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Abstract

A good modeling of degrading effects in an electronic device, such as the contact region of organic phototransistors (OPTs), can be
favorably used to better describe and optimize the performance of the whole device. Furthermore, a proper design of the contacts
can enhance the exciton dissociation and the extraction of photogenerated charge in the device. In this work, a compact model
for OPTs is developed. This model is valid for all the operation regimes of the transistors. It includes a model for the contact
region of the device that incorporates the effects of illumination. The compact model and the contact region model are validated
with published experimental data from several OPTs under different illumination conditions. The tool used to validate the model
is an evolutionary parameter extraction procedure developed in a previous work. The results show that both photoconductive
and photovoltaic effects impact the intrinsic region of the transistor, as well as the electrical behavior of the contact region. The

parameters used in the contact region model are linked to these photovoltaic and photoconductive effects.

Keywords: Phototransistors, thin-film transistor, device parameters, modeling, contact effects, many-objective optimization,
multi-objective evolutionary algorithms, photovoltaic effect, photoconductive effect

1. Introduction

Over the past two decades, the organic (polymeric) semicon-
ductor technology has attracted considerable research interest
[1-3]. Many efforts have been made to develop different kinds
of organic devices that cover a wide range of industrial and
commercial applications, such as organic light-emitting diodes
(LEDs), organic photovoltaic cells (OPVs) and organic thin-
film transistors (OTFTs) [1-3]. OTFTs are particularly interest-
ing since they are the basis of other devices, such as memories
and sensors.

Organic phototransistors (OPTs) are a particular case of tran-
sistors and sensors in which light detection and signal amplifi-
cation are combined together in a single component. Like the
rest of organic devices, OPTs show great advantages with re-
gard to their inorganic counterparts, such as light-weight, low-
cost, easy solution processing and flexibility [1]. Nevertheless,
they also show common performance disadvantages, such as a
low carrier mobility [2—4] or high process variability [5-9].
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Currently, the OPTs’ photosensitivity and photoresponsiv-
ity are also inferior to those in inorganic phototransistors, al-
though novel strategies are developed to enhance these prop-
erties, such as blending p-type and n-type semiconductors as
donor-acceptor channel layers [10, 11]. A key issue in the
OPTs’ performance is the contact quality at the semiconduc-
tor channel/electrode interfaces [12—15]. In fact, attempts to
monitor the way the contact region in an OPT evolves with il-
lumination were studied in the past [12, 14, 16—-18]. Contacts
play a main role in the exciton dissociation and extraction of
charge, which are essential mechanisms in OPTs’ performance
[19]. Also, contact effects degrade the performance of OTFTs.
For this reason, they have been extensively studied and even in-
corporated in OTFT compact models [20-29]. However, from
the authors’ knowledge, the way the contact region evolves with
illumination has not been introduced specifically in compact
models for OPTs. The incorporation of this dependence of the
contact region with illumination in a compact model would pro-
vide a better characterization of the device and would establish
new optimization pathways. The resulting model would include
more accurate values of the main parameters that control the
current-voltage characteristics of the OPT: charge carrier mo-
bility, threshold voltage and the contact resistance itself.

In order to fill this gap, a compact model that describes the
current-voltage characteristics of OPTs is presented. The model
includes the dependence of the voltage drop at the contact re-
gions with illumination, and it is sensitive to the photoconduc-
tive and photovoltaic effects. In parallel with the model, a pa-
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Figure 1: Cross-sectional view of an OPT structure with the bottom-contact
configuration.

rameter extraction procedure is developed and implemented. It
allows to check the validity of the model with experimental
data.

This paper is organized as follows. In Section 2, the appli-
cability of a widely known compact model in OTFTs including
contact effects [25-27] is extended to OPTs, in which the pho-
toconductive and photovoltaic mechanisms are incorporated in
the model. In Section 3, a previously developed evolutionary
parameter extraction procedure [30] is presented and adapted
to the model. In Section 4, the proposed model is validated
with published experimental data in OPTs under different illu-
mination conditions. Finally, the conclusions are presented in
Section 5.

2. Theory

Figure 1 shows a cross sectional view of an OPT structure.
The source terminal voltage is zero and Vp and V;; are the drain
and gate terminal voltages, respectively. Vg (or V() is the volt-
age drop at the contact (the contact region is exaggerated for
clarity). The electric current flowing between drain and source
terminals Ipg is composed of the field-effect (channel) current
Ip flowing in the accumulation layer and the bulk current Ip
[31]:

Ips = 1p + Ip. (1)

In the depletion (cut-off) region, Ip <« I and Ips =~ Ig. In
sub-threshold or over threshold conditions, Iz < Ip and Ipg =
Ip. In order to ensure a smooth transition from depletion to
conduction, (1) can be written as:

s1l/s
Ip
()] @
VseZ:s>0

Ips = I

where s is a free parameter employed to control the transition
smoothness [32].

2.1. Dark

The objective of this work is to develop a compact model for
the current-voltage characteristics of an OPT that incorporates
the evolution of the contact region with the intensity of the light.

Since the OPT is a particular case of OTFT, then, as a starting
point, we consider a well-established compact model for the
OTFT [25, 26]:

W Viopr(Vs)®™) = Veopr(Vp) Y
Ip=k2
L 2+y

k" = poCoyx; Veopr(V) = Vss In

)

1 +exp( v
ss

3)
which includes the voltage drop at the source contact, Vs = V¢,
and electric field-dependent mobility [33],

u=po(Vg = Vr), )

with Vr being the threshold voltage, C,, the capacitance per
unit area of the oxide, and W and L the channel width and
length, respectively. Vyg is a voltage parameter related to the
steepness of the subthreshold characteristics of the TFT, y is
the mobility enhancement factor, and y is the mobility-related
parameter, its dimension is expressed as cm?/(V!*7s). In order
to provide a single value for the voltage dependent mobility, the
mobility is evaluated at Vgr = Vg — Vpr = 1V, thus u(Vgr = 1
V) = o in cm?/(Vs). This compact model is able to describe all
operation modes of the transistor: triode, saturation, subthresh-
old or even reverse biasing. The depletion region would require
the use of (2).

In case the parameters y, Vr, Vss and k” are known, the volt-
age in the contacts Vs (Ip, Vi) would be extracted by introduc-
ing the values of the experimental data (Ip, Vi, Vp) and the val-
ues of y, Vr, Vsg and &’ in (3):

Vs = Ve —Vr — Vi

1
(2552 + Vieopr(Vp)7+2) ™ 5)

X In [exp v -1
ss

However, as these parameters are not known a priori, model
(3) was lately redefined with the inclusion of a model for the
contact region [27]:

Vs = (’—D) ©)

where my, is a constant that indicates the grade of the observed
trend (from linear to quadratic, 1 < my < 2) in the triode region
of the OTFT [34] and the parameter M is usually gate voltage
dependent:

Mc = a(Vg — V)Y (7

The subthreshold regime is not considered in (7), but it can be
easily added by an asymptotically interpolation function, simi-
lar to that used in (3) for other field effect transistors [35-37].
The result is:

MC = CKVSS In (8)

%_WWW
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1+exp(

M coincides with the conductance of the contact region when
my = 1. The dependence of M with the threshold voltage



comes from two facts. The first one is through the gate volt-
age dependent carrier mobility (4), which is controlled with the
parameter y. The second one considers that the free charge den-
sity per unit area in the contact region o cousacr 18 lower but pro-
portional to the free charge density in the active channel o panner
(O contact = KT channet) With T cpannet = Cox(Vg — Vr). The propor-
tionality between the free charge densities at these two adjacent
regions is assumed, since there is no physical reason to believe
that the mobile charges in these two regions start appearing at
very different gate voltages, or follow very different trends, un-
less local non-uniformities were present just at the contact re-
gion. The value of the proportionality constant between these
two charge densities «, implicit in the value of @, was tested to
be sensitive to the contact material and temperature [27]. Over-
all, the application of the combined model (3), (6) and (7) can
be found in different kinds of OTFTs [38—46]. Nevertheless,
neither the model nor the sensitivity of the parameter M¢ to
illumination were previously tested.

2.2. Illumination

The current-voltage characteristics of OPTs under illumina-
tion are controlled by the photoconductive and photovoltaic
mechanisms. The photoconductive effect is detected when the
transistor operates in the depletion region. The photovoltaic
effect is observed in on-state and can be detected by a modifi-
cation of the value of the threshold voltage. The extension of
model for OPTs in dark (3)-(8) to illumination conditions needs
to include the influence of the incident light P on the parameters
1 B> VT and a.

Bulk current, I

In cut-off operation, the gate no longer controls the transis-
tor and the device performs as an organic semiconductor sand-
wiched between two contacts. In this region, the photoresponse
of the device is similar to that of photoresistors. The device
current Ips =~ Ip, the photo-generated charge carriers enhance
the conductivity of the bulk, and the current I shows a linear
increase with the optical power [12, 13, 16, 17, 47, 48]:

Ig = BiP + I, )

where Ip, is the bulk current in dark and §; controls the linear
increase of the bulk current with P.

Threshold voltage, V¢

When the OPT operates in conduction, including both sub-
threshold and over-threshold regions, the increase of the drain
current with illumination is linked to a modification of the
threshold voltage AVy. This modification can be associated
to an accumulation of trapped photogenerated charges at the
organic-insulator interface [49-51] or in layers close to the con-
tact regions [52], with a high concentration of defects and traps,
in which excitons are photogenerated and subsequently free
charges are separated. In the semiconductor bulk, far from these
layers and interfaces, the exciton recombination is high due to
the absence of high electric fields. For this reason, recent OPT

topologies involving bulk heterojunction (BHJ) composite of p-
type and n-type materials as channel layers provide additional
dissociation sites for the photogenerated excitons [10, 11]. The
variation AV7 is usually modeled as [53, 54]:

Vi = Vg = AVy: AVy = ‘ﬂln(l + ﬂ), (10)
q 1, Dd/’lV

where V5, and Ip, are the threshold voltage and the channel
current at dark conditions, respectively, k is the Boltzmann con-
stant, T is the temperature, ¢ is the magnitude of the electron
charge, n is the quantum efficiency associated with the absorp-
tion process in the channel, hv is the photon energy and A is
an empirical constant. The parameter A was first introduced in
[53] for studying High-Electron Mobility Transistors (HEMTs)
under illumination. It was defined as the ratio of the variation of
the threshold voltage in the transistor under illumination and the
variation of the barrier seen by free carriers at the source. The
lowering of the energy barrier at the source contact is attributed
to an accumulation of trapped photogenerated carriers in this
region, that was previously modeled for photodiodes [55].

It is remarkable how model (10), which initially was pro-
posed as a link between the variation of the threshold volt-
age of the HEMT and the barrier lowering at the source re-
gion, has been applied successfully to their organic counter-
parts [12, 13, 16, 17, 47, 48, 56, 57]. If such an important con-
nection exists between the variation of the threshold voltage of
the device and a possible barrier lowering at the contact region,
then the transistor models should include the dependence of the
contact region with illumination. In our model, it should be
included in the contact conductance M.

Contact conductance, M¢

We mentioned above that the free charge density in the con-
tact region is proportional to the free charge density in the chan-
nel (Teonract = KO channer) and also lower than it. On the one
hand, this means that both follow the same trend with V5 — Vr,
and thus, the photovoltaic effect is implicit in the model of the
contact region (6)-(8). On the other hand, the constant « being
less than one means that there is margin for the conductivity
of the contact region to be increased by modifying the tempera-
ture [27], the light intensity P, or any other physical or chemical
external variable. Intuitively, since the bulk of the organic ma-
terial is affected by the photoconductive effect, the contact re-
gion might also be affected. The photoconductive effect can be
clearly distinguished in the cut-off region when the conducting
channel and the photoconductive effect are negligible. How-
ever, this does not mean that the photoconductivity effect can-
not affect other operating regions of the device. As the pro-
portionality constant «, which is implicit in & [27], relates the
conductivity of the contact region and that of the channel, both
x and @ might be modulated by a linear function as described
by the photoconductive effect. In this regard, the parameter «
in (7)-(8) can be written as:

af:ﬂaP+a/0, (11)

where g is the value of @ in dark and 8, controls the linear
evolution of @ with the light intensity.



3. Evolutionary Parameter Extraction Procedure

Once the model for OPTs is described, in which both photo-
conductive and photovoltaic effects are included in the contact
model, a validation of this theory is necessary. For that purpose,
output and transfer characteristics are evaluated with our model,
aiming to reproduce published experimental measurements of
OPTs. In order to compare experimental and numerical results,
a parameter extraction procedure is necessary. Recently, the
compact model for OTFTs in dark was complemented with a
multi-objective [46] and a many-objective [30] evolutionary pa-
rameter extraction procedures. In this work, the many-objective
evolutionary parameter extraction procedure is used in com-
bination with an open source evolutionary tool called ECJ (A
Java-based Evolutionary Computation Research System) [58].

Our procedure is based on a set of experimental
data Ip =Ip(Vg,Vp,), where i€Z 1<i<g and
JEZ:1<j<d, and g and d are the total number of
discrete values of Vi and Vp, respectively. The numerical
estimation of Ip with (3) and (6), and the numerical estimation
of the voltage drop at the contact region Vs with (5) are named
E)(VG,., Vp,,x) and V;(VG,, Vb, x), respectively, where x refers
to the set of parameters needed to compute (3)-(7), and is
defined as an individual of the population:

x =k, Vr, Vss,m, Mc(Vg,), ..., Mc(Vi,)) (12)

where x; (€ Z : 1 <1< p) is a variable of an individual and
p = g + 5 is the length or number of variables of an individual
(12).

The evolutionary parameter extraction procedure solves a
many-objective problem (MaOP). In our MaOP, four objectives
have been defined for an individual (12):

(0y) to minimize the error between the experimental val-
ues of Ip(Vg,,Vp;) and their estimation from (3) and (6)
Ip(Vg,, Vp,, %);

(0O,) to minimize the error between the voltage drops at the
contact region Vs(Vg,, Vp,, x) described by (6) and their esti-
mation V;(VG,,, Vb, x) extracted from (5);

(03) to maximize the standard determination coefficient
RZ(VG[, x) of the linear fit of Mc'/0*?) with Vi, which extracted
from (7) is:

MCI/(1+7)(VG) — al/(1+y)VG _ al/(1+y)‘77; (13)

and (Oy4) to minimize the difference between Vr coded in x
(x3) and its estimation V7(Vg,, x) extracted from the linear fit
(13).

The Normalized Root Mean Squared Error (NRMSE) is used
to estimate errors (O;) and (0,)[59]:

NRMSE(y, §) = (14)

where y represents the data set that we want to accurately ap-
proximate, ¥ is the estimation of y, w is the number of data
samples in y, and y is the mean value of the complete data set y.

Thus our minimization MaOP, named O, is defined as O =
(04, 04, 03, 04), where

01(x) = NRMSE (Ip(Va,, Vi ), In(Vai» Vin,» %)),

02(x) =NRMSE (Vs (Vo V. 0). Vs (V.. Vo, 0))

03(x)=1 - R*(Vg,, %), (15)

04x) = |V (Vi) = 3| = [V 0 = Vi
VieZ:1<i<gVjeZ:1<j<d

Objective (Oy) allows us to accurately reproduce the experi-
mental output and transfer characteristics with our model, using
the parameters coded in (12). Objective (O,) checks whether
the trend of the Ip — Vs curves extracted from (5) along with
the parameters coded in (12) are physically valid. Objectives
(03) and (Oy4) are not mandatory [46], but serve as a guide in
the search process to those solutions that approach to the trend
given in (7).

Along with the MaOP definition (15), the procedure is com-
posed by some simple constraints (other constraints are implicit
in the search space definition) to converge to physically accept-
able solutions:

() Vs(Vg,, Vp,,x) 20
(i) Mc(Vg,) > 0.

A detailed explanation of our evolutionary parameter extrac-
tion procedure can be found in [30].

4. Results

Our model for OTFTs under illumination is now tested with
two sets of experimental data from different OPTs [17, 56].
Output and transfer characteristics were measured at different
light intensities in both sets of transistors. The procedure to
analyze the two OPTs is the same and is detailed below.

In the two cases, every set of output characteristics (Ip — Vp
curves), measured at a different illumination intensity, is ana-
lyzed separately from the rest. First, the values of the parame-
ters included in an individual of the population (12), that makes
model (3)-(7) fulfill objectives (Oy), (0,), (03) and (Oy), are
extracted. Note (i) that the extraction procedure is indepen-
dently applied to each set of experimental I, — Vp curves; (ii)
that equations (3)-(7) alone does not include any information
about the light intensity; and (iii) that equations (10)-(11) are
not used in the extraction procedure. The resulting values will
be shown in a Table. Second, the values of the parameters V7, «
and M¢(Vg,) are represented as a function of the light intensity.
Then, we will check whether the evolution of these parameters
with light intensity follow the trend proposed in (10)-(11). As
a final test, the results of the model are compared with transfer
curves measured at different light intensities.



Table 1: Parameter values of the NBBI OPT under different illumination conditions (k is in A/V2*?, V7 and Vsg in V and Mc(Vg,;) in A/NV™*),

X dark 50 mW/cm? 70 mW/cm? 80 mW/cm?
k 725x 10012 322x%x 10712 242 % 10712 229 %x 10712
y 250%x 101 250x 107" 2.50x 107" 2.50 x 107!
Vr 857x 10 —321x10"" -540x 10" —6.58 x 10*!
Vss 2.59 x 10*! 2.85 x 10*! 2.52 x 10*! 2.87 x 10*!
my 1.00 x 100 1.00 x 100 1.00 x 10*° 1.00 x 100
Mc(20V) 598x10™°  343x1078 - 6.87 x 1078
Mc(30V)  9.68x 1079 457 x 107 - 8.30x 1078
Mc(40V) 1.56x 1078 5.66x107%  7.79x 1078  9.37x 1078
Mc(50V) 234x10°8 6.64 x 1078 8.65x 1078 1.03 x 1077
Mc(60V)  322x10°8 7.62 x 1078 9.46 x 1078 1.13x 1077
Mc(70V) 4.14x10°8 8.37x 1078 1.07 x 1077 1.25x 1077
Mc(80V)  5.06x 108  927x10%  121x107  1.36x 1077
15 x10° 5 x10° 5 x10 5 x10
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Figure 2: Output characteristics and contact Ip — V¢ curves in NBBI OPTs: (a) under dark, and under illumination at (b) 50 mW/cm?, (¢) 70 mW/cm? and (d)
80 mW/cm?. Top side: Comparison of experimental Ip — Vp curves (X) and our calculations with (3) (solid lines). Bottom side: Comparison of Ip — V¢ curves
calculated with (5) () and (6) (solid lines). In (a), (b) and (d), Vi is swept from 20 (bottom) to 80 V (top) with a 10 V step. In (c), Vi is swept from 40 (bottom) to

80 V (top) with a 10 V step.

4.1. NNBI OPT

The first set of experimental data correspond to a naphtha-
lene bis-benzimidazole (NBBI) based OTFT designed as a pho-
totransistor [17]. The output and transfer characteristics mea-
sured by the authors under dark and at 50, 70 and 80 mW/cm?
white light intensities [17] are represented with symbols in Figs.
2 (top side) and 3, respectively. The transistor was fabricated
with a top contact/bottom gate geometry in order to detect vis-
ible light. The substrate was an indium tin oxide (ITO) coated
glass, which was patterned by etching with diluted HCI for a
bottom gate electrode. The gate insulator layer was made of
divinyl tetramethyl disiloxane-bis (benzo-cyclobutene) (BCB)
with a capacitance per unit area C,, = 1.73 nF/cm?. The
60 nm Aluminum (Al) (purity 99.9%) source and drain elec-
trodes were deposited by thermal evaporation under high vac-
uum (2 X 107® mbar) to obtain high quality ohmic contacts with

the NBBI thin films. The channel length is L = 40 ym and
the channel width W = 2000 um. The full protocols of the
electrode deposition, substrate cleaning and surface passivation
were given in Ref. [17, 60]. All current—voltage characteristics
of the fabricated OTFTs were measured in an inert gas atmo-
sphere.

Each set of Ip— V), curves of Fig. 2, corresponding to the four
different illumination intensities, is analyzed. The values of the
parameters included in an individual of the population (12), that
makes model (3)-(7) fulfill objectives (O)), (O3), (O3) and (O4)
are extracted and shown in Table 1. Figure 2 shows the best
fittings of objectives (Op) and (O,). The carrier mobility used
in the fitting is o = 4.2x1073, 1.9x1073, 1.4x1073, 1.3x1073
cm?/Vs under dark and at 50, 70 and 80 mW/cm? respectively.
The values of the carrier mobility extracted with our model are
consistent with those obtained in [17]. Our model, which in-



Figure 3: Comparison of experimental (symbols) transfer characteristics in sat-
uration regime (Vp = 80 V) of NBBI OPTs, and our calculations with (3) (solid
lines). Symbols: dark (black circles), illumination at 50 mW/cm? (red trian-
gles), 70 mW/cm? (green stars) and 80 mW/cm? (blue squares). Note that the
left y-axis is a log scale and the right y-axis is a linear scale for the same Ip
values.
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Figure 4: (a) Extracted values of AV (circles) and the trend of AVy with illu-
mination according to (10) (solid line). (b) Extracted values of MC(VG,)I/ a+y)
(symbols) and its fitting with (13) (solid lines). (c) Extracted values of & from
(13) (circles) and the trend of @ with illumination according to (11) (solid line)
for the NBBI OPT.

cludes the contact effects, provides more realistic values than
those obtained with the ideal MOS model [40, 46]. Also note
that the value of the mobility o decreases slightly from dark to
illumination conditions as observed in [49, Fig. 6]. This slight
decrease can be linked to the increment of charge carrier con-
centration with illumination. At high charge carrier concentra-
tions, the effect of the energetic disorder disappears and the mo-
bility decreases slightly due to the lower density of unoccupied
states available for the hopping transport [61].

The extracted values of the parameters Vy, Mc(Vi,) and a
are represented with symbols as a function of the light intensity
in Fig. 4a, Fig. 4b and Fig. 4c, respectively. The solid line in
Fig. 4a represents the fitting with (10) with A = 3.46 x 10%,
n/Ipg = 2.57T A7', hv = 2.48 eV. Fig. 4b shows the fulfillment

of objectives (O3) and (O4). The solid lines in Fig. 4b are the
fittings with (13), in which the values of V; are practically the
same to those found in Table 1. On average, the error between
the values of V7 and Vy is less than 5.5%. Finally, the solid line
of Fig. 4c represents the fitting with (11) using 8, = 2.85x% 10°10
A cm?/( VP W) and ag = 2.45 x 10710 A/ V22

The good agreement shown in Fig. 2 between the experimen-
tal (symbols) and estimated (solid lines) I, — Vp curves is cor-
roborated in Fig. 3 with a good fitting of experimental transfer
curves measured at different illumination conditions (symbols)
and our estimation (solid lines).

4.2. EHPDI OPT

A second test of our model is done with [N,N’-di(2-
ethylhexyl)-3,4,9,10-perylene diimide] (EHPDI) based OPTs
[56] with a top contact/bottom gate geometry and BCB as gate
insulator with a capacitance per unit area C,, = 1.73 nF/cm?.
The output and transfer characteristics, measured by the authors
under dark and at 70, 79.2 and 91.06 mW/cm? white light inten-
sities [56], are represented with crosses in Fig. 5 (top side) and
Fig. 6, respectively. Al metal electrodes (purity 99.9%) with a
thickness 60 nm were deposited on the EHPDI active layer by
using the vacuum evaporator under 2 X 10~ mbar. The channel
length is L = 40 ym and the channel width W = 2000 um. The
full protocols of the substrate cleaning, and surface passivation
were given in Ref. [56]. The electrical characterization of the
fabricated device was conducted in an inert gas atmosphere in-
side a glove box.

The evolutionary procedure is applied to each set of Ip — Vp
curves of Fig. 5, corresponding to the four different illumina-
tion intensities. The values of the parameters used in the calcu-
lation to fulfill objectives (O1), (O7), (O3) and (Oy) are extracted
and shown in Table 2. Figure 5 shows the best fittings of ob-
jectives (O;) and (O;), in which a good agreement between the
experimental (symbols) and calculated I, — V) curves (lines)
is observed and the extracted contact curves Ip — V¢ (symbols)
show a good physical meaning.

Once again, the good agreement observed in Fig. 5 between
the experimental (symbols) and calculated (solid lines) Ip, — Vp
curves is reinforced with the fitting of transfer I, — Vi curves in
Fig. 6 (symbols for the experimental data and solid lines for our
calculations). The filled symbols correspond to values taken
from the output characteristics. These filled symbols are rep-
resented to indicate possible errors in the measurements due to
factors not considered in the model, such as dynamic or hystere-
sis effects. It is clear that our calculations fit better the values
taken from the output characteristics, in which the extraction
procedure is carried out. In any case, it is remarkable how the
whole experimental Ip — V; curves are reproduced with our cal-
culations, including the one shown with diamonds in Fig. 6(a),
which was measured under illumination at 56.4 mW/cm? (note
that no output characteristics were analyzed at this illumination
intensity).

The carrier mobility used in the fittings is gy = 2.4x1073,
6.1x107%, 6.0x107*, 5.9%10~* cm?/Vs under dark and at 70,
79.2 and 91.06 mW/cm?, respectively. These values are deter-
mined at Vg7 = 1 V. At other values of Vg7, the mobility can



Table 2: Parameter values of the EHPDI OPT (k' is in A/V2*?, V7 and Vsg in V and M (Vi) in A/V™) under different illumination conditions.

X dark 70 mW/cm?  79.2 mW/cm?  91.06 mW/cm?
k 4.14%x 10027 1.04x 10712 1.04 x 10712 1.0l x 10712
y 250x 107 2.50x 10" 2.50% 107! 2.50 x 107!
Vr 1.23x 10" -6.81 x 10" —7.06 x 10™! —7.07 x 10*!
Vgs 1.70 x 10*! 2.06 x 10*! 2.26 x 10*! 1.94 x 10*!
my 1.00 x 100 1.00 x 100 1.00 x 100 1.00 x 100
Mc20V) 6.08x10710  277x 1078 2.97x 108 337 x 108
Mc(BOV) 140x10°  330x10°° 347 x 1078 391 x 1078
Mc@OV) 233x107°  3.68x10°°  3.95x 1078 4.41 % 1078
Mc(50V) 3.36x107° 4.01x 1078 428 x 108 4.82x 1078
Mc(60V)  4.69x107° 452 x 1078 4.74 x 1078 536 x 1078
Mc(70V)  6.19x%x107° 4.92x 1078 520x%x 10°® 5.83x 1078
McB0V)  7.60 x 107° 5.43 x 1078 5.70 x 108 6.47 x 1078
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Figure 5: Output characteristics and contact Ip — V¢ curves in EHPDI OPTs: (a) under dark, and under illumination at (b) 70 mW/cm?2, (¢) 79.2 mW/cm? and (d)
91.06 mW/cm?. Top side: Comparison of experimental Iy, — Vp curves (x) and our calculations with (3) (solid lines). Bottom side: Comparison of Ip — V¢ curves
calculated with (5) (x) and (6) (solid lines). In (a)-(d), Vi is swept from 20 (bottom) to 80 V (top) with a 10 V step.

increase one order of magnitude, in agreement with values ob-
tained for other PDI based polymers [62, 63]. Again, a decrease
of up with P is observed.

The extracted values of the parameters Vr, Mc(Vi,) and a are
represented with symbols as a function of the light intensity in
Fig. 7a, Fig. 7b and Fig. 7c, respectively. The solid line in Fig.
7a represents the fitting with (10) with A = 4.41 X 10%, 57/Ipg =
4.28 x 10* A™!', hv = 2.48 eV. Fig. 7b shows the fulfillment
of objectives (O3) and (O4). The solid lines in Fig. 7b are the
fittings with (13), in which the values of V7 are practically the
same to those found in Table 2. On average, the error between
the values of V7 and V7 is less than 0.3%. Finally, The solid line
of Fig. 7c represents the fitting with (11) using 8, = 9.30x1071°
Acm?/(V>P W)and ap = 3.84 x 10711 A/ V22,

4.3. Discussion
The excellent fittings of Figs. 4a, 4b and 4c, for the NBBI
transistor, and of Figs. 7a, 7b and 7c, for the EHPDI transistor,

show that the values extracted for the parameters Vr, Mc(Vg,)
and «, obtained separately for each value of the illumination
intensity, follow the trends predicted with our model. These fit-
tings clearly indicate that the contact region of the phototransis-
tor is highly sensitive to the photoconductive and photovoltaic
effects.

The photovoltaic effect controls the electrical performance
of both the intrinsic channel and the contact region when an
accumulation channel exists along the transistor. It is detected
with changes in the value of the threshold voltage. The pho-
toconductive effect controls the conductivity of the contact and
bulk regions of the semiconductor. Formerly, it was detected
in the cut-off region by measuring the remnant current /z. In
our work, we have seen that it can also be detected analyzing
the evolution of parameter o with the light intensity. In order
to quantify how the photoconductive effect affects the contact
region, we determine the value of the contact resistance at the
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Figure 6: Comparison of experimental transfer characteristics in saturation
regime (Vp = 80 V) of EHPDI OPTs (symbols) and our calculations with (3)
(solid lines): (a) under dark (circles) and under illumination at 56.4 mW/cm?
(diamonds), (b) 70 mW/cm?, (c) 79.2 mW/cm? and (d) 91.06 mW/cm?.The
filled symbols correspond to values taken from the output characteristics.
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Figure 7: (a) Extracted values of AVr (circles) and the trend of AVr with illu-
mination according to (10) (solid line). (b) Extracted values of Mc(VGi)”(”V)
(symbols) and its fitting with (13) (solid lines). (c) Extracted values of & from
(13) (circles) and the trend of @ with illumination according to (11) (solid line)
for the EHPDI OPT.

cut-off region from (8) (Rc = 1/M¢, if my = 1). Then, this
value is compared with the total resistance seen between source
and drain also at the cut-off region:
Vb
Rrotat = Repannet + Re = — (16)
Ig
where R el 18 the equivalent resistance of the intrinsic chan-
nel in the subthreshold region. This comparison is carried out at
different light intensities, with the transistor in deep subthresh-

R ()

10° : : : :
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Figure 8: Evolution with illumination of the total resistance between source and
drain (contact resistance plus channel resistance) (solid line) and the contact
resistance (dashed line) determined in the subthreshold region (Vg = -80 V,
Vp = 80 V) for (a) NBBI and (b) EHPDI based OPTs.

old (Vg = —80 V) and the value of Vp is the one used in the
transfer characteristics of Figs. 3 and 6.

The solid lines of Figs. 8a and 8b show the total resistance
R7ow of the NBBI and EHPDI transistors, respectively, as a
function of the light intensity, introducing the experimental val-
ues of Iz and Vp in (16). The value of the total resistance is
one order of magnitude greater than the value of the contact
resistance calculated from (8) (dashed lines). A typical con-
tact length below 100 nm, as deduced by noncontact scanning-
probe techniques [23], would produce a lower contact resis-
tance. Thus, morphological differences between the bulk and
contact region must play an important role in increasing the
value of the contact resistance. Also, it is remarkable how the
contact resistances decrease with illumination. In Fig. 8a, R¢
decreases around 12% from dark to illumination (hard to distin-
guish in the figure). However, the decrease of R¢ in Fig. 8b is
greater and follows the same trend as the total resistance. This
comparison shows how sensitive our model is to determining
the value of the contact resistance even in the cut-off regime of
the transistor.

5. Conclusion

A model that describes how the contact region of organic
phototransitors evolves with the incident optical power has been
proposed. This model was included into a compact model for
the current-voltage characteristics of OPTs, valid for all oper-
ation regions. The compact model works in combination with
an evolutionary parameter extraction procedure that allows to
reach parameter sets with physical meaning. The model repro-
duces published experimental current-voltage curves in OPTs



at different illumination conditions. Our study shows that the
contact region of phototransistors is very sensitive to the photo-
voltaic and photoconductive effects. Therefore, compact mod-
els for phototransistors must include not only information about
the contact region, but also how the contact region depends on
the illumination intensity.

While contact effect in organic thin film transistor persists
as a problem to be solved in these devices, models must incor-
porate this effect. In this regard, the way other OTFT based
sensors react to different physical or chemical variables can be
better understood with a better description on how the contact
region depends on such variables, being this a topic for a future
work.
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