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Abstract: The optical and geometrical properties of transparent conductive oxide (TCO) are crucial
factors influencing the efficiency of a — Si : H/c — Si heterojunction (HIT) solar cells. Graphene is a
potential candidate to be used as TCO due to its optical and electrical properties. Here, the effect of
graphene as TCO is numerically analyzed by varying the number of graphene layers from one to ten.
First, the optical properties are calculated based on the transmittance data, and then the HJT cell’s
performance is simulated under the AM1.5 standard spectrum and the mean Atacama Desert solar
spectral irradiance in Chile. In the modeling, the most relevant properties are calculated with the
spectrum of the Atacama Desert. The most relevant values were obtained as follows: open circuit
voltage V,c = 721.4 mV, short circuit current [sc = 39.6 mA/ cm?, fill factor FF = 76.5%, and energy
conversion efficiency Efs = 21.6%. The maximum power of solar panels irradiated with the Atacama
Desert spectrum exceeds the results obtained with the AM1.5 standard spectrum by 10%. When
graphene is the transparent conducting oxide, quantum efficiency has a higher value in the ultraviolet
range, which shows that it may be convenient to use graphene-based solar cells in places where
ultraviolet intensity is high.

Keywords: HIT solar cell; Atacama Desert; solar spectral irradiance; graphene; AFORS-HET

1. Introduction

Heterojunction with intrinsic thin layer (HIT) solar cells based on silicon a — Si :
H/c — Sihave reached efficiencies above 26% [1]. Interface quality and transport properties
are the critical HIT solar cell factors for energy conversion [2]. Thus, several studies focus
their efforts to improve the performance of 2 — Si : H/c — Si HIT solar cells by optimizing
the quality of the interface and enhancing their transport properties [1-3].

The transparent conductive layer (TCL) is the layer responsible for separating and
transporting photogenerated charge carriers to the cell terminals. This is due to the forma-
tion of a Schottky barrier in the electrode-silicon interface. At the same time, the TCL acts as
an antiretive layer of internal reflections [1-3]. Thus, TCL must have low surface resistance
and high optical transmission. Indium tin oxide, one of the TCLs that is most used, has
a resistance of ~20 ()/sq, with 85% optical transmission and a high carrier mobility of
160 cm?/V-s [1-6].

In the last few years, two-dimensional nanomaterials, such as graphene, dichalco-
genides (such as WS;y), and Xenes (silicene, for example), have shown potential for several
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applications, such as drug delivery, sensing, energy storage, and transistors, among oth-
ers [7,8]. Regarding photovoltaics, several authors have reported on the use of thin films
and graphene for solar cell applications, both experimentally and based on simulations.

In perovskite solar cells, Qin et al. [9] simulated, through the SCAPS program, the
incorporation of a layer of copper oxide (CuO) with voids, and analyzed the influence
on the energy bands and on the electrical properties of the solar cell. They optimized
the design by varying the CuO thickness and the CuO doping concentration. With the
optimization, they showed an increment in the conversion factor of 5.95%.

In the study of Hora et al. [10], a layer composed of PEDOT:PSS (PP) and graphene
nanoplatelets (GNP) was studied as a counter electrode. They deposited it on FTO-coated
glass and on bare glass, which served as substrates for the counter electrodes. The PP plate
sample exhibited higher energy conversion than the sample that had PP:GNP when using
the AM1.5 solar spectrum. Conversely, when using artificial light, the sample with the
PP:GNP layer showed a higher energy conversion compared to the PP plate.

Lai et al. [11] presented a metamaterial absorber based on surface plasmon resonance
(SPR). The structure consisted of (Graphene /SiO;/Au) matrix, and the simulation was
conducted with COMSOL software. The absorber could achieve triple-mode perfect ab-
sorption, polarization independence, incident angle insensitivity, tunability, high sensitivity,
and a high figure of merit (FOM). In Tang et al. [12], the researchers demonstrated that the
polarization-controlled multiple plasmon-induced transparency (PIT) depends on the sym-
metry in a graphene-based meta surface. The unit cell of the meta surface was composed
of two U-shaped graphene nanostructures and one ring-shaped graphene nanostructure
that is deposited on a dielectric substrate. For this study, they modeled through the finite
time difference method, and they varied the configuration of the nanostructure. For each
configuration, the maximum transition happens for different frequencies.

Graphene has shown an interesting potential as a transparent conductor in sev-
eral optoelectronic devices, such as LED, solar cells, touch screens, and so on [13,14].
Danietti et al. [15] studied the incorporation of graphene as a transparent conductive layer
in organic cells. For this purpose, they also included a Niquel grid below the graphene layer
to enhance electrical conductivity. With this configuration, the efficiency of the organic
cell was 4.2%, which was lower compared to the use of ITO (6.1%) due to a higher sheet
resistance. Graphene has also been studied for ITO and AZO replacement in HIT cells due
to its high transparency (97% for the monolayer) [16,17]; for its sheet resistance, which is as
low as 0.882 Q)/cm? [6]; and for its carrier mobility, which is over 7350 cm?/V-s [18-20].
Lancellotti et al. [21] characterized the sheet resistance, varying the number of graphene
layers between one and five, and with only four and five layers, they achieved AZO con-
ductivity properties. Thus, they tested the HIT cells with four and five graphene layers
instead of AZO as the transparent conductive layer. With both numbers of layers, they
obtained similar results, with efficiencies between 8.6% and 9.95%, while the efficiency
with AZO was 15.21%. Torres et al. [22] were able to increase the efficiency of a HIT cell by
including a graphene monolayer on top of the ITO film of the cell. However, the addition
of more layers decreased optical transmittance, and it resulted in a poorer performance
compared to bare ITO.

Since a HIT solar cell involves many processing variables, such as donor concentration,
acceptors, layer thickness, transparent conductive oxide (TCO) film deposition, metallic
electrodes, etc., experimentally examining the effect of each variable on the performance
of the cell is a huge task. Thus, numerical simulation has become almost essential for
understanding and designing solar cells. Automat for Simulation of Heterostructure
(AFORS-HET) software was developed by a team at Berlin Hahn—-Meitner Institute, and it is
used for simulating heterojunction solar cells [23]. AFORS-HET is convenient for assessing
and optimizing the different parameters (thickness, doping concentration, forbidden band,
resistivity, etc.) present in the manufacturing of HIT solar cells [24,25].

Although graphene has great potential for photovoltaics, there are few simulation
studies regarding the replacement of standard transparent conductive layers (such as ITO
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or AZO) with this nanomaterial [26,27]. Most reports simplify the structure of the cell, and
they use graphene to form a Schottky junction. Additionally, to the best of our knowledge,
only illumination under standard conditions or artificial light has been considered. In
this work, first we optimized the structural and electrical parameters of a bifacial Si-HIT
cell structure: ITO/a — Si : H(p type)/a —Si : H(i — type)/c — Si : H(n — type)/a — Si :
H(i— type)/a—Si: H(n" — type) /ITO, evaluating the thickness and the doping of the
base, the emitter, and the back surface field. This optimization was performed under
two spectra, AM1.5 and the Atacama spectra. Thus, we obtained two different optimized
structures for SHJ cells depending on the incident spectrum. The front ITO was then
replaced by graphene as the front TCL, simulating the effect for each optimized structure
under the corresponding spectrum and varying the number of graphene layers from 1 to 10.

2. Materials and Methods
2.1. Atacama Desert Solar Spectrum

Spectral irradiance is a key parameter for estimating the performance of solar cells,
since their response is spectrally dependent on incident radiation. The spectral distribution
of solar radiation depends on the characteristics of the gas and aerosol mixture that make
up the local atmosphere, and it also depends on the length of the path that is travelled
by the light, which is related to the air mass. These local characteristics may largely vary
over time and from one place to another, thereby giving the solar spectrum a different
form [28-30].

The reference standard spectrum G173 [31] was calculated according to the North
American geographic and atmospheric conditions and a resulting air mass of 1.5 [32,33].
These conditions may differ greatly from those found in other geographical regions of
the world.

In 2018, the mean solar spectrum of the Atacama Desert [34] was calculated from
the spatio-temporal means of long-term databases for local atmospheric parameters. The
databases contained satellite and model retrieval data from MODIS [35,36] and AIRS [37],
provided by Era Interim [38,39] and Giovanni [40] for the Atacama Desert area located in
Chilean territory and covering longitudes from 60 W to 85 W and latitudes from 10 S to 40 S.
To replicate the methodology that was used to calculate the standard spectrum G173, we
used SMARTS radiative atmospheric transfer code [39,41] and the spatio-temporal means
of the atmospheric parameters of the Atacama Desert, such as aerosol optical depth (AOD)
at 550 nm corrected for land, precipitable water (PW), ozone total column (TOC), relative
humidity (RH), albedo, and atmospheric temperature. The consulted databases cover
10 years from January 2006 to January 2016. To validate the methodology, several points
of the estimated spectral irradiance were compared with ground spectral solar irradiance
measurements. The results showed that the difference between the simulation and the
measurements was within the uncertainty of the instrument, with a maximum relative
error of 3%. Additionally, the 18° sloping surface facing the sun was chosen to represent the
average latitude of the Atacama Desert between 13° S and 30° S. Finally, the mean air mass
at noon was calculated for the same latitudes, resulting in 1.08 mean air mass (AM1.08).
(For more details, see [34].)

Thus, the Atacama Desert’s mean solar spectra was obtained using a methodology
similar to the referential standard spectrum [34].

The main characteristic of the Atacama Desert average spectrum is its blue shift
with respect to the standard G173 reference spectrum, as shown in Figure 1. The scarce
presence of ozone and atmospheric aerosols leads to higher levels of irradiance in the
short wavelength, the ultraviolet, and the visible spectral ranges, exceeding by 55% the
ultraviolet irradiance of the standard reference spectrum [34].
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Figure 1. The black line shows the standard G173 reference spectrum with a 1.5 air mass (AM1.5).
The red line shows the spectrum calculated for the Atacama Desert. Both are normalized to
1000 W m~2 [34].

2.2. Optical Properties of Graphene

This paper studies the use of graphene as a transparent conductive oxide on the front
layer of the solar cell. To assess the impact of the proposal on the performance of the cell,
the optical properties resulting from considering different graphene layers (from one to
ten layers) are modelled. The optical properties calculated for graphene are refractive
index (n), reflectance (R), and absorbance (A). The thickness of each layer of graphene is
0.34 nm [42]. Figure 2a shows the diagram of graphene layers on the substrate. Figure 2b
shows the spectral transmittance, T(A), of the considered graphene layers, and the values
are obtained from refractiveindex.info database [43].
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Figure 2. (a) Graphene layers on the glass substrate. (b) Transmittance graph from refractivein-
dex.info database.

Absorbance A(A) is calculated with Equation (1), where the wavelength is in nm [36]:

A(A) = log(T(lA)>, 1

Extinction coefficient k(A) is calculated in terms of absorption, according to
Equation (2) [44]:
A(A)
=2303—— 2
k(A) 303 ind 2
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where d is the sample thickness of graphene in nm. The complex refractive index of graphene
is calculated by optimizing the transmittance expressed as T,;; = T(s(A), n(A), k(A),d),
which depends on the substrate refraction index s(A), the graphene refraction index n(A),
the graphene extinction coefficient k(A ), and the thickness d. To do this, the approximate
transmittance Typy (A, d) and T, are minimized [44]:

minimized Y [Tapx(A,d) — Tea (s(A), n(A), k()‘)rd)]z &)
A

where Typx(A,d) = T(A) — AT is detailed in Equation (4) according to the refractivein-
dex.info database, with T(A) as shown in Figure 2b and the correction factor, AT, being
the approximation function that changes according to the wavelength range obtained by
approximating the experimental values of n(A) [42]:

T(A) — (0.0003A — 0.0578), 210 < A < 270

T(A) 4 (0.0002A — 0.0701), 271 < A < 348 @
T(A) + (5%1075A —0.0039), 349 < A < 532
T(A) + (9%1077A —0.0020), 533 < A < 1200

Topx (A,d) =

To calculate the refractive index, non-linear equations are solved numerically using
Equation (5) [44,45]:

Tear (s(A), n(A), k(A),d) = ﬁil)xz ©)
where
A =16s(n* + k?)
B=[(n+17+K|[(n+1)(n+5?) + K]
C=[(n*—1+k)(n®—s*+k%) — 2k*(s* + 1)] 2cos¢

—k[2(n? — s>+ k?) + (n? + 1) (n*> — 1 + k?)]2sing
D= (=17 +K|[(n-1)(n—) +#
e

The substrate corresponds to glass, so the substrate refraction index, s(A), is given by
Equation (6) [36,37]:

s(A) = \/ 1+ (0.7568 — 7930/ A2) ! (6)

Equations (1)-(6) were used to calculate the refractive index and the extinction coeffi-
cient, obtaining values similar to those reported by Weber [42]. Figure 3 shows n(A) and
k(M) for the graphene from the monolayer up to ten layers.
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Figure 3. Solid lines show the refraction index 7n(A). Dashed lines show the extinction coefficient
k(A). Color lines show the number of layers.
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2.3. Resistive Properties of Graphene

In HIT solar cells, it is difficult to evaluate the contribution of series resistance (Rs)
to their performance [46,47]. Contacts between amorphous doped layers and transpar-
ent conductive oxides are the main electrical barriers for both electrons and holes [46,47].
Some authors report the series resistance of HIT solar cells ranging from 0.1 Q) cm? to
0.7 Q cm? [24,25] depending on several variables, such as contact geometry, ITO tin concen-
tration, temperature, etc. This study for the solar cell with ITO uses Rs = 0.3 () cm? based
on [48,49].

When the main contribution to Rs comes from the series resistance of the front transpar-
ent conductive layer, the relation between R; and the sheet resistance of the TCO material
is given by Equation (7) [46]:

1R (s—wf)

Rs = —
S 12 sh Zf

as )

where s is finger spacing distance; wy is finger width; [ finger length; and a is unit cell
busbar length, having the same approximations s ~ 0.2, wy ~ 0.01, Iy ~ 3.8, and
a ~ 3, measured in cm. Measuring the sheet resistance (R;j,) of graphene is still compli-
cated [50-52] as it depends on several parameters, such as the substrate [50-54], the dop-
ing that graphene has [55-57], the wavelength [57], and the transmittance [50,57-59]. Due
to the complexity in this article, values collected from some of the other articles on this
subject will be used. The black line in Figure 4 are the sheet resistance values for n graphene
layers, and the red dot is the value used to calculate the series resistance, as shown in
Figure 4.
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Figure 4. Graphene sheet resistance according to the number of layers, compiled from the litera-
ture [50-59].

0

2.4. Data

This study uses the optical properties included in AFORS-HET for the layers of
amorphous silicon (a — Si), crystalline silicon (¢ — Si), indium tin oxide (ITO), and
AM1.5 standard spectrum. The HIT structure is built with the electric properties and
carrier /hole density shown in Table 1. The values shown in Table 1 are previously
optimized for the Gr/a —Si : H(p)/a—Si : H(i)/c—Si : H(n)/a —Si : H(i)/a —Si :
H(n")/ITO structure shown in Figure 5 at 1.5 air mass (AM1.5) illuminations and
100 mW /cm? power density.
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Table 1. Parameter range of crystalline and amorphous graphene silicon materials.

Input Parameters a-Si:H(n+) a-Si:H(@) a-Si:H(p+) c-Si:H(n)
Thickness (nm) 3-12 4 3-12 (10 — 20) x 10*
Dielectric constant dk 11.9 11.9 11.9 11.9
Electron affinity x (eV) 3.8 3.8 3.8 4.05
Band gap E, (eV) 1.74 1.74 1.7 1.12
Effective conduction band density N. (cm™3) 1x10%0 1x10%0 1x10%0 2.8x10%
Effective valence band density N, (cm~3) 1x10%0 1x10%0 1x10%0 1.04x 10"
Electron mobility 1, (cm? V= 1s~1) 10 20 10 1040
Hole mobility 1, (cm? V~1s71) 1 2 1 421
Doping concentration of acceptors N, (cm™3) 0 0 (6.05 — 6.30) x 107 0
Doping concentration of donors N; (cm~3) (1-3)x10'8 0 0 (4 —14) x 10
Thermal velocity of electrons v, (cm s™1) 1x107 1x107 1x107 1x107
Thermal velocity of holes vy, (3cm s71) 1x107 1x107 1x107 1x107
Layer density ¢ (gem ) 2.328 2.328 2.328 2.328
Auger recombination coefficient for electron (cm® s~1) 0 0 0 2.2x10731
Auger recombination coefficient for hole (cm® s~1) 0 0 0 9.9x10~32
Direct band-to-band recombination coefficient (cm3 s71) 0 0 0 9.9x10~32

Gr (graphene)
a-Si:H(p+) (3~ 12) nm

c-Si(n)
(100~200)um

a-Si:H(n+) (3~12) nm
ITO

R

Figure 5. Solar cell schematic model in this work Gr/a —Si : H(p) /a—Si: H(i)/c—Si: H(n)/a—Si:
H(i)/a —Si: H(n") /ITO.

2.4.1. Data Calculation

The Atacama Desert solar spectrum was estimated from spatio-temporal averages
of long-term satellite and model retrieval databases of local environmental parameters,
according to Marzo [31]. The optical properties of graphene are calculated according to
Equations (2)—(6) from the transmittance data in [44].

2.4.2. Geometrical Properties

Contact parameters are shown in Table 2. The front contact is the positive pole, while
back contact is the negative one, as shown in Figure 5. The metal-semiconductor interface is
determined by the MS-Schottky numerical model, and the interface between the conductors
is given by the drift-diffusion model, with the spacing between the semiconductor wafers
being 1.
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Table 2. Front and back contact parameters.

Contact Parameters Front Contact Back Contact
Width (nm) 3.4-34.0 70
File #Gr.nk ITO.nk
Metal work function 3.0eV Yes (flatband)
Absorption loss #Gr.abs ITO.abs
External reflection constant #Gr.ref aSicSi_ITO.ref
Surface condition Textured Textured
Internal reflection constant 0 0

Solar cell modeling also considers the metallization of the front and back parts. The
geometrical characteristics of the busbars and the fingers are shown in Table 3 [60,61].

Table 3. Front and back metallization parameters.

Metallization Parameters Fingers Busbars
Front Back Front Back
Number 120 120 5 5
Height (pm) 30 30 30 30
Width (pm) 45 45 500 500
Cell area [cm?] 244315

As reference, this study considers the approximate experimental values of the het-
erojunction solar cell a — Si : H/c — Si: open-circuit voltage V,c = 713 mV, short-circuit
current density Jsc = 37.3mA/ cm?, fill factor FF = 75.9%, and energy conversion efficiency
7 = 20.2%, as measured by Mufoz et al. in their study [62,63].

3. Results and Discussion

This study optimizes the main electrical properties of the HIT solar cell from its physi-
cal and geometrical modeling and compares the calculated efficiencies when the cell is irra-
diated from the back #7p,¢, and front 17,0, sides. Bifaciality is defined by Bf = #pack /1 fronts
with both efficiencies calculated under the same conditions. The front and back surfaces
show a pyramidal structure in the plane direction ¢ — Si (111). Series resistance in the solar
cell is 0.3 O cm? when the front transparent conductor oxide is ITO. To optimize the solar
cell, the AM1.5 standard spectrum and the solar spectrum determined for the Atacama
Desert were used. Here, calculations were made at a temperature of 300 K. The geomet-
rical structure order is ITO/a — Si: H(p")/a—Si: H(i)/c —Si(n)/ a—Si: H(i)/a —Si:
H(p™)/ITO from the front layer to the back one.

3.1. Optimization by Changing the Carrier Concentration

During the modeling, first light impinges on one side of the cell while the other is
completely dark and then it does so the other way around, and bifaciality (By) is computed.
TheI-V curveis calculated varying the carriers’ concentration in each layer, and the electrical
properties are recorded. Figures A1-A3 in the Appendix A show the open circuit voltage
(Vie), short circuit current density (Jsc), fill factor (FF), and energy conversion efficiency
(Eff) as a function of ¢ — Si(n) donor concentration (Figure A1), a — Si : H(p™) acceptor
concentration (Figure A2), and a4 — Si : H(n") donor concentration (Figure A3) for the
Standard and Atacama Desert spectra.

Figure A1 shows the optimization of the crystalline silicon layer ¢ — Si(n) when donor
concentration ranges are between 0.4 x 1017 1/cm3 and 1.4 x 107 1/cm3. When the light
impinges on the back side, the current density reaches the highest value,
Jsc = 34.88 mA /cm?, for a donor concentration of 9.5 x 101° 1/cm3 (red circle in Figure Ala).
When the light hits from the front, the Js¢ increases its value as the concentration of donors
increases, and, in the modeling, it is not possible to infinitely increase the donors be-
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cause this leads to the Fermi energy level (E) being lower than the conduction energy
E. in the ¢ — Si shell, which is not possible [17]. However, if the carrier concentration is
>0.4 x 107 1/cm3 in the ¢ — Si layer concentration, this corresponds to [s. = 34.86 mA / cm?.
The V. curve tends to decay with increasing donor concentration when the light strikes
on the back and front parts. Bifaciality comes closer to 1 when reducing the concentration.
Additionally, the energy conversion efficiency and the fill factor reach the highest value at
a low concentration. For Atacama Desert solar spectral irradiance, when modeling is per-
formed considering the fact that the light strikes the back side of the cell, the current density
reaches the highest value, [, = 34.86 mA/ cm?, at a concentration of 10 x 10 1/cm?.

The optimum donor concentration is chosen to be the one that maximizes the short
current density, which in Figure 5 is marked with a red circle for both spectra because the
modeling is performed separately and independently when (i.) the light falls from the front
and (ii.) when the light falls from behind.

The electrical characteristics of the p — type hydrogenated amorphous silicon layer
are very important for HIT solar cells. Figure A2 shows the a — Si : H(p™') hydro-
genated amorphous silicon layer optimization with p — type carriers varying between
(6.05 — 6.30) x 10'7 1/cm?. In the modeling, most parameters increase with the number of
carriers. However, for large concentrations, the Fermi energy level of the acceptors (Ey)
reaches higher values than the valence energy levels (E, ), which is physically not possible.
For AM1.5 solar spectral irradiance, bifaciality reaches the highest value for a concentration
of 6.22 x 1017 1/cm3, where it is marked with the red circle. When modeling is performed
under the Atacama spectrum, bifaciality reaches the highest value for 6.28 x 107 1/cm?,
marked with a red circle in Figure A2. Values of V, tend to increase at a higher acceptor
concentration in the studied range, and short-circuit current density remains constant.
Energy conversion efficiency and the fill factor of the two spectra studied tend to increase
with concentration.

Figure A3 shows the optimization of the hydrogenated amorphous silicon layer a — Si :
H(n™") varying donors between (1.0 — 3.0) x 10'® 1/cm? above this range Efn < Ec in the
a—Si:(n*) layer. Bifaciality comes closer to 1 at a higher donor concentration. The open-
circuit voltage and the short-circuit current show a small initial increment followed by a
constant value with increasingly higher donor concentration. Thus, for this study, when
modeling under the standard spectrum, the chosen donor concentration is 1.2 x 10'® 1/cm?,
which is marked with the red circle in the bifaciality curve. When modeling with the
Atacama spectrum, the chosen concentration is 1.4 x 10'® 1/cm3. Energy conversion
efficiency and the fill factor tend to remain constant at a higher donor concentration in the
studied range.

3.2. Optimization by Changing the Cell’s Layers” Thickness

The layer thickness (w) plays a very important role in the optimization of the material,
but, at the same time, it is extremely important to have an optimized thickness to achieve
the highest energy conversion efficiency. This process can be carried out in the laboratory
by varying the manufacturing time or the intensity of the gas flow [51,52].

Figure A4 in the Appendix A shows the optimization of the n™ (a — Si: Hn™) hy-
drogenated amorphous silicon layer for thicknesses varying between (3 —12) x 1077 cm.
Here, bifaciality comes closer to 1 at a smaller thickness. The open-circuit voltage and the
short-circuit current density are constant in the simulation when the light strikes the front
part of the solar cell, but they decrease as the thickness increases when modeling with the
light striking from the back part of the solar cell. The fill factor is constant when the light
strikes from the front part, but it has a slight decay of thickness when the light strikes from
the back part. The electrical properties show constant values when the light strikes from
the front part. Thus, the n™ layer thickness does not play an important role in HIT solar
cells when the light strikes only from the front part, but if the light strikes from the back
side, the n™ layer thickness is quite relevant.
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We denote the edge of the conduction band by (E;). Bandshifts (AE;) are present at
eacha — Si: H(i)/a — Si : H(n) interface. If the thickness of the n — type layer decreases
AE. = w12, this calculation is not reflected directly from J;. in Figure A4. The FF is
shown where the two curves have the same value, and we therefore choose the value of the
thickness where it is marked with the red circle. Under AM1.5 standard spectrum, the nt
layer is fixed at 7 nm, while under the Atacama Desert spectrum, it is fixed at 9 nm.

Figure A5 in Appendix A shows the optimization of the type p™ a — Si : H(p™)
hydrogenated amorphous silicon layer for thicknesses varying between (3 — 12) x 10~7cm,
showing that bifaciality is closer to 1 at a larger thickness. The open-circuit voltage values
increase with thickness while the fill factor and the energy conversion efficiency decrease
as the layer thickness increases. The short-circuit current density decreases as the thickness
(w) increases if light strikes from the front part, while it remains constant if the light strikes
from the back side. The cell behavior is similar when modeling with AM1.5 standard
spectrum or Atacama Desert light intensity. In the a — Si(p) /a — Si(i) interface, AE. has
a potential behavior of the form AE. = w!/2, Under the AM1.5 standard spectrum, for
w = 6 nm, AE; presents the depletion zone in a — Si : H(p), which is reflected in the
bifacial curve approaching 1 above w = 6 nm. The fill factor has the same value regardless
of the illuminated size. On the other hand, for w = 7 nm, the J;. and the FF are reflected
under the Atacama Desert spectrum.

Figure A6 in Appendix A shows the optimization of the n ¢ — Si(n) crystalline silicon
wafer with thicknesses varying between (120 — 200) x 10~* cm, which shows that bifacial-
ity comes closer to 1 as thickness decreases. The open-circuit voltage tends to decrease as
thickness increases. The short-circuit current density values increase as thickness increases
when the light strikes from the front part. When modeling with the standard spectrum
and light striking from the back part, the short-circuit current density reaches its highest
value, i.e., 160 x 10~* cm, so this is the chosen thickness for the ¢ — Si wafer under the
AML.5 standard spectrum. When modeling with Atacama Desert irradiance spectrum and
light striking from the back part, the highest short-circuit current density is obtained for
150 x 10~* cm, so this is the chosen value for Atacama spectrum. The fill factor and the
energy conversion efficiency decrease as thickness increases. When the light strikes from
the back part, 1 decreases faster.

Figure A7 in Appendix A shows the modeling of the a — Si : H(i) intrinsic layer, which
is located between the a — Si : H(n™") and the ¢ — Si layers. Bifaciality comes closer to 1 for
a lower thickness of this layer. The open-circuit voltage is constant for (1 — 5) nm thickness
when modeling is performed considering that the light strikes the front and the back parts.
The short-circuit current density is constant if the light strikes from the front, but if the
light strikes from the back side, J;. tends to decrease as thickness increases. In addition, the
fill factor and the energy conversion efficiency tend to decrease as the thickness increases
when light impinges from the back side. Here, 5 nm thickness was chosen for the intrinsic
layer of the back part for the two spectra.

The a — Si : H(i) intrinsic layer, located between a — Si : H(p™) and ¢ — Si, is also
modelled and shown in Figure A8 (see Appendix A). Here, [ tends to decrease slightly
in the (1 — 5) nm thickness range. The open-circuit voltage decreases in the studied range
with a larger slope when the light strikes from the back part. The fill factor remains constant
when the light strikes from the back and the front sides. Thus, the thickness of the intrinsic
layer located between p-type and n-type layers is fixed at 4 nm.

3.3. Optimized Parameters
3.3.1. Generation and Recombination with AM1.5, and Atacama Spectrum

The optical model used in this work is from Lambert-Beer, where the generation of
carriers G(A) is calculated by integrating the radiation flux ®@y(A), by R(A), A(A), and a(A)
in the wavelength [46], and Figure 6 shows that the generation of carriers with the AM1.5
standard spectrum is lower compared to the generation rate modeled with the Atacama
spectrum. In Figure 6, it can also be seen that the carrier recombination rate does not
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depend on @ (A). The direct dependence of the generation of carriers with the radiation
flux G(A) o @y(A) makes the HIT heterojunction solar cell have a better energy conversion
performance in places such as the Atacama Desert.
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Figure 6. Generation and recombination with AM1.5 and Atacama spectrum in the five layers of the
HIT solar cell.

3.3.2. Optimization of the Solar Cell with ITO as TCO

Through the modeling previously performed, the optimal parameters, summarized
in Table 4, were obtained for each spectrum. The comparison between AM1.5/0p and
Ata/op solar cells shows that the solar cell for the Atacama Desert should have the
¢ — Si(n) layer ~ 6% thinner, the a — Si : H(p™) layer 16% thicker, and the layer of ¢ — Si(n)
with a lower concentration of minority carriers.

Table 4. Electrical characteristics of solar cells.

Parameter Voc [mV] Jsc [mAcm—2] FF [%] Eff[%]
AM1.5/0p 761.9 37.19 76.88 21.78
Ata/op 763.9 40.82 76.49 23.85

With these parameters, the electrical properties are obtained by calculating the current
density curve as a function of voltage under the standard AM1.5 (AM1.5/0p) and under
the Atacama Desert (Ata/op) spectra (Figure 7). Table 5 shows the main characteristics of
the solar cell under each spectrum.

Table 5. Electrical parameter of the HIT solar cell.

Parameter/Spectrum AM1.5 Atacama Unit
Nd_c — Si(n) 9.5 x 1010 10 x 1016 cm—3
Na_a—Si(p™) 6.24 x 107 6.28 x 107 cm 3
Nd_a —Si(n™) 12 x 108 1.4 x 108 cm3
w_a—Si(n') 7 9 Nm
w_a—Si(p") 6 7 Nm
w_c —Si(n) 160 150 Nm

wa —Si(i) —p 4 4 Nm

wa —Si(i) —n 5 5 Nm
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Figure 7. The blue line is the J-V curve of AM1.5/0p. The red line is the Ata/op J-V curve values.

The optimized cell under the standard spectrum has an efficiency of 21.78%, which is
1.58 percentual points higher than the experimental result. The main difference between the
experimental cell and the computed cell is in the open circuit voltage, which is 761.9 mV and
713 mV, respectively. Conversely, the short-circuit current density is 0.1 mA /cm? larger for
the laboratory cell. When the simulation is performed considering the Atacama spectrum
and the cell parameters optimized for it, the short-circuit current has an increment of
3.63 mA/cm? compared to the AM1.5 simulation. This is the main cause of the larger
efficiency under the Atacama spectrum compared to the standard conditions.

3.3.3. Optimization of the Solar Cell Incorporating Graphene as TCO

After the HIT solar cell optimization for the standard and the Atacama spectra, the
effect of replacing ITO with graphene is computed, with the aim of optimizing the number
of graphene layers for each spectrum. Thus, the modeling is performed using the cell’s
parameters of Table 5. In this work, graphene is considered to have a 3-dimensional
nature, and each layer has a thickness of a 0.34 nm. Graphene’s optical properties, such
as refraction index and extinction coefficient, are shown in Figure 3. The series resistance
(Rs) for graphene is calculated using Equation (7) and the sheet resistance values shown
in Figure 4. The obtained series resistance as a function of graphene layers is presented in
Figure A9 (see the Appendix A). In this simulation, we also consider the resistance in series
and the resistance in parallel, and we make it tend to infinity.

Figure A9 shows the electrical properties of the solar cell simulated with graphene
instead of ITO. The open-circuit voltage curves for the AM1.5 standard spectrum and
the Atacama Desert solar spectrum are similar, decreasing as the number of graphene
layers increases. The short-circuit current density decreases as the number of graphene
layers increases, reaching the maximum value when there is only one layer, as shown in
Figure A9. Conversely, the fill factor increases as the number of graphene layers increases.
These behaviours of [sc and FF are expected, since graphene’s transmittance decreases
with the number of layers while its resistance increases. In all, the energy conversion
efficiency reaches the highest value for three graphene layers, and 18.8% and 20.1% for
the standard and the Atacama spectrum, respectively. These obtained efficiencies with
graphene are ~10% lower than those computed with ITO. To understand this result, we
calculated the optical properties and the external quantum efficiency of the HIT cell with
both ITO and graphene.
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3.4. Reflectance, Absorbance, Transmitance and External Quantum Efficiency

The optical properties of the HIT solar cell and its external quantum efficiency are
calculated using the cell’s parameters as shown in Table 5. Figure 8 shows the absorbance
spectrum (Abs) in red, the reflectance (Refl) spectrum of the front side in black, the trans-
mittance (Tras) spectrum in blue, and the external quantum efficiency (EQE) in green. The
solid lines are the values calculated when the transparent conductive layer is ITO, while the
dashed lines correspond to one graphene layer as a transparent conductive layer. The cell
with graphene as TCO has a larger reflectance in the 300-1200 nm wavelength range, so
the cell’s absorbance is lower. Transmittance is the same in the whole range, regardless of
which transparent electrode is being analyzed. Regarding the EQE in the ultraviolet range,
the values calculated with graphene are higher than the values calculated with ITO, and in
the visible range, the values calculated with ITO are higher than the values calculated with
graphene. In the infrared range, they have the same value.

1.0 T T T T T T T = Refl-total
(= Abs-total
Tras-total
——EQE
0.8 1 —ITO
w N\ — - -Gr
e} )
w
= 0.6
o
-
T
xr 044
3
Q
<
0.2
0.0

T T T T T T T T
300 400 500 600 700 800 900 1000 1100 1200
Wevelengt (nm)

Figure 8. Reflectance, absorbance, transmittance, and external quantum efficiency. The solid line
indicates that TCO is ITO. The dashed lines indicate that TCO is graphene.

3.5. Optimizing the Solar Cell with the Busbar Number

As graphene has conductive properties and is located between the semiconductor
and the busbars in the cell, we consider that it can benefit the collection of carriers. For
this purpose, a minimodule with one HIT cell (15.675 cm side) encapsulated with EVA
rubber and glass is considered in the modeling. The busbars are 30 pm height and 540 pm
width. The considered values for graphene’s series resistance are those shown in Figure A9.
Metallization modeling is conducted with SunSolve software [64] on a 244.315 cm? solar
cell as well as the busbar area.

Figure A10 in the Appendix A shows the solar cell modeling with ITO and with one
graphene layer instead of ITO, using the cell’s values shown in Table 3. Here, the solar
cell is modelled, varying the number of busbars from 2 to 10. Figure A10 shows that
the efficiency increases with the number of busbars, with a limit of five busbars. As the
number of busbars increases, J;c and V, show a slight decay due to larger shade on the
cell. However, the addition of busbars (at least up to ten) raises both the fill factor and the
efficiency of the minimodule.

4. Conclusions

Heterojunction with intrinsic thin layer cells was optimized to operate under the
AM1.5 standard spectrum and the Atacama Desert spectrum, varying the thicknesses and
number of carriers in the different layers, and the resulting characteristics for each layer are
shown in Table 5. The results show that when modeling under the Atacama spectrum, an
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optimized cell has a higher efficiency than under the AM1.5 spectrum, with a percentage
difference of 6.89% (the absolute values are shown in Table 4).

For the modeling of graphene as transparent conductive film, the number of graphene
layers was varied from 1 to 10 layers. Under both spectra, the optimum number is three
graphene layers, achieving efficiencies of 18.8% and 20.1% for the Standard and the Atacama
spectra, respectively. However, the use of graphene instead of ITO decreased the efficiency
of the cell in 13% for AM1.5. A similar result was obtained in the experimental work of
Danietti et al. [15]: they reported a decay of 30% when they used a graphene layer with a
Niquel grid instead of ITO in organic cells. A similar decay was obtained in the experiment
of Lancellotti et al. [21], who used several graphene layers as AZO replacement in HIT
cells. Their best result was achieved for four and five graphene layers, but the efficiencies
were ~35% lower compared to the use of AZO. Torres et al. [22] deposited graphene on
top of the ITO film in HIT cells and obtained an increment of 1.6% after the deposition of
one graphene layer, while the addition of more layers resulted in a poorer performance
compared to bare ITO.

The contribution that graphene can make to the cell with the busbars was estimated,
varying the number of busbars in the square solar cell of 244.315 cm?, and the modeling
showed us that for more than seven busbars, there were cells of greater efficiency.

Although the deposition of graphene on the a — Si : H(p) emitter gave lower values
of the electrical characteristics, the results are still encouraging when analyzing the results
of the quantum efficiency in the range of the ultraviolet spectrum, and this may have
relevance to spectra such as the Atacama Desert spectrum or the extraterrestrial spectra.
When graphene is the transparent conducting electrode, quantum efficiency has a higher
value in the ultraviolet range, which shows that it may be convenient to use graphene-based
solar cells in places where ultraviolet intensity is high.
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Appendix A
Referred figures in the Results and Discussion section are place in the Appendix.
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Figure Al. ¢ — Si(n) optimization, according to donor concentration. (a) The black line shows
bifaciality and IV values when the light strikes the back part, while the blue line shows these values
when the light strikes the front part, with the AM1.5 standard spectrum. (b) The black line shows
bifaciality and IV values when the light strikes the back part, while the violet line shows these values
when the light strikes the front part, with the Atacama Desert solar spectrum.
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Figure A2. a — Si : H(p") optimization, according to acceptor concentration. (a) The black line
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values when the light strikes the front part, with the AM1.5 standard spectrum. (b) The black line
shows bifaciality and IV values when the light strikes the back part, while the violet line shows these
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when the light strikes from the back part, while the violet line shows these values when the light
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Figure A7. Optimization of 2 — Si : H(i) at the back part of the solar cell, according to thickness.
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the blue line shows these values when the light strikes from the front part, with the AM1.5 standard
spectrum. (b) The black line shows bifaciality and IV values when the light strikes from the back part;
while the violet line shows these values when the light strikes from the front part, with the Atacama
Desert solar spectrum.
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Table Al. Photovoltaic parameters computed in this work and obtained from related references.

TCL Voc [mV]  J.. [mA/em?]  FF[%]  Eff[%] Ref.
ITO 761.9 37.19 76.88 21.78 This work
3-layer graphene 739.2 31.68 79.2 18.79 This work
ITO 713 37.3 75.9 20.2 [63]
ITO 689 15.6 57.2 6.1 [15]
1-layer graphene + Ni-grid 638 12.7 51.9 4.2 [15]
AZO 657 32.1 72.1 15.21 [21]
4-layer graphene 601 25.5 64 9.81 [21]
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