39]. In our particular case, alumina templates with a porous diameter of 200 nm 

were purchased from Whatman. Alumina template with other pores sizes between 30 and 80 

µm was fabricated at IMM in collaboration with Dra. Marisol Martin. The templates were 

produced from an aluminium foil (Alfa Aesar, 2.25 cm2, 0.13 mm thick, 99.9995% purity) by 

mechanical and electrochemical polishing followed by an anodization process in oxalic acid a 

temperature of 6 °C. 

 

Then, the Al foil/alumina conductor composite was soaked in a saturated HgCl2 solution 

to remove the remaining Al from the bottom side and, later, the barrier layer of Al2O3 just above 

the Al was removed by inmersion in a saturated solution of KOH and ethylene glycol. More 

detailed information is described in [38]. 

 

The VPG of CdTe and Cd1-xZnxTe into porous alumina was carried out at evaporation 

temperatures in the range of 600–850 ºC using binary and ternary sources. The growth sources 

were made from CZnTe polycrystals and elemental Cd and Zn (5% in weight of the total 

charge) to control the stoichiometry of the grown material. These conditions allow the CdZnTe 

nanostructures uniformly grown over the entire alumina area. 
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7.2.2 Physical properties 
 

7.2.2.1 Structural characterization 
 

A typical cross-sectional SEM image of CdZnTe growth in a porous alumina is depicted in 

figure 7.14. The image shows sharp and planar surfaces (arrows A and B) and an uniform bulk 

structure without voids or any other structural defects except those produced by cleaving. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.14. Typical SEM cross-section of CdTe grown into porous alumina structure. 

 

The main specificity of the VPG process of CdZnTe using nanoporous alumina, which 

makes it different from the conventional VPE processes on planar substrates [9,16], is the 

accumulation of polycrystalline material on the alumina surface turned toward the growth 

source (arrow B). This is due to differences in the growth kinetics. 

 

The enlarged SEM images of the cross section of CdZnTe in porous alumina structure are 

shown in figure 7.15 (a) and (b). Figure 7.15a evidences that, some of the porous are 

monolithically filled with the CdZnTe material (arrow A), while others are filled with CdZnTe 

dendrite like crystals. This peculiarity, which is better seen on a nano scale (figure 7.15b), 

suggests that some post growth processing such for example laser assisted recrystallization 

[8,12,17] or RTA treatment (as it is going to be demonstrate in chapter 8), could be required to 

improve the crystalline quality of these structures.  

 

A 

B 

                20µµµµm 
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Figure 7.15. SEM images of a cross section of CdZnTe in porous alumina nanoestructure. 

 

The surface morphology for CdZnTe in porous alumina structure is shown in figure 7.16. 

On a microscale (figure 7.16a), it is seen that CdZnTe columnar nanopixels are grown uniformly 

into porous alumina all over its area. Moreover, it is observed that by using a template with a 

regular distribution of porous, the CdZnTe columnar nanopixels could be grown in the form of 

arrays (arrow A), whereas a random distribution of porous resulted in a random distribution of 

nanopixels (arrow 2). The nanoscale image of figure 7.16b demonstrates that CdZnTe columnar 

nanopixels are grown only within the porous, and there are neither lateral growth on the 

alumina surface nor nanopixel overlap. 

 

 

Figure 7.16. SEM images of the surface morphology of CdZnTe columnar nanopixels grown into porous 
alumina. 

 

 

7.2.2.2 PL studies 
 

Typical PL spectra of these structures were recorded at 10 K. In general, these spectra 

exhibit intense PL emission in the (1.2-1.8) eV spectral range, which is typical for CdZnTe 

crystals and epitaxial layers [2-4,9,40,41] (see figure 7.17). As expected, the spectra have similar 

a) b) 

a) b) 
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PL bands for CdTe and CdZnTe nanopixels, and there is a shift in the maximum of high- energy 

edge emission with an increase in Zn concentration. In the (1.2-1.5) eV range, the PL spectra 

have several well defined bands which indicate the presence of deep recombination levels in the 

bandgap of CdZnTe nanopixels. These levels have not been identified up to the right moment, 

but work is in progress. Moreover, a shift in the maximum of high-energy edge emission with 

increasing Zn concentration is observed. 

 

 

Figure 7.17. Low temperature PL spectra of two samples of CdTe and CdZnTe grown in porous alumina. 

 
It is also worth noting that, as shown by the SEM images (figure 7.14 and 7.15), each 

sample is highly inhomogeneous and partly made of nanowhiskers with diameters of up to a 

few tens nm. These nanowhiskers could show a large exciton blue shift with respect to bulk 

CdTe and CdZnTe, due to quantum confinement effects. It is likely that a different distribution 

of nanowhisker sizes could account for the different intensity distribution in the PL spectra of 

CdZnTe in porous alumina structures [42]. 

 

 

7.3 Conclusions 

 

We demonstrate the effect of RIBE process on the PL properties of CdTe/sapphire 

MOVPE layers. We have found out that at optimum conditions, the RIBE etch does not cause 

significant morphological changes but it results in an increase of the concentration of acceptor 

impurities. This was revealed by an increase of the overall PL intensity and, simultaneously, a 

decrease of the PL decay time, more important on the low energy side of PL spectrum due to 
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the recombination of carriers in acceptor pairs. Indeed, in order to obtain CdTe- based devices 

some lithographic process were needed. 

 

By specific dry etching conditions, namely longer that standard, we have observed the 

formation of needle-shape like nanostructures. The formation of these needles was favoured 

with increasing the processing temperature and/or when the stoichiometry of the films differs 

from that of CdTe.  

 

The possibility to form the Cd(Zn)Te in porous alumina nanostructures is demonstrated 

by VPE. The growth of Cd(Zn)Te columnar nanostructures with PL properties compatible with 

those of the bulk material and planar epitaxial layers have been demonstrated. The formation of 

these material structures make very attractive and promising for the development of a new 

generation of sensor and could serve as a basis for micropixels suitable for further development 

of X- and γ- ray high resolution imaging devices. 
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Chapter 8 

 

 CdTe-AND Cd(Zn)Te- BASED WAVEGUIDES: DEVELOPMENT 

OF FABRICATION METHODS  

 

In this chapter we report on theoretical and experimental results on the use of CdTe and 

Cd(Zn)Te as core materials for the development of all- optical photonic devices. We include the 

design of optical waveguides for strong field confinement, the technological processes of 

fabrication and optical characterization of optical waveguides based on CdTe and Cd(Zn)Te. 

 

The idea of using (CdTe compounds) Cd(Zn)Te as optical material for implementation of 

highly dense all- optical photonic integrated circuits is intended to overcome the limitations in 

terms of nonlinear interaction that occurs in Si (mainly, the high values of two-photon 

absorption (TPA) and the induced free-carried absorption) whilst preserving the main 

advantages of the Silicon-on-insulator, SOI- based photonic technology: high index contrast 

(small size of the photonic components) and manufacturability with CMOS tools and process 

(which ensures large scale fabrication and low cost of manufacturing). 

 

 

8.1 Introduction  

 

Cd(Zn)Te exhibits an interesting optical behaviour at wavelengths around 1.55 µm (third 

optical communications window): a high index of refraction (n = 2.74), which allows a strong 

confinement inside the material; a high Kerr coefficient (n2 = 5.23x10-13 cm2/W [1]), and low 

TPA, that is theoretically negligible if the material is properly doped with Zn. Thus, it seems 

feasible to use thin CdTe films grown on a low-index substrate (in the same way that it is done 

with SOI, photonics [2]) to create highly compact all- optical devices with a nonlinear 

performance better than that provided by Si. In fact, the optical properties of CdTe are similar to 

those of GaAs compounds, with the advantage that it could be expected that CdTe film could be 

processed in an intermediate step of a CMOS manufacturing line, as it is the case of SOI- based 

photonics. 

 

 In this chapter, some results on the use of Cd(Zn)Te as core material for the development 

of all- optical photonic devices are reported, including the design of waveguides for strong field 

confinement, technological processes to grow Cd(Zn)Te on large wafers (suitable for high-
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volume manufacturing) and the fabrication and optical characterization of optical waveguides 

with a CdTe core. 

 

 

8. 2 Optical properties of Cd(Zn)Te 

 

8.2.1 Linear optical properties 

 

As mentioned in previous chapters, the optical properties of CdTe make it transparent in 

the infrared: from close to its bandgap energy 1.56 eV (795 nm) up to wavelengths larger than 

20 µm. At optical communication wavelengths, λ = 1550 nm, the refractive index is n=2.74 [3]. 

The refractive index as well as, the absorption, k, of CdTe as a function of the photon energy 

[4,5] is shown in figure 8.1. Absorption can be considered negligible at the chosen wavelength 

of 1550 nm. 

 
Figure 8.1. Refractive index (green line), (n) and, absorption (blue line) (k) as a function of the photon 
energy in eV, (extracted from [5]). 
 

In order to implement all- optical photonic circuits at optical communication wavelengths, 

it is important to avoid undesired TPA as much as possible. One possible way to do this is 

doping CdTe with Zn, whose bandgap energy is Eg=2.30 eV in the same way that GaAs is 

doped with Aluminum (Al) to reach the same objective. The aim is to introduce a certain 

percentage of Zn so that the gap energy of the compound is shifted upwards beyond 1.6 eV. 

This issue is addressed in the next section. However, it is noteworthy that the insertion of Zn 

does not appreciably modify the linear response of the Cd1-xZnxTe, since the linear refractive 

index of ZnTe is also 2.73 at 1550 nm [6].  
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8.2.2 Nonlinear optical properties 

 

For the realization of high speed all- optical devices, nonlinear materials with high values 

of the nonlinear Kerr effect, in addition to negligible linear and nonlinear absorption, are 

required. The optical Kerr effect, or AC Kerr effect, is an instantaneous nonlinear effect that 

produces a variation in the refractive index of the materials proportional to the optical intensity 

(or square of the electric field). This effect permits the control of light with light, which makes 

possible the implementation of all- optical devices. In comparison, another effect that permits 

the control of light with light, free carrier refraction induced by TPA [7], is slower than the Kerr 

effect, with response times of the order of nanoseconds (ns). Therefore it is not suitable for 

ultrafast applications.  

 

The variation of the material refractive index, ∆n, is proportional to the optical intensity ,I, 

by a factor known as Kerr coefficient or nonlinear refractive index, n2, so that ∆n = n2I. For 

direct bandgap semiconductors, the nonlinear refractive index can be expressed as: 
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where, K’=3.4x10-8, Ep=21 eV is practically constant for a wide variety of direct gap 

semiconductors. Energies are in eV and n2 in cm2/W, and G2 is a universal function [8]. In the 

same approximation the (degenerate) TPA coefficient β is given by: 
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where K= 3.1x103 (empirical), F is another universal function [9], (of the ratio of the photon 

energy ħω and Eg).  

 

These expressions model quite well the behaviour of the nonlinear refractive index and 

absorption coefficient. Theoretically, the TPA absorption becomes zero at frequencies below 

Eg/2. This would also make negligible the slow modulation of the refractive index owing to the 

creation of free carriers. Therefore, since we are looking for all- optical applications at 1550 nm 

the objective is to introduce a percentage x of Zn in the Cd1-xZnxTe such that the resulting Eg > 

1.6 eV. If a linear variation of Eg with x is assumed this condition would be fulfilled at xmin = 

0.06. Hence, this is the minimum percentage of Zn that has to be include to avoid TPA. 
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However, this will also produce a variation in the value of the nonlinear refractive index. For 

instance, figure 8.2 depicts the nonlinear index obtained from equation (8.1) for CdTe, 

Cd0.8Zn0.2Te and ZnTe as a function of the wavelength.  

 

 

Figure 8.2. Theoretical nonlinear refractive index (n2), as a function of the photon energy in eV from 
equation (8.1). 

 

Since the working region is 1550 nm, as shown by the vertical dashed line in figure 8.2, it 

can be appreciated that avoiding TPA has the negative effect of a reduction of the value of n2. 

For CdTe at 1550 nm, we obtain n2= 2.8x10-13 cm2/W, which is about half of the experimental 

value n2 = 5.23x10-13 cm2/W recently reported in [1]. In addition β=1.5 cm/GW, is very close to 

the value of 1.8 cm/GW measured in [1].  

 

Despite of the fact that equations (8.1) and (8.2) are quite simplistic models and that the 

measured values in [1] could have some inaccuracies owing to the use of experimental setup, it 

can be seen that there is a close agreement between theoretical and experimental results. The 

value of the nonlinear index is reduced to n2 = 1x10-13 cm2/W when x=0.2. However, no TPA 

should be present in this case. If we consider the figure of merit F = n2/βλ, commonly used 

when studying nonlinear optical properties of semiconductors, it is easy to see that ideally a 

zero TPA would result in an infinite figure of merit. Anyway, all these theoretical results should 

be verified by measuring the nonlinear properties in real samples. However, it can be stated 

that Cd(Zn)Te displays a nonlinear optical behaviour similar to that of AlGaAs, with the 

additional benefit that the CdTe technology could become, at least in some processes, 

compatible with CMOS technology. 
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8.2.3 Cd(Zn)Te optical waveguides 

 

It has been shown that Cd(Zn)Te displays a large refractive index (n = 2.74). Moreover, 

the compound can be tailored to avoid TPA at such wavelengths whilst having a quite large 

value of the Kerr coefficient. However, the value of n2 is still very small and very long distances 

would be required to achieve appreciable effects. For instance, a nonlinear phase shift of π 

radians that could be used to implement all-optical switch using a Mach- Zehnder 

interferometer. A very interesting choice to strengthen the nonlinear interaction between the 

optical field and the nonlinear material is the use of waveguides designed to have a strong 

confinement of the optical field in the nonlinear core [7], which can be achieved in our 

particular case owing to the high index of refraction. In our approach, Cd(Zn)Te is growth on 

large area SOI silica substrates in order to be compatible with CMOS processes (as it is done in 

Si photonics). Thus, a first choice to create waveguides with strong field confinement is the use 

of strip (or channel) waveguides consisting of a rectangular Cd(Zn)Te core surrounded by low 

index claddings. In our analysis we consider that the cladding is SiOx, which could be achieved 

by depositing SiOx on the top of the fabricated waveguides after being etched, as it is done with 

Si strip (or channel) waveguides. We analyzed this waveguide by means of the Beam 

Propagation Method (BPM). Two polarizations were considered: TE- like (Transversal Electric, 

E field mainly in the horizontal direction) and TM- like (Transversal Magnetic, E field mainly in 

the vertical direction). The rectangular core has a width, w, and a height (thickness) h. The 

values of w and h have to be properly selected to ensure single mode propagation as well as, a 

strong confinement of the field in the nonlinear Cd(Zn)Te core. The single mode region for both 

the Cd(Zn)Te strip waveguide was obtained and is depicted in figure 8.3. It should be 

emphasized that waveguides should work in the single mode region to ensure a proper 

performance in all- optical devices. As rule, it can be stated that w + h < 900 nm to ensure single 

mode performance. 
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Figure 8.3. Single- and multimode region for the symmetric Cd(Zn)Te strip waveguide. 
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The electric field profiles for the TE- like polarisation and two different sizes of the 

waveguide core: (a) thickness of 500 nm, width of 300 nm; (b) thickness of 300 nm, width of 500 

nm are shown in figure 8.4. These dimensions are chosen to observe field distributions for the 

cases w > t and w < t. Red and blue color stands for high and, amplitude of the field, 

respectively in all the field profiles obtained with BPM. If the figures were rotated 90º, then they 

would depict the profiles for the TM- like polarisation. It can be observed that the field is well 

confined in the core, mainly for the case of the waveguide in figure 8.4b. Since the electric field 

is mainly oriented in the horizontal direction, there are discontinuities at the lateral sidewalls 

(for the case of TM- like polarisation these discontinuities would occur at the upper and lower 

boundaries of the core).  

 

For nonlinear applications, propagation losses owing to etching-induced roughness (main 

source of losses in high index contrast waveguides) at the lateral sidewalls should be 

minimised. Since the amount of roughness losses is proportional to the rough area, thinner 

cores with t < w are preferred. In addition, a high confinement of the electric field in the 

nonlinear core is required. Thus, the optimum choice in terms of use in all-optical applications 

would be the case depicted in figure 8.4b: TE-polarized optical field in a core with t < w.  
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Figure 8.4. Transverse field profile of a symmetric CdZnTe strip waveguide for TE-like polarization: (a) 
thickness of 500 nm, width of 300 nm; (b) thickness of 300 nm, width of 500 nm. The profiles for TM-like 
polarization can be obtained by rotating 90º the plots. 

 

A typical parameter used to model nonlinear interaction in optical waveguides is the 

effective area, Aeff, which relates the optical intensity with the optical power, P, is: 

 

effA

P
I =    (8.3) 
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In a waveguiding structure that includes a nonlinear core [10], the effective area can be 

calculated as follows: 
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where F(x,y) is the field profile of the waveguide mode and NLR corresponds to the nonlinear 

region.  

 

The effective area must be minimized for a maximum efficiency of the nonlinear effect for 

a given input power. Therefore, the optimum waveguide parameters for nonlinear applications 

are those that yield a minimum effective area. In the optimization process we assume that the 

non linearity induced on the CdZnTe material does not depend on the field polarization. 

Additionally, we must ensure that the dimensions that minimize the effective area accomplish 

the single mode condition in figure 8.2. Under these assumptions we obtained that a minimum 

value about Aeff = 0.35 µm2 is obtained for h between 300 – 380 nm and t between 500 - 550 nm. 

Our values are close to that obtained using the results reported in [11], where it is stated that the 

maximum effective nonlinearity for a specific core shape occurs always for nearly the same area 

in all cases. For a given wavelength, the maximum effective nonlinearity occurs for a height to 

width ratio of 1.4:1 and the field polarized along the long axis. For the case of our Cd(Zn)Te 

strip waveguide, the optimum area of the core is w x h = 0.2 µm2. A relationship of 1.4:1 

provides the optimum dimensions of the rectangular core for a wavelength of 1550 nm where 

longer side is 531 nm and, shorter side is 379 nm. 

 

The technological processes needed to fabricated the Cd(Zn)Te strip waveguide include: 

a) growth of Cd(Zn)Te material (with the proper percentage of Zn)  and a certain thickness (t) 

on a SiOx substrate with a sufficient thickness to avoid leakage into the bottom Si layer; (b) 

etching of the Cd(Zn)Te material to form waveguides of width , w; (c) deposition of an upper 

SiOx cladding. Step (b) has a clear technological difficulty, since the etching of such a small 

Cd(Zn)Te waveguides has not been reported so far (see our attempts in following sections). In 

addition, the etching process must be quite accurate in order to ensure low propagation losses. 

Using the results in [12], it can be derived that a mean roughness below 10 nm is mandatory in 

order to keep propagation losses below 20 dB/cm for the optimum waveguides dimensions and 

TE-like polarization. Such a small roughness is a quite challenging value taking into account the 

current state of the art in Cd(Zn)Te etching and optical waveguides using this material as core, 
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CdTe-based waveguides have not been reported so far. Thus, it makes sense to consider an 

alternative Cd(Zn)Te waveguide as that depicted in figure 8.5. It consists of a Cd(Zn)Te layer 

loaded by a strip of SiOx. Thus, it is called strip-loaded Cd(Zn)Te waveguide. The top strip can 

also be fabricated by depositing silicon nitride, Si3N4, (n = 2) instead of SiOx on the top of the 

Cd(Zn)Te layer. 

 
Figure 8.5. Cross-sectional view of the proposed alternative strip loaded CdZnTe waveguides. 

 

From a fabrication point of view, this structure is much easier to build, since there is no 

requirement to etch the CdTe layer, the roughness of the dielectric is less critical and it is known 

that SiOx and Si3N4 can be smoothly etched by dry or wet etching. Thus the expected sidewall 

roughness is expected to be very low and propagation losses below 10 dB/cm can be achieved. 

Additionally the horizontal contrast of the material properties of the waveguide is not so high 

as in the dielectric, so the fundamental mode is expected to be less sensitive to the roughness at 

the expense of having a smaller confinement. This implies smaller sensitivity to nonlinear 

effects and the requirement of higher overall dimensions (for example, large curvature radius to 

avoid high bend losses) of the devices implemented using this waveguide. The electric field 

profile of the fundamental mode is depicted in figure 8.6 for both polarisations. As in the case of 

the strip waveguide, it can be seen that higher confinement is obtained for TE- polarization 

(horizontal electric field). 

 

  

Figure 8.6. Transverse profiles of the alternative waveguide for the TE-like (left side) and TM-like (right 
side) fundamental modes respectively. 
 

The waveguide dimensions can be optimised in order to reduce the effective area of the 

fundamental mode. In principle, since the confinement is not strong in the horizontal dimension 
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and the etching of the SiOx is expected to be of small roughness, minimum propagation loss will 

not be considered as a useful criterion to optimise the waveguide dimensions. The tighter the 

confinement of power in the Cd(Zn)Te slab is, the more sensitivity to the nonlinear effects will 

be achieved. This optimisation has been carried out by using BPM. It has been observed that the 

effective area scarcely depends on the dimensions of the top strip load. Since a minimum 

effective area maximises nonlinear effects, the optimum dimensions for each polarisation will 

be: T = 300 nm for TE and T = 450 nm for TM. The minimisation of the effective area for the TM 

polarisation occurs in a region where the waveguide is multimode. Since in the single-mode 

region TE polarisation provides smaller effective areas, we think this is more suitable than the 

TM polarisation for the implementation of the final device. BPM simulations, was made at NTC 

laboratories in collaboration with Dr. Francisco Cuesta, and shows that the effective area for a H 

= 0.2 µm thick and W = 1 µm wide Si3N4 strip-loaded Cd(Zn)Te waveguide (T = 0.3 µm) TE 

polarisation the effective area is 0.82 µm2. Then, for the waveguide with a 300 nm layer of 

CdZnTe and a Si3N4 strip of 1 µm x 0.2 µm and for the TE polarization we obtain a very small 

effective area and low propagation losses. Moreover, a straightforward coupling to an external 

optical fibre is achieved, in comparison with the previously designed strip waveguide. 

 

 

8.3 Development of CdTe- based waveguides  

 

As the three logical phases: materials, waveguides and validation device which are 

undertaken in this chapter. In this section efforts have been put on waveguides fabrication 

process.  

 

For the development of the CdTe waveguides, the first step was the growth of CdTe/SiO2 

and CdZnTe/SiO2 high quality films by VPE technique. We have demonstrated the viability to 

obtain CdTe compounds with relatively good quality crystalline in large areas [13]. 

 

Then, we report different methods to fabricate waveguides. The fabrication of waveguides 

based on CdTe requires the use of (efficient) high-resolution lithography techniques such as 

electron beam lithography (EBL) and dry etching techniques, which provides a controllable 

fabrication process [2,14].  

 

By using these methods, waveguides between 300- 500 nm can be reproducibly fabricated 

and the control of all fabrication parameters is relatively easy to achieve. However, this was 

accomplished using special conditions such a very small size e- beam and a very precise 

alignment system.  
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 For this study, CdTe (500 nm)/SiO2 (3.9 µm)/Si samples were used and, for all 

waveguide fabrication processes we begin cleaning the substrate with an O2 plasma. Finally, the 

polymethylmethacrylate (PMMA, C7H8O, C6H5-O-CH3) is used as a high-resolution positive 

resist for EBL application [14,15]. 

 

 A very uniform PMMA (a solution of 9% 950 K PMMA in anisole) layer with a thickness 

of 13000 Å, was spin-coated at 4500 rpm on the sample surface and subsequently annealed at 

170 ºC for 75 min in a convection oven [16]. (Note that the value and the stability of the 

temperature are very important to obtain reproducible results). Afterwards, the waveguide 

were fabricated by an EBL system at IMM, which has a resolution of approximately 10 nm. The 

lithography process depends principally on parameters like the intensity of the electron beam 

current, the intrinsic parameters of the design, the exposition time, and the focus on the sample. 

All these parameters are calibrated to obtain the values that yield a reproducible lithography 

process.  

 

 In our case, and due to the size of the motives, small variations in the focus can cause 

alterations in the waveguide size. We worked with stripe arrays of 500 nm in 2 µm of period in 

working areas of (100x 100) µm2 and (300x 300) µm2. To achieve these patterns with our E-beam 

equipment, we determined that the optimal dose should be 250 µAs/cm2, the exposures were 

carried out at 25 KeV electron beam energy and the beam current was 80 µA.  

 

During the exposition, the chemical properties of the resist are locally modified, however 

this allows to selectively removing either the exposed or the non- exposed parts submerging the 

sample into a chemical agent known as developer. In our case, the developer is made of Methyl 

isobutyl ketone (MIBK) diluted with IPA. In order to obtain the largest resolution, the 

proportion was chosen to be MIBK: IPA, 1:3. Thus, the sample is submerged for 2 min in 

developer and, afterwards, rinsed with IPA for 40s and dried with Nitrogen.  Figure 8.7 shows a 

PMMA strip of 500 nm fabricated by EBL [17-22]. 

560nm

 
Figure 8.7. AFM images of CdTe waveguides after EBL process. 
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Both RIBE and RIE, used for patterned etching, require a mask to protect the portions that 

are not to be etched. The etching quality in most patterned etching application is limited by the 

mask, rather than the etching process itself.  

 

Ideally, a masking material should have significantly lower etch rate in comparison to the 

target material. However, the resist etch rate normally is comparable to many target materials. 

Based on this fact, we use PMMA as mask for the CdTe film. 

 

Following this process, the pattern was transferred by RIBE etching and CH4/H2 + N2 

gases mixture [23] were used. The etching time depends on the reactive ion current which was 

produced by the plasma. This current was measured with a Faraday cup situated in front of the 

sample. The CdTe etch factor connects the ion current density measure to the etch thickness in a 

period of time. Then, to obtain the etch factor for CdTe we have to measure the etch thickness 

and divide by the theoretical thickness. Finally, the etch thickness can be obtained multiplying 

the average of reactive ions current by the total etch time. If we take into account these values, 

the etch rate was calculated by the equation: cupa Jkv ⋅=  where, k is the etch factor and cupJ  

is the average of ions current density. 

  

In our case the etching was performed using an electron cyclotron resonance reactive ion 

etching system, Tepla RIB-ETCH 160 ECR system reactor, in a CH4/H2 (15% of CH4 in the 

mixture) + N2 (nitrogen is added to get stable ECR plasma discharges) plasma atmosphere. The 

etch characteristics are strongly affected by the ion energy (beam voltage and microwave 

energy). The ECR source is excited by a 2.45 GHz microwave power supply and the magnetic 

field is steered by an electromagnet. 

 

The standard etch condition used in our studies were at room temperature, 400 eV of 

beam energy, 975 G ECR magnet, 300 microwave power, ~ 10-4 mbar of pressure, -450 

acceleration voltage, and CH4/H2 flow: 14 sccm; N2 flow: 6 sccm for 48 min [24]. Due to the high 

thickness in comparison with the etch speed that we obtain with this mixture of gases, we have 

to carry out the process in two steps. For this, a Current density of the beam (Jcup) about 251 

µA/cm2, was used. This leads to an etch rate of 14 nm/min for PMMA resist, and 3.3 nm/min 

for CdTe film, and the total reduction of the layer thickness was about 160 nm. Argon can also 

be used instead of N2 to get stable ECR plasma but its use can increase roughness due to the 

possible different Cd and Te sputtering yields [25,26]. Some of these parameters were varied 

but these standard conditions represent the optimal process. Etch depth was determined by 

perfylometer measurements. Perfylometer has been used to study the etched profile and the 

roughness respectively. 
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PMMA’s remainings in the surface of the sample were found. Therefore, we have to rinse 

the sample in warm acetone for 10 min, followed by subsequent rinses in acetone, methanol and 

IPA and dry with nitrogen. Nevertheless, organics remains still in surface of the sample. Hence, 

a O2 plasma is used to eliminate them completely.  

 

On one hand, the clean process is very important due to the presence of resist’ remaining 

that maintains the samples dirty. This might lead to imperfections on the transferred structures. 

On the other hand, ion bombardment usually results in some degree of damage to resist, 

making it harder to remove by standard procedures. Alternatively, the amount of damage, and 

therefore the difficulty of removal after etching, can be reduced by diminishing the ion energy.  

 

Finally, the surface morphology was studied by SEM and AFM. For instance, figure 8.8 shows 

an example of PMMA A9 stripes perfectly cleaned after the fabrication process. 

 

Figure 8.8. Typical optical images of waveguides fabricated by PMMA A9. 

 

However, AFM images of the figure 8.9 shows some problems which appeared during the 

cleaning process. These problems give rise mainly as consequence of the inhomogeneous 

etching performed in roughness structures. 

 

3.0µm

          

Figure 8.9. AFM images of CdTe waveguides after RIBE attack and lift-off process. 
 

The main drawback of CdTe submicron structures made by the combination of EBL and 

RIBE process is the large roughness at the edges of the CdTe structure, due to the use of a 
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single PMMA layer. In the following AFM images (figures 8.10 a, b, c and d) we can observe 

the difference in CdTe surface roughness before and after the etching process:  

 

400nm

 
Figure 8.10. AFM images of (a,c) surface roughness and profile (b,d) for CdTe film before the etching and 
surface roughness (e,g) and profile (f,h) for CdTe film after the etching. 
 

From SEM images shown in figure 8.11, we can conclude that because of the low 

specimens reactivity, the RIBE process result in a low etch rate of CdTe. This imply very 

slopped lateral walls on the waveguide (no vertical sidewalls) and high etch rate of PMMA 

due to high roughness (bad topography) of the waveguide lateral walls (sidewalls width no 

uniformity).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.11. SEM images that show that the sidewall is slopped (non vertical). And the edge is very rough 
and not a straight line. 
 

These results about the sloped sidewalls could be expected since Methyl free radicals are 

created in the plasma. But they cannot easily reach the CdTe surface by diffusion because the 

a) b) 

f)  e) 

c) d) 

h)  g) 

The sidewall is 
slopped (non vertical) 

The edge is very 
rough and not a 
straight line. 
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distance between the plasma region and the sample is more than half a meter. On the other side, 

the N2 reduces the concentration of methyl radicals in the plasma by the formation of the more 

stable CN radicals. It seems that these CN radicals cannot easily etch CdTe (although they can 

etch InP for instance) [27]. 

 

During this part of the thesis, it was required to develop several technological processes to 

fabricate CdTe- based waveguides, due to the inherent complexities in the CdTe material, 

namely: 

 

1) Use of Al as a mask during etching (in the same way as previously study). This process 

includes: EBL with PMMA, Al evaporation, lift-off, etching, Al etch in ortho-phosphoric 

acid (H3PO4)). It is expected a low CdTe etch rate. Better results than those for Negative 

EBL resist are plausible. 

 

2) EBL Bi-layer resist scheme for CdTe/Si submicron structures for lift-off processing. 

 

3) Use of RIE instead of RIBE .Since in RIE systems the concentrations of methyl free 

radicals is much higher than in RIBE systems. In this case, the sample is INSIDE the 

plasma region where the concentration of methyl radicals is high and N2 is not necessary. 

 

4) Use of Negative Electron Beam Resist. (Lower degradation than PMMA so less 

sidewalls roughness). Low CdTe etch rate is expected. 

 

 

8.3.1 Use of Aluminium as a mask in etching process 

 

Masks based on other materials have also been fabricated. Similar etching studies of 

metal-based masks using Al, Cr and Ti have been reported [25,26].  

  

Keeping the same etching conditions that in section 8.3. The technological process 

presented in this section includes: EBL with PMMA, Al evaporation, lift-off, dry etching, and Al 

etch in H3PO4.  

 

For this particular study, samples of CdTe (500 nm)/SiO2 (3.9 µm)/Si were used. A mask 

pattern was defined by conventional EBL and lift-off process. For that, a PMMA A9 resist layer 

was spin coated at 4500 rpm on the samples afterwards annealed at 170 ºC during 75 min. The 

EBL conditions were the same that in section 8.3. In this case, arrays of stripes with width of 2 
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µm and period of 5 µm, in working areas of (100x100) µm were fabricated. After the 

development, 600 Å Al layer was deposited over the substrate, for lift-off process.  

 

Lift-off is a simple method for film patterning. During the lifting-off, the resist under the 

film is removed with acetone, taking the film with it, and leaving only the film which was 

deposited directly on the substrate. The Al deposition was performed at the IMM by means of 

electron beam evaporation. The quality of the Al layer is not very critical. On the other hand, it 

is noteworthy that resist will outgas very slightly in vacuum systems, which may adversely 

affect the quality of the deposited film. 

 

The duration of lift-off will depend on the film quality (generally, the higher film quality, 

the more impermeable it is, and the longer it will take for lift-off). As a rule of thumb, keep the 

substrate submerged in acetone until the whole film has been lifted-off and there are no traces 

of film particles (once particles dry on the substrate, they are notoriously difficult to remove). 

 

Subsequently to lift-off, the RIBE process was carried out under CH4/H2 + N2 + Ar plasma 

atmosphere for 7 min. A flow of 14 sccm of CH4/H2 (15 % of CH4 in the mixture), 6 sccm of N2 

and 8.5 sccm of Ar was used, resulting in ~10-4 Torr, ion energy of 400 eV and microwave power 

of 300 W, [28]. Under these conditions the obtained etch rate were 57.1 Å/min for Al and 485.71 

Å/min for CdTe. Finally, we remove the Al mask with template H3PO4. This acid is highly 

soluble in water and it breaks down in touch with metals, producing toxic smokes. This 

substance is moderately acid, so etching the Al produces a flammable gas. The sample is etched 

until a change in its colour is noticeable. The H3PO4 reacts with Al following the reaction: 

 

H3 PO4 + Al → Al (PO4) +H2 

 

The reaction was stopped with desionizated water. In subsequent AFM (figure 8.12) and 

SEM (figure 8.13) images, we can see the results of the previously described process. 

 

6.0µm

     

Figure 8.12. AFM images of a CdTe waveguides using Al mask during the etching. 
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Note that, during Al deposition, the substrate does not reach temperatures high enough to 

burn the resist. But, we found some problems, as shown in figures 8.13 and 8.14, with this 

technique due to the appearance of nucleation centres. The Al grows forming bubbles, being 

this deformation permanent. (The small bubble goes out for the big one). When we perform the 

lift-off process, we realize that Al settles with a certain energy that is liberated during the lift-

off. This reduces the quality of the samples. With the Ion-Milling (with Ar), we see that 

remaining of the initial roughness, hence being a good replica of the previous surface. 

 

   

Figure 8.13.  SEM images of CdTe waveguides using Al mask. 

 

  

Figure 8.14.  SEM images of the surface roughness and the edges for CdTe. 

 

As shown in figure 8.15, the trenching effect is a typical problem associated to Ion Milling. 
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Figure 8.15. Typical trenching effect caused by Ion Milling. 

 

The trenching is due to the increased etch depth near to sidewalls, where the reflected 

ions and energetic forward-sputtered material from the sidewalls causes additional sputtering. 

Taking this result into account, the trenching effect can be explained in terms of the electron 

shading effect, since electrons can impinge on the sidewall of the resist patterns while ions 

cannot negatively charge the upper part of the resist sidewalls. This charge suppresses the 

electron density in the trench, inducing an excess ion bombardment near the sidewall of the 

trench [29]. A common technique for controlling this effect is varying the angle of incidence 

while rotating the target [30].  

 

 

8.3.2 EBL Bi-layer resist scheme for CdTe/Si submicron structures for lift-off 
processing  

 

As we studied in the previous section, the main drawback of CdTe submicron structures 

made by combination of EBL and conventional lift-off processes is the large roughness at the 

edge of CdTe structure, as shown in figure 8.16. This is due to the use of single PMMA resist 

layer [31].  

 

 

 

 

 

Figure 8.16. Schematic of CdTe submicron structures made by using a single layer polymer resist. 
 

To solve this roughness problem with PMMA resist, a bi-layer resist of two polymers with 

different lithography characteristics was used (see figure 8.17) [31].  

 

PMMA CdTe 

Si 
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Figure 8.17. Schematic of CdTe submicron structures made by using a bi-layer polymer resist. 

 

The bottom layer consists in a copolymer (PMMA-MA33%) which was deposited on 

Si(100) substrate and baked at 210 ºC. After that, the coated substrate was covered by a PMMA 

(950 K PMMA A4) resist layer and baked at 170 ºC. The bottom layer has both lower molecular 

weight and higher sensitivity than the upper resist layer [32], and the total thickness of resist bi-

layer onto substrate surfaces was in the range of 0.8–0.9 µm. 

 

Then, in order to characterize the undercutting of the bottom copolymer layer, 

nanopatterning was performed by EBL at 25 kV and different exposure doses were examined in 

the range from 150 to 600 µC/cm2. Finally, the development was carried out in MIBK (4 methyl-

2 pentanone): IPA (2 propanol) (1:1). After that, the length and shape of the bi-layer in the 

optimum range between 250-500 µC/cm2 were characterized and are shown in the figure 8.18 

[31].  

     

     

Figure 8.18. SEM images of undercutting length and shape of the resist layers, for: (a) 250 µC/cm2 (b) 500 
µC/cm2 exposure doses. 

CdTe COPOLYMER 

PMMA 

Si 

a) 

b) 
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We can observe that an increase of exposure dose, results in a more pronounced 

undercutting shape and a decrease of its profile angle. Moreover, it was found that the lift-off 

process shows optimum performance when the profile angle is about 45º. And it becomes non 

efficient when the profile angle is smaller than 15º. Subsequently CdTe films were grown on the 

surface of nanoprofiled Si substrates by VPE [13]. As examples, figure 8.19 demonstrates several 

AFM images of CdTe waveguides made by a combination of VPE and a flat lift-off processing 

using a bi-layer resist.  
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Figure 8.19. AFM images of CdTe waveguides made by thermal evaporation and lift-off processing using 
a bi-layer resist.  
 

It can be seen that CdTe waveguides of submicron size obtained in this way, are uniform 

all over the substrate surface. In addition, they present a well-defined shape and the stripes are 

well separated. Thus, it is possible to obtain very flat CdTe submicron structures with a well 

defined shape by incorporating a bi-layer resist into the lift-off processing. This should be an 

important step for further development of waveguides for photonic structures [31].  
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8.3.3 Planarization of CdTe waveguide imbued in SiO2 by etch-back 
technology 

 

In this section, we are going to validate an alternative method to fabricate CdTe buried 

waveguides. Taking into account that PECVD SiOx layers are the commonly used insulators 

during the processing of multilevel integrated circuits, a CdTe waveguide has to be buried in it 

and has to be planarized to get a fully compatible planar structure. Then, we describe how the 

etch-back method can be used to planarize CdTe layers grown by VPE [33,34].  

 
The fabrication of CdTe waveguides embedded in SiOx, consists on the following steps 

(figure 8.20) [35]. 

 
 
Figure 8.20. Fabrication of 0.65 µm thick CdTe buried waveguides: a) 3 µm of SiOx deposited onto Si 
substrate by PECVD technique, b) 0.65 µm U-shaped fabrication by standard lithography and dry etching, 
c) CdTe deposition by VPE, d) Sacrificial layer deposition, e) Etch-Back processing step, f) Deposition of 
SiOx thin film by PECVD to complete the embedded waveguide fabrication. 
 

A SiOx layer was firstly deposited (figure 8.20a) onto Si wafer. U-shaped grooves in the 

SiOx layer were patterned by standard DUV lithography and Reactive RIE, in CEA-LETI 

laboratories (figure 8.20b). The depth of the grooves should be equal to the thickness of the 

CdTe waveguide. Once the substrate was patterned, 0.65 µm CdTe layer was deposited onto the 

patterned SiOx/Si wafer by VPE technique, (figure 8.20c). This deposition technique leads to a 

conformal coating as shown in figure 8.21 a) and b). 
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Figure 8.21. SEM (a) surface of samples and, (b) cross-section of trenches etched in SiOx and covered with 

CdTe. 

 

After that a sacrificial layer of S1828 photoresist was spin coated onto the CdTe surface at 

speed of 4000 rpm for 60 seconds; and baked at 115 ºC for 30 min (figure 8.20d). The thickness of 

the photoresist was 3.2 µm. A cuasi- planar surface is reached allowing for the next etch- back 

processing step, as shown in figure 8.22. 

 

 
 

Figure 8.22. SEM images of sacrificial layer of S1828 photoresit onto CdTe/SiOx/Si substrate. 
 

 For this experiment the etching condition has been developed using RIE. The etch- back 

step consists of two sequential etching processes. The first one is the ICP etching of the 

sacrificial layer in such a way that the initial surface flatness is kept. The second part is the 

subsequent etching of the structure under conditions such that the etch rate of both the 

sacrificial layer and the CdTe layer to be planarized are similar. After that, the CdTe which was 

CdTe 

SiOx 

S1828 

3.2µm 

b) a) 
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deposited outside the U-shaped grooves was eliminated as shown in figure 8.20e). Finally, the 

wafer was cleaned and an upper cladding layer of 500 nm of SiOx was deposited by PECVD at 

300 ºC (figure 8.20f)) [35]. 

 

It is noteworthy that the first key step is the deposition of the sacrificial layer. A planar 

surface must be obtained to overcome the total lack of planarization of 463 nm showed in figure 

8.22. This is achieved with a 3.2 µm thick photoresist layer. A thicker layer would minimize the 

lack of planarization of 85 nm as shown in figure 8.23, but in compensation etch- back processes 

do not so long. 

 

The second key step is the etch- back of a sacrificial layer keeping the original flatness. 

The principal issue that we have to take into consideration is to obtain the faster etch rate 

without warming and polymerizing the sacrificial layer, that would gives rise to a nonlinear 

etch rate with time. The etch was done using environmental O2 (50 sccm), ICP power  of 200 W, 

RF plasma power of 75 W (self bias of 152 V), chamber pressure of 40 mTorr, temperature at 0 

ºC, for 11.5 minutes leading to an etch rate of 270 nm/min for S1828 photoresist. Note that, O2 

plasma has been used for polymers that would otherwise tend to accumulate a protective 

coating of carbon on the surface. In the case of etching polymers with O2 plasma, the etch rate 

was higher than that with Ar plasma [35]. 

 

 

Figure 8.23. SEM image after the first etching step of etch- back process.  

 

Other important consideration is the control of the end point of the etching process. 

Naturally, the end point of the etching is when the sacrificial layer over the CdTe outside the 

grooves is completely removed. Our RIE system does not have any end point detector. Then, 

we have consider this end point as the one leaving 110 nm of the sacrificial layer as shows in 

730 nm 

620 nm CdTe + 110 nm S1828 
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figure 8.23, where we can observe that the lack of planarization is about 95 nm. This is similar to 

the lack of initial planarization (85 nm) shown in figure 8.23. This fact no was considerate as a 

big problem to reach our final objective (light guiding). 

 

The third and last critical step is the CdTe etching outside the U-grooves. The essential 

requirement is that the CdTe etch rate is equal to the remainder sacrificial layer etch rate inside 

the grooves. A number of methods have been employed in order to get a good CdTe etching, 

including RIBE and RIE. 

 

Originally chlorine based plasma was used for etching II-VI compounds, but this 

chemistry had turned to the use of CH4 /H2  mixtures being less corrosive and toxic [26]. In our 

preliminary results, we used CH4/ H2 (15% of CH4 in the mixture) + N2 in a RIBE-ECR system. 

N2 was added to get stable ECR plasma discharges. Ar can be used instead of N2 to get stable 

ECR plasma but its use caused roughness due to the different Cd and Te sputtering yields [25].  

 

The same problems related with the free radicals created in the plasma commented in 

section 8.3 were found. To solve these problems we used RIE system instead of RIBE [36,37]. In 

RIE- ICP systems methyl free radicals concentration is much higher than in RIBE systems. In 

this case, the wafer is inside the plasma region where the concentration of methyl radicals is 

high and N2 is not necessary to initiate the discharges. This fact made us consider the RIE 

etching as more effective in the planarization process. 

 

We have studied the RIE conditions of S1828 photoresist and CdTe in CH4+Ar mixtures. 

Here, Ar is added to improve the uniformity and to increase the etch rate through the removal 

of the some etch products of low volatility. Etch conditions like gas flow ratio, pressure and 

power were varied to obtain similar etch rate for both materials. The best conditions were 

achieved when CH4 flow = 1sccm, Ar flow = 12 sccm, ICP power = 200 W, RF power = 20 W, 

pressure = 5 mTorr. In that case the CdTe etch rate = 33 nm/ min and the S1828 etch rate = 31 

nm/min. This flow ratio is similar to the date given for M. Neswal [26] to obtain the maximum 

etch rate.  

 

The etch back process ends after 19 minutes when all the CdTe layer deposited on the 

field of the wafer is removed. The result of the processes is shown in figure 8.24. It can be 

observed the good flatness of the top surface except at the border of the groove. Note that at 

these sites the deposited CdTe layer was under mechanical stress making the etch rate of that a 

little higher than at the central parts of the groove and outside it. This mechanical stress of the 

CdTe layer as deposited can be clearly seen in the inset of figure 8.24, which is a magnification 
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section of figure 8.21. However, this problem is not critical as shown in figure 8.25, because the 

further SiOx PECVD conformal deposition process fills and completely imbued the CdTe 

waveguide. 

 
Figure 8.24. SEM image of a CdTe processed sample after having suffering an etch- back   

 

Finally, the embedding process finishes with a thin film deposition of SiOx by PECVD [30]. 

The SiOx was deposited by Enhancement Chemical Vapour Deposition technique (PECVD, 

Surface Technology 310 D/F) in IMM. The process temperature was limited by the type of CdTe 

used. Then, we deposited at 300 ºC. The plasma was generated by a radiofrecuency of 13.56 

MHz and the precursors gases were NO2 and 2% SiH4 dilute in N2. The gases flow was 1400 

sccm and 400 sccm. Hence, the deposition rate obtained was 22nm/min at 650 mTorr of 

pressure. 

 

 
Figure 8.25. SEM image for a CdTe waveguide imbued in a SiOx layer. 
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8.3.4 Use of Negative Electron Beam Resist 

 
Finally we performed a process to fabricate CdTe- based waveguides. The goal was to 

obtain 0.5 µm waveguides using MA-N 2405 as negative resist, and patterning by EBL 

technique. This resist has lower degradation than PMMA and, therefore, less sidewalls 

roughness. Thus, taking into account this fact, higher CdTe etch rate are not expected.  

 

In this particular case, two layers of MA-N 2405 resist were spin coated onto the CdTe 

surface at speed of 2000 rpm for 60s and bake at 90 ºC for 30 min. The thickness of the 

photoresist (which is also valid for EBL technique) was 1.72 µm. The fabrication process of the 

waveguides by EBL was similar to those previously reported. Thus that the waveguide has a 

width of 500 nm and a length of 6 mm. Afterwards, the development was carried out by LDD-

26W during 40s. And the same RIE conditions were used for etching the CdTe that in the case 

8.3.3, but in this case, the etch rate were 370 Å/min for the resist and 326 Å/min for CdTe 

polycrystal. A typical image of a waveguide fabricated with this method is shown in figure 8.26. 

 

  

  
Figure 8.26. SEM images of CdTe waveguides after RIE etching. 



Chapter 8  

193 

Subsequent to the fabrication processes, CdTe waveguides were embedded with a 400 nm 

of SiOx, which was deposited by PCVD at T= 300 ºC, during 15 min, for single mode high- index 

contrast waveguide. The deposition rate was 22 nm/min. In the following figure 8.27, SEM 

images show a cleaved edge of a CdTe waveguide embedded in SiO2. 

 

  
Figure 8.27. SEM images of CdTe waveguide embedded in SiOx PCVD. 
 

During the SiOx deposition some problems appeared and in subsequent section are 

explained more detailed. This fact could be connected with the quality of the layer. Besides, 

CdTe/SiOx heterostructures have a large lattice mismatch and thermal expansion coefficient 

difference and, as consequence, the interface region contains dense dislocations that deteriorate 

the quality of the film. Therefore, to improve the surface of CdTe film a RTA treatment in 

different atmospheres was used. The post-growth treatments studied in previous sections have 

been shown to produce an important quality improvement of films, revealed by a dramatic 

reduction of the density of structural defects.   

 

 

8.3.4.1 Study of the post growth treatment 

 
After the thermal treatment, some irregularities in the layer were observed. Amongst the 

problems originated during the thermal annealing, we can consider that the SiOx deposited by 

PECVD equipment, is not stoichiometric and with H2 interstitial high level doped (rich in H2). 

Therefore, since deposition was made at 300 ºC, and the RTA at higher temperature 600-800 ºC, 

some boils in SiOx layers appeared. The boils are due to the high mobility of H2 interstitial 

which shows a trend to run away. 

 



 CdTe- and Cd(Zn)Te-based waveguides: Development of fabrication methods 

194 
 

For this particular case we had problems with PR. It is possible that there was more 

concentration of H2 inside SiOx. (H2 run away in the same way than in an explosion). In figure 

8.28, we can see some of this boils. 

 

  
Figure 8.28. SEM images of boils in SiOx layer. 

 
To solve these problems, we should make the annealing with forming gas. Forming gas is 

a mixture of N2 + H2 (9:1). With this 10%, a partial pressure rich in H2 could be created and H2 

does not run away out of SiOx because, PH2 outside> PH2 inside. The solution should be maintained at 

one atmosphere of H2 the balance between H2 of SiOx and H2 atmosphere of RTA annealing. 

 

Something to take into account is that there exist 55 nm CdTe thin layers over the SiOx 

surface. This fact is not very important; because the extremes of waveguides are free of CdTe. 

Posterior studies are going to be realized with Ar + H2 (9:1), because N2 is always a reactive gas, 

and with H2 some problems appeared. 

 

 

8.4 Measurements of propagation losses in strip-loaded CdTe waveguides 

 

Previous to waveguide fabrication, we have presented in chapter 6 multiple Cd(Zn)Te 

samples grown by VPE that were characterized. In this section we emphasize that two 

important properties to be taken into account are:  

 

•  Roughness, the surface roughness must be  lower than 10 nm;  

• The real and imaginary part of the refractive index, n, to reach k values below 

10-5. 
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For this specific sample whose characterization is shown in figure 8.29, the measured 

roughness on the top surface was 8.03 nm. Other samples with thickness about 350 nm also 

displayed top surface roughness about ~ 10 nm, achieving the proposed objective.  

 

 
Figure 8.29. Characterization of the surface roughness (measurement = 8.04nm) of a Cd(Zn)Te layer with 
thickness 1350 nm fabricated by VPE. 
 

However, measurements of k using ellipsometry showed that our aim 10-5 could not be 

achieved, as in the case shown in figure 8.30. All measurements display k values of the order of 

10-3, very far from our objective. Thermal annealing cycles were carried out to improve crystal 

quality, but a significant reduction of the k value was not observed. The high values of losses 

could be attributed to the polycrystalline behaviour of the deposited material. Better 

crystallinity had been observed using other substrates as sapphire but, in contrast, not so 

suitable for mass-manufacturing. As a result, it seems that the VPE deposition of Cd(Zn)Te 

films on SiO2 does not produce semiconductors films with a sufficient quality to be 

implemented as optical devices. However, it deserves to be mentioned that the process could be 

further optimized to diminish losses, although it is not clear if the aimed k value could be 

reached [38]. 

 

T

R

n

k

(a)                                                   (b)

 

Figure 8.30. Measurements of a Cd(Zn)Te film by ellipsometry: (a) Transmittance and reflectance; (b) real 
n and imaginary k parts of the measured index of refraction. At 1550 nm, k=10-3. 
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Having in mind that, the optical properties of both the substrate and CdTe films at the 

telecom frequency of 1550 nm are of the outmost importance to this work. SiO2, with an index 

of refraction of n=1.5, was chosen as an appropriate substrate due to the substantial index 

mismatch that it has with CdTe. The polycrystallinity and the average of the grain size of the 

CdTe film leaves the imaginary part of the refraction index suspects and makes the patterning 

of waveguide structures difficult. CdTe films deposited on sapphire offer an intriguing 

alternative where such issues could be avoided. In this scenario, the index of refraction 

mismatch would be somewhat smaller as sapphire has an index of n=1.75. Ellipsometry 

measurements for CdTe films deposited on this substrate also yielded a value of n=2.7.  

 

Therefore, taking into account these drawbacks, some samples as strip-loaded CdTe 

waveguides were fabricated. Although the k values measured by CIP were a bit high (between 

10-3 -10-4), the aim was to prove that light can be guided in such a kind of waveguide. These 

samples were measured in NTC laboratories. Figure 8.31 shows a preview of a sample.  

 

 
 

Figure 8.31 Recorded transmission spectra of the strip-loaded CdTe waveguides for both Te and TM 
polarisations. 
 

The setup used is not prepared for so thin samples (waveguides too short) so the 

conditions for the input and output of light were not optimal. However, some important results 

were obtained. The measured spectra are shown in figure 8.32 for both polarisations. Coupling 

was better for TE polarization, which is also the most appropriate to obtain a high field 

confinement inside the nonlinear region. Figure 8.32 shows the recorded spots at the output of 

the waveguides. Although there is a significant scattering, mainly due to the scattering losses in 

the CdTe material and to some irregularities on the top of the samples, it can be seen that light 

is well confined in the waveguides [38]. 
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This would be considered as the first experimental demonstration of light guiding along a 

CdTe waveguide. 

 

 
Figure 8.32. Light spots observed at the waveguide output for both polarisation and confirming that light 
is confined in the CdTe waveguide despite of the high losses. 

 

 
Figure 8.33. Propagation losses for TE polarisation estimated by means of the Fabry-Perot method. 

 

Propagation losses were estimated by means of the Fabry-Perot method. Specifically, 

figure 8.33 depicts the measured spectra for both TE and TM polarizations. A better 

performance was observed for TE polarization, although losses were quite high (of the order of 

40 dB/cm) mainly owing to the high k value (about 10-3) of the underlying CdTe core. This is 

confirmed by the taken light spots, as shown in figure 8.30a-b, where a great scattering is 

appreciated. As before, by improving the growth process or by alleviating the lattice mismatch 

between the cladding and the CdZnTe material, losses could be significantly reduced. This is an 

interesting way to follow in order to develop all optical devices, since the linear and nonlinear 

optical characteristics of the CdZnTe material are comparable to AlGaAs in terms of 

performance and there exits also the possibility to manufacture the device in CMOS lines, as in 

the case of Silicon photonics. 

 a)  b) 
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On the other hand, the high confinement of light in very small areas and the use of the 

slow waveguiding structures may give rise to a heating in the nonlinear material which in turn 

induces a change in its optical properties. This will imply the enlargement of the nonlinear 

interaction length in the MZI making thus the thermal effects less restrictive. 

 

However, these losses can be highly reduced if the CdTe material presents lower losses 

and the process of creation of the waveguides is optimised. This is quite encouraging, mainly if 

it is considered that CdTe grown on sapphire could present much lower absorption losses. 

 
Our future work is going to focus on annealing these samples to improve the quality of 

CdTe films and, then the propagation losses would be lower. 

 

 

8.5 Conclusions 

 
Experimentally, several techniques for fabrication CdTe waveguides have been studied. 

Better results have been observed in fabrication of waveguides with negative electron beam 

resist. However, it is necessary to refine the fabrication processes to get higher quality 

waveguides, principally for the roughness characteristic of this material. Therefore, we think 

that this is a starting point of a technology that could be an interesting alternative to III-V 

semiconductor based devices with the possibility of low cost fabrication if made compatible 

with CMOS processes. 

 

All of these theoretical and simulation results are quite encouraging. First, Cd(Zn)Te 

shows a quite high refractive index as well as negligible linear absorption at 1550 nm 

wavelengths, which is an important starting point for the implementation of high density 

integrated photonic circuits. Second, it shows very interesting nonlinear properties: a relatively 

high Kerr coefficient (which is the responsible for nonlinear all-optical switching in sub 

nanosecond speeds) and TPA (which also gives raise to free-carrier absorption) can become 

negligible by introducing a certain amount of Zn. 

 

Based in these considerations, it is feasible to design single mode waveguides (strip and 

strip loaded) with high confinement of the field in the nonlinear region (effective area below 1 

µm2), which enormously nonlinear interaction. Therefore, this material seems a suitable choice 

for the fabrication of compact all optical devices such as switches or logical gates. If the 

fabrication processes could be made compatible with CMOS manufacturing lines, these devices 

could be fabricated at low cost and in high volumes.  
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The main observed limitation is the high losses of the growth Cd(Zn)Te layers, which is 

thought to be mainly due to both surface roughness and the lattice mismatch between the 

semiconductor and the SiO2 lower cladding. So for futures studies must be guiding in this 

sense. 

 

Future work should establish if the superior film quality obtained for the sapphire 

substrate is able overcome the deficiencies presented by amorphous SiO2. It is mandatory to 

improve the quality of the grown Cd(Zn)Te layers in order to develop all-optical devices that 

can compete with other current technologies such as those based on III-V semiconductors. 
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Chapter 9  

 

SUMMARY AND CONCLUSIONS 

 

The work presented in this thesis describes growth methods and characterization of 

CdTe– based sources and thin films. The wide variety of results obtained clearly illustrates the 

power of using such techniques for high- volume manufacturing.  

 

The optimization of the growth method of CdTe and CdZnTe sources and thin films and, 

the role of some dopants such as: Ge, Bi, Yb and Zn in the improvement of material properties 

have been studied. Some results include: 

 

• The co- doping of CdTe sources with Ge as deep donor and, with Yb as rare-earth 

element has been proved to be a promising way to obtain semi-insulating CdTe sources 

with good transport properties. High resistivity (5·109 Ω·cm) and lifetime (9 µs) were 

obtained for these films confirming the beneficial effect of rare earth dopant. Moreover, 

we have shown that the control of the Yb concentration is crucial for achieving electrical 

compensation. Experimental results evidence that high resistivity sources of reasonably 

good structural quality can be grown when the Yb concentration is lower than ~5x1018 

at./cm3. 

 

• Bi- doping has been proved to be a second possibility to obtain CdTe semi-insulating 

sources. CL studies show that samples with a Bi content higher than 7x1017 at./cm3 

present a dense network of highly decorated grain boundaries. Besides Bi- doping 

contributes to the appearance of the A luminescence band. The Yb and Bi co-doped 

samples present striations which are probably due to the presence of Yb. Moreover, Yb 

has been found to originate a blue shift of the deep level band centred at about 1.10 eV. 

 

• We have shown that several VPE deposition runs induced the continuous deterioration 

of source composition that results in an inhomogeneous enrichment of Cd1-xZnxTe with 

Zn. This point is very important because it has been found out that long VPE growth 

runs give us to inhomogeneous samples, which is very undesirable.  

 

• A simple and efficient industrial- like growth method which allows the fast growth of 

large- area CdTe films with uniform composition and thickness was developed.  
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• From the sources studied in chapter 4, CdTe:Bi and CdTe:Ge:Yb films were grown with 

relative good crystallinity. In particular the first one has demonstrated be a promising 

alternative as absorber layer in solar cells. In this sense, our efforts were focused in the 

study of the back contact, where we propose a new material (Au/Bi2Te2/CdTe:Bi 

heterojuntion) to be use as back contact. This material has resulted to be a perfect 

alternative to commonly used back presenting much better properties. 

 

• With respect to the CdTe:Ge:Yb, the experimental findings seem to point out that films 

with reasonable good structural properties can be grown by doping them with Yb at a 

concentration below the value 5x1018 at./cm3 (which is estimated to be the Yb solubility 

limit for CdTe). 

 

We have presented the experimental results on the remarkable improvement of the 

recombination quality of the CdTe films by post growth thermal annealing. We shown that 

heating the samples notably improves both its crystalline structure and its surface morphology 

and it allows to significantly reducing the typical concentration of native and foreign defects. 

Among the results obtained it is important to mention: 

 

• Heating the samples at temperatures below 900 ºC notably improves both its crystalline 

structure and its surface morphology and it allows significantly reducing the typical 

concentration of native and foreign defects increasing PL intensity.  

 

• Heating the samples at temperatures higher than 900 ºC generates stress and induced 

film deterioration originating holes which goes all along the film thickness. 

 

 For the three cases studied, the substrate type does not affect the morphology of the 

films´ but originates changes in their optical and macroscopic properties.  

 

� For CdTe:PdI/Si, the increase in the PL peak intensity is in very good agreement with 

the data obtained from SEM measurement which shows an increase in the average 

grain size and a decrease in the grain boundaries, and by XRD measurement, where the 

FWHM decreases as the annealing temperature increase. 

 

This fact demonstrates that annealing promotes an improvement in the structural 

quality of the film. The optimum annealing temperature, which gives rise to highest 

quality films, is ~750 ºC. Indeed, at very high temperature around 800 ºC, the effect is 

the opposite: the stress is so high that the films appear damaged. 
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� For CdTe/Si, we found that annealing between 500-750 ºC is an important factor to 

improve recombination in CdTe layers. The intensity of the sub bandgap band in as-

grown samples of CdTe layers is ~3.5 times weaker as compared with the annealed 

samples, indicating the presence of a high defect concentration, which create non-

recombination centres. Moreover, after annealing the band-to-band emission at 1.58 eV 

appeared in the spectrum. Therefore, we have found that annealing at 500 ºC is an 

important factor to recombination in CdTe layer grown on both Si and sapphire 

substrates. 

 

� Finally, for encapsulated samples the optimum annealing temperature is a bit lower 

than for samples without encapsulation, namely at approximately 650 ºC.  

 

Therefore, the achieved high crystalline quality stimulates good optical quality, and the 

heteroepitaxial layers encourage us to use these films, for example, as an optical waveguide in 

integrated silicon optics devices. 

 

We demonstrate that RIBE etch does not cause significant morphological changes in of but 

it results in an increase of the concentration of acceptor impurities. This was revealed by an 

increase of the overall PL intensity and, simultaneously, a decrease of the PL decay time, which 

is more important on the low energy side of PL spectrum due to the recombination of carriers in 

acceptor pairs.  

 

We show the possibility to grow Cd(Zn)Te in porous alumina nanostructures with PL 

properties comparable with those of the bulk material and planar epitaxial layers. These 

structures are very attractive and promising for the development of a new generation of sensor 

and could serve as a basis for micropixels suitable for further development of X- and γ- ray high 

resolution imaging devices. 

 

Finally, theoretical and experimental results on the use of CdTe and Cd(Zn)Te as core 

material for the development of all- optical photonic devices were obtained. The results have 

shown that: 

 

• Negative electron beam resist has been observed to be the best technique to fabricate 

CdTe waveguides. Although, it might be necessary to refine a bit more the fabrication 

processes to get higher quality waveguides. We think that this is a starting point of a 

technology that could be an interesting alternative to III-V semiconductor based devices 

with the possibility of low cost fabrication if made compatible with CMOS processes. 
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• The high losses in the growth Cd(Zn)Te layers  has been shown to be the main observed 

limitation for further improvement. Thus, furhter studies must be performed. 

 
 

FINAL REMARKS 

 

The last chapter of the thesis is intended to demonstrate that past work should lead to 

future studies into the growth modes of CdTe. Although, all of these studies have left 

unanswered questions, however, they have pointed out the way to carry out further research. 

So we propose as future works: 

 

For instance and despite of the promising properties, it is noteworthy that CdTe:Bi has 

been poorly investigated in comparison with other dopants, and has interesting properties in 

solar cells applications.  

 

• The fabrication of devices with CdTe:Bi films at a concentration close to 1018 atm/cm-3 

and a less thickness to reduce the effect of series resistance and, maximize the 

photoconductive properties in the region of absorption. 

 

• It is known that the most difficult to be addressed and most vulnerable component of 

CdTe solar cells is the fabrication of stable low resistance back contact. There are many 

procedures for producing a back contact to CdTe, but most researchers admit that 

fabrication of the low resistance contact is more art than science. Most procedures to 

form a back contact include: 1) an etch or surface preparation step; 2) application of a 

film containing Cu, Hg, Pb, or Au ; and 3) a subsequent heat treatment above 150 °C. 

Therefore, it would be interesting to manufacture a device with CdTe bilayer. The 

closer CdTe- based with a low concentration of Bi with a thickness optimum to 

maximize absorption properties and, a second conductive layer doped heavily to 

reduce the total series resistance of the device and back contact.  In this sense, based in 

our Bi2Te3 preliminary studies, we propose Bi2Te3 as promising candidate. We think that 

it would be a robust contact for this kind of modules. 

 

While the results presented in this thesis demonstrate a good way to fabricate waveguide, 

little is still know about these structures. In the future films with higher quality should be 

established. It is mandatory to improve the quality of the grown Cd(Zn)Te layers in order to 

develop all-optical devices that can compete with other current technologies such as those 

based on III-V semiconductors.  
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• The waveguides proposed have high index contrast and they can have large 

propagation losses due to the sidewall roughness originated from fabrication 

imperfections. Therefore, effort will be adress to optimise the fabrication processes 

developing specific to minimise sidewall roughness and, thus, propagation losses. 

Propagation losses between 10 and 20 dB/cm are target. 

 

• In addition, we consider that it could be interesting to study the fabrication- induced 

damage in the optical properties of the films. 
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Appendix A 

 SUMMARY OF THE PRINCIPAL PROPERTIES OF CdTe  
 

In subsequent table we summarize the most important structural and chemical-physics 

properties of the CdTe, at room temperature.  

 

Property  Reference 

Structure Zinc Blende [1] 

Spatial group F43m [1] 

Molar mass 240.0 [1] 

Lattice constant 6.481 [1] 

Band gap 1.47 eV [2] 

Electron mobility 1100 cm2· V-1·s-1 [3] 

Holes mobility 100 cm2· V-1·s-1 [3] 

Electron effective mass 0.11m0
* [1] 

Holes effective mass 0.6m0
* [1] 

Melting point 1092ºC [1] 

Density 5.85 g/cm3 [2] 

Thermal conductivity(s) 1.5 Wm-1·K-1 [5] 

Thermal conductivity(l) 1.5 Wm-1·K-1 [5] 

Specific heat capacity 210 J/Kg·K [2] 

Thermal expansion coefficient 5.9×10−6/K [6] 

Refractive index 2.67 (@10 µm) [1] 

    m0
* = 9.11· 10-28 g 
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Appendix B 

SUMMARY OF THE PRINCIPAL PL EMISSION FOR CdTe 
 

In subsequent table we summarize the most important PL emission related with CdTe.  

 

Energy (eV) Assignation Observation Ref. 

1.5965 X Free exciton [1,2] 

1.59314 D-X,D =F        Donor bound exciton (F as donor) [1] 

1.59309 D-X,D =Ga Donor bound exciton (Ga as donor) [1] 

1.59305 D-X,D =Al Donor bound exciton (Al as donor) [1] 

1.59302 D-X,D =In Donor bound exciton (In as donor) [1] 

1.59296 D-X,D =Cl Donor bound exciton (Cl as donor) [1] 

1.5892 A-X, A= Na, As, Cu Acceptor bound exciton (Cu, Na, or As as 
acceptor) 

[3] 

1.5900 (A0-X), A0= VCd 
Acceptor bound exciton (VCd as acceptor) 

[5] 

1.585 A-X, A0= Au 
Acceptor bound exciton (VCd as acceptror) 

[6] 

1.575 A-X, A0= Unknown 

X-LO 

  

[2] 

1.547-1.549 (e,A0), A0= Na, Li 

A= (VCd-2D)- 

Acceptor bound exciton (Na or Li as 
acceptor) 

[2] 

[7] 

1.541 DAP, related with (eA0)  [8] 

1.490 (D0A0) or (eA0)A =Ag  [9] 

1.491 DAP,A=Ag Donor- Aceptor pair transition between 
hydrogen like donor level and acceptor 
level correlated with the structure (VCd-

DCd) or (VCd-DCd) 

[3] 

~1.475 Y Band realated to defects [10] 

1.467 ZPLCl Zero Phonon Line  of the A- band as Cl as 
donor 

[11] 

1.410  Relationated with VCd [12] 

1.48  Relationated with VTe [12] 

1.17 VTe-Tei 1.10 eV band. Tei in a tetrahedral site 
Tellurium Vacancies and intersticial 

[13] 

1.08 VTe-Tei  1.10 eV band. Tei in an octahedral site [13] 

0.82-0.90 Ge+2/+3, Sn+2/+3 Related with deep centres [14] 
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Nomenclature used: 

X – Free exciton. 
D – Donor impurity. 
A – Acceptor impurity. 
ZPL – Zero Phonon Line. 
D-X – Luminescence Donor bound exciton (D). 
A-X – Luminescence Acceptor bound exciton (A). 
eA -  electron- acceptor recombination. 
DAP – Donor-acceptor recombination. 
D0X – Neutral donor bound exciton 
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