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PEDOT: PSS thin films are widely used as transparent coatings in flexible semiconductor devices including solar cells. However, they
are not widely used as transparent coatings in combination with crystal substrates. This work shows the possibility of using PEDOT:PSS
thin films as a frontal transparent conducting layer in hybrid organic-inorganic Schottky type heterojunctions of the
PEDOT:PSS/n-CdTe, which were prepared by deposition of PEDOT:PSS thin films (using the spin-coating method) on crystalline
cadmium telluride substrates. The current-voltage (in a wide temperature range) and capacitance-voltage (at room temperature)
characteristics of heterojunctions were measurement and analyzed. It has been established that PEDOT:PSS/n-CdTe heterojunctions
have good diode properties with a high rectification ratio RR=10°, a potential barrier height go = 0.95 €V, and series Rs = 91 Ohm and
shunt Ry = 5.7 x 107 Ohm resistances. Analysis of the forward branches of the /-V characteristics of heterojunctions showed that the
dominant charge transfer mechanisms are determined by the processes of radiative recombination at low biases (3kT/e <}'<0.3 V) and
tunneling through a thin depleted layer at high biases (0.3 V <}/ <0.6 V). Capacity-voltage characteristics are plotted in the Mott-
Schottky coordinate, taking into account the influence of series resistance, measured at a frequency of 1 MHz. Used the C-V
characteristic was determined the value of the built-in potential Ve = 1.32 V (it correlates well with the cutoff voltage determined from
the current-voltage characteristics) and the concentration of uncompensated donors in the n-CdTe substrate Np-Na = 8.79 x 10'4 ¢cm3.
Although the photoelectric parameters of unoptimized PEDOT:PSS/n-CdTe heterojunctions are low, their photodiode characteristics
(Detectivity D*> 10'3 Jones) are very promising for further detailed analysis and improvement. The proposed concept of a hybrid
organic-inorganic heterojunction also has potential for use in inexpensive y- and X-ray detectors.
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For a long time, many scientific laboratories have been developing the technology to obtain high-quality crystals of
cadmium telluride CdTe and study their physical properties. This material attracts materials scientists and device
engineers involved in the development of new types of semiconductor devices for various applications.

Cadmium telluride (CdTe) is a direct-gap semiconductor of the A'B"! group with a wide bandgap of 1.49 eV at 300
K [1,2]. Currently, CdTe semiconductor crystals find their application in different optoelectronic devices: solar cells,
lasers, photoresistors, and ionizing radiation detectors [3-5].

Among the conductive polymers, PEDOT:PSS (polyenidoxythiophene) is widely used in organic and hybrid
perovskite optoelectronics [6,7]. It can also replace transparent conductors such as ITO or FTO and is widely used on
flexible substrates [8-10]. This degenerated p-type organic semiconductor is particularly interesting due to the synergy of
its optical and electrical properties with the advantages of simple, low-cost solution processing.

So far, PEDOT:PSS films were used to fabricate ohmic back contacts to CdTe thin-film solar cells [11]. This is
possible because of the large work function of PEDOT:PSS films close to that of p-type CdTe.

This contribution is the first to report on employing PEDOT:PSS thin films as the front transparent functional layer
in a Schottky-type hybrid organic-inorganic heterojunction PEDOT:PSS/n-CdTe.

EXPERIMENTAL DETAILS

The heterojunctions were fabricated by spin-coating PEDOT:PSS water suspension at room temperature on freshly
cleaved n-CdTe substrates (3.5%3.5x0.7 mm?) at 2000 rpm. Afterward, the samples were annealed in air at the temperature
of 370 K.Properties of the CdTe crystals are described in our previous paper [12].

The front electric contact to the PEDOT:PSS thin films was formed by using a graphite conductive paste. During
the formation of the back electrical contact to the single-crystal n-CdTe substrate, a copper layer was deposited via the
reduction from an aqueous solution of copper sulfate, followed by the thermal evaporation of indium [13].

A schematic representation of the fabricated photosensitive hybrid organic-inorganic heterostructures
PEDOT:PSS/n-CdTe is shown in Figure la. The energy diagram of the PEDOT:PSS/n-CdTe heterojunction, built
according to the Anderson model [14] is shown in Figure 1b. The energy parameters of the semiconductor components
of the heterojunction were taken from the literature [5,14-17].
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The current-voltage characteristics of the heterojunctions were measured according to the standard method using a
Keysight B2985A precision Femto/pico-amperemeter in combination with a voltmeter Agilent 34410A. The measurements
of the capacitance-voltage (C—V) characteristics of the heterojunctions were completed by an LCR Meter BR2876.
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Figure 1. a) a schematic representation of the PEDOT:PSS/n-CdTe heterojunction photodiode; b) energy diagram of the
PEDOT:PSS/n-CdTe heterojunction at zero bias: E"FPOTPSS= 1.6 eV, yreporpss = 3.6 €V, Apeporpss = 5.1 €V, Eg%T¢ = 1.5 eV,
ycare =4.28 eV, Acare = 4.38 eV App EPOTPSS = 0.1 eV, AunC4Te=0.1 eV, 4E.=0.68 eV, 4E,=0.58 eV, po=0.72 eV.

RESULTS AND DISCUSSIONS
Electrical properties of the PEDOT:PSS/n-CdTe heterostructures
Figure 2a reveals dark current-voltage characteristics of the hybrid heterojunctions PEDOT:PSS/n-CdTe. The work
function difference between the PEDOT:PSS (5.1 eV) [17] and n-CdTe (4.38 eV) [5] resulted in a potential barrier for
charge transport at the heterojunction interface with a high rectification ratio RRay = 10°.
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Figure 2. a) I-V characteristics of the PEDOT:PSS/n-CdTe heterojunctions (the inset: temperature dependence of the potential-
barrier height); b) Forward branch of the /-V characteristics in a semi-logarithmic scale, taking into account the effect of series and
shunt resistance; ¢) The tunneling current transport through the heterojunction under investigation at reverse bias.
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Extrapolating the linear parts of the /-V characteristics towards their interception with the voltage axis allows to
determine the height of the potential barrier at the PEDTO:PSS/n-CdTe heterojunction interface at different temperatures
@0 = eV, where Vy,; is the built-in voltage, (see the inset in Fig. 2a). We have found that the temperature dependence of
the potential-barrier height at the PEDOT:PSS/n-CdTe heterojunction is well described by the linear equation [12]:

$(T)=¢,(0)-5,-T, (1)

where 8, = -3.5 - 103 eV/K is the temperature coefficient of the potential-barrier height and ¢y(0) = 1.98 €V is the
potential-barrier height of the investigated heterojunction at the absolute zero temperature.

The series resistance R;= 91 Ohm and shunt resistance Ry=5.7-10" Ohm of the organic-inorganic heterojunction
photodiode PEDOT:PSS/n-CdTe were established from the voltage dependence of its differential resistance R at room
temperature [18,19].

Charge transport mechanisms

Figure 2b shows the forward branches of the /-V characteristics of the hybrid PEDOT:PSS/n-CdTe heterojunction
in the semi-logarithmic scale In[/-(V-IR,)/Rg] = f (V-IR;). The plot consists of two linear sections, that indicates an
exponential dependence of current on voltage and the presence of two dominant charge transport mechanisms within the
considered voltage range. The values of the ideality factor n (AIn[/-(V-IR)/R]/A(V-IRs) = e/nkT) [20,21] for two voltage
regions are shown in Figure 2b.

First, consider the voltage range (3k7/e<V’<0.3 V). In this range, the measured /~V characteristics can be governed
by the standard equation, which takes into account the effect of the series R, and shunt Ry, resistance [22]:

I=1,|exp w -1 +V_[R.s-(T) @
° kT R,(T)

where [y is the saturation current, # is the ideality factor, & is the Boltzmann constant and 7 is the absolute temperature.
The value of the nonideality factor changes from 1 to 2 with increasing temperature, which suggests that the current
in this voltage range is well described by the emission-recombination model of current transport [15,20].
Now let us consider linear sections in the voltage range V> 0.3 V. The large nonideality factor n> 2 provides
evidence on the tunneling model of charge transport. At large forward bais the space charge region becomes thin enough
for direct tunneling and the /-V characteristics are well described by the Newman formula [12,14]:

I=1I exp()/T)exp[a(V—IR‘v)] =1, exp[a(V—IRs)] , 3)

where [=2.3 - 102 A, a=11.8 €V, y = 3.7 -10 K"'are constants.

In the case of an abrupt junction, the expression for the tunneling current at reverse bias has the form (4). Therefore,
according to equation (4), the appearance of the reverse branches of the I-V characteristics as straight lines in the
coordinates InZ,., = fl(po - gV) "> (Figure 2c) confirms the dominance of the tunneling mechanism of current transport at
reverse bias [23].

bO
1., = a,exp [W] “)

where ay and by are the voltage-independent parameters.
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Figure 3. a) /-V characteristic of the PEDOT:PSS/n-CdTe heterojunction in the dark and under the white light illumination with the
intensity of 80 mW/cm?; b) voltage dependence of responsivity (R). The inset reveals the voltage dependence of detectivity (D*).
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Photoelectric properties
Figure 3a reveals the dark and light /-V" characteristics of the hybrid heterojunction PEDOT:PSS/n-CdTe. The
photovoltaic parameters of the heterojunction are the following: open-circuit voltage V,. = 0.47 V, short-circuit current
L= 1.3 mA/cm?, and fill factor FF = 0.31 under white light illumination with the intensity of 80 mW/cm?.

The photodiode characteristics of the heterojunction can be quantified via its responsivity (R) and detectivity (D)
in the shot noise-limited case [24,25]:

R :(Ilight - Idark)/Pupt; (5)
D*:(RS/zq[dark)I/Zn (6)

Where S is the photodetector area.

The responsivity R increases at larger reverse bias due to the widening of the depletion region, thus, improving the
efficiency of separating photoinduced charge carriers (see Fig. 3b). The specific detectivity D describes the normalized
radiation power required to obtain a signal from the photodetector at the noise level, remains relatively constant within
the all tested range of reverse bias due to the counter compensating between the increasing /4.« and increasing R.

C-V characteristics
Figure 4a shows the capacitance-voltage characteristics of the hybrid heterojunction PEDOT:PSS/n-CdTe, the
measurements were carried out at room temperature, in the frequency range 20 kHz - 1 MHz in the parallel RC circuit
mode, the alternating current amplitude was 20 mV. Since part of the applied DC bias is dropped across the series
resistance, so its effect was accounted for as follows: V.,,.=V-IR.
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Figure 4. a) C-V characteristics of PEDOT:PSS/n-CdTe heterojunction at room temperature b) C-V characteristics in Mott-
Schottky coordinates; c) Mott-Schottky dependence, measured at the frequency of 1 MHz: measured capacitance Cy, corrected
capacitance by the effect of the series resistance C.

Let us consider the frequency dependence of the measured capacitance-voltage characteristics. It was shown in
[26,27] that surface and bulk traps affect the measured capacitance C,, only at low frequencies while they can still follow
the AC test signal. Thus, measuring C-V characteristics at high frequencies can mitigate the excessive capacitance
originated from charging and discharging traps. At the same time, the series resistance parasitic contribution to the
measured capacitance becomes more apparent with the increase of frequency (Fig. 4a). Therefore, the increase of the
slope of the Mott-Schottky dependence in the frequency range 20 — 500 kHz dominantly results from the reduced
capacitance originated from the charging-discharging surface and bulk traps. However, in the high-frequency range 500

kHz — 1 MHz, the parallel shift of the Mott-Schottky dependence is caused almost purely by the parasitic effect of the
series resistance (Fig. 4b).
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Since the effect of traps is negligible at the high frequency of 1 MHz, it is possible to analyze the C-V characteristics
in this frequency range using a simplified equivalent circuit (the inset in Fig. 4c). The barrier capacitance of the
heterojunction is calculated using the following formula, which accounts for the parasitic effect of the series resistance
on measured high-frequency capacitance[27]:

%
C2 2R - \/(cj ~2R%*) ~4R'o*

= R0 : Q)

Plotting the high-frequency Mott-Schottky dependence, corrected by the effect of the series resistance (Fig. 4c),
allows proper analysis of the height of the potential barrier and the concentration of uncompensated donor centers in the
CdTe substrate. By extrapolating the linear part of the corrected Mott-Schottky dependence toward the intersection with
the voltage axis, we determine the value of the built-in potential V. =1.32 V that is in good agreement with the value of
the built-in potential determined from the /-V characteristic of the heterojunctions V= 1.32 V.

According to the Donelly-Milns model [28], this is clear evidence of a high-quality heterojunction interface between
the PEDOT:PSS layer and the n-CdTe substrate without charged interface defect states.

Having taken into account that the space charge region is almost entirely located in the CdTe substrate, the voltage
dependence of the barrier capacitance can be expressed by the following equation [13]:

2
e e,N,—N,

C:S\/Z(%—e(V—IRX)) : ®

Where S is the area of the heterojunction.
The density of uncompensated donors can be determined from the slope of the Mott-Schottky dependence [13]:

2
. ACE ©)
S’eg g, —————
AV —IR)

The determined densities of uncompensated donors in the base material for linear regions at a reverse bias
(Figure 4c) are 8.79x10'" cm™3,

N,-N,=-

CONCLUSION

The possibilities of using solution-processed PEDOT:PSS thin films for the fabrication of photosensitive hybrid
organic-inorganic heterojunctions PEDOT:PSS/n-CdTe were experimentally revealed in this study.

It was established that PEDOT:PSS/n-CdTe heterojunctions possess quite decent diode properties with a high
rectification ratio RR = 10°, the height of the potential barrier gy = eV = 0.95 eV and the values of the series R, =91 Q
and shunt resistance Ry, = 5.7 - 107 Q.

The analysis of the forward branches of the /-V characteristics of the heterojunctions has shown that the dominant
mechanisms of charge transport are defined by emission-recombination processes at a low bias (3k7/e <V <0.3 V) and
tunneling through the thin depletion layer at large bias (0.3 V<7V <0.6 V).

Mott-Schottky dependence, measured at the frequency of 1 MHz and corrected by the effect of the series resistance,
was used to determine the built-in potential V. = 1.32 V (in good correlation with the cut-off voltage of the measured /-V
characteristics) and the concentration of uncompensated donors in the n-CdTe substrate Np-Na = 8.79x10' ¢cm ™.

Although the photovoltaic parameters of the unoptimized PEDOT:PSS/n-CdTe heterojunctions are low, their
photodiode performance is quite promising for further detail analysis and improvement. The proposed concept of a hybrid
wide-bandgap organic-inorganic solution-processed Schottky-type heterojunction also has potential for applications in
low-cost y- and x-ray detectors [29].
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EJIEKTPUYHI TA ®OTOEJEKTPUYHI BJIACTUBOCTI OPTAHIYHO-HEOPI'TAHIYHUX
TETEPOIIEPEXO/IB PEDOT:PSS/n-CdTe
I'.I1. llapxomenko?®, M.M. CosoBan?, A.I. Mocrosnii®, I.T'. Opsiennkuii®, B.B. bpyc?
“Kagheopa enexmponixu i enepeemuru, Yeprieeyvruil Hayionanvhuil ynisepcumem imeni FOpis @edvkosuua
58012, Yepnisyi, Yrkpaina
bKageopa ¢izuxu, Yuisepcumem Hasapbacea, 010000, Hyp-Cynman, Kasaxcman

Tonki misku PEDOT:PSS 3naiinmm mmpoke BUKOPUCTaHHS B IKOCTI IPO30PHX IOKPHUTIB B THYYKHX HAIIBIPOBIIHUKOBUX MpHIIafax
B TOMY YHCJI COHSYHHX eJleMeHTax. [IpoTre BOHM JOBOJII Maj0 BUKOPHCTOBYIOCS B SIKOCTI MPOCBITIIOIOYNX OKPUTTIB B ITO€AHAHHI 3
KPHUCTAITIYHUMU IiAKIagkaMu. B naniit po6oTi moka3aHo MOXJIMBICTh BUKOpUcTaHHs ToHKHX 1iBok PEDOT: PSS sk ¢ponTansHoro
IIPO30POro MPOBIHOTO HIAPY B TiOPUAHUX OpraHidHO-HeopraHiyHux rereponepexonax tumy llortki PEDOT: PSS/n-CdTe, siki Oynn
BUTOTOBJICHI IUISIXOM HaHeceHHs TOHKUX iiBok PEDOT: PSS (BUKOPHCTOBYIOYM METOA CHIHKOYTHHIY) Ha KPUCTAIIIUHI ITiKIIaIKH
Tenypuay Kaamito. BumipsHo Ta mpoaHanizoBaHO BOJIbT-aMIIEpHi (B IIMPOKOMY Jiala3oHi Temiiepatryp) Ta BoibT-¢hapaiHi (pu
KIMHATHI TeMIlepaTypi) XapaKTepUCTUKU TeTeporiepexoniB. Beranosneno, mo rereponepexonu PEDOT: PSS/n-CdTe Bonomirots
XOPOIIMMH JTOJHMMH BJI4CTMBOCTAMH 3 BHCOKHM KoedimientoM BumpsmieHHs RR~10°, BHCOTOI0 mOTeHmianbHOro Oap'epy
00 = 0,95 eB Ta 3uHaueHHsMu 1OCTINOBHOTO Ry =91 Om i mynryrouoro Rg = 5,7 x 107 Om onopis. Ananiz npsmux rinok BAX
reTepoIepexo/IiB MOKa3as, 1[0 JOMIHYI0Ui MEXaHI3MH IIepPEeHOCY 3apsay BU3HAYAIOTHCS MIPOLECaMH BHIIPOMIHIOBAILHOT pekoMOiHaIIil
npu Manux 3mimensx (3kT/e <V <0,3 B) ta TyHemoBaHHs Yepe3 TOHKHH 30igHeHuit map npyu Beaukux 3mimensx (0,3 B <1<0,6 B).
BonbT-apaTHi XapakTepucTuky modynosaHi B kopauHatax Motra-11IoTTKi 3 BpaXyBaHHSAM BIUIMBY IIOCIIIIOBHOTO ONOPY, BUMIpSHI
mpu vactoti 1 MI'y. 3 BOX Gyno Bu3HaueHo BeauurHy BOygoBaHoro noreHuiany Ve= 1,32 B (ska mobpe Kopemroe 3 Hampyroro
BiJICIYKM BH3HAYCHOIO 3 BOJBT-aMIIEPHHUX XapaKTEPUCTHK) Ta KOHICHTPALII0 HE3KOMIIEHCOBAaHUX MOHOPIB y miakmaami n-CdTe Np-
Na =38,79 x 10 cm3. Xoua Qoroenexrpuuni napamerpu HeonmTumizoBauux reteponepexoniB PEDOT:PSS/n-CdTe Husbki, ix
(poTonionHi XapakTepUCTUKHU (JeTeKTHBHICTL D™> 10'3 JI3KO0HC) € J0CHTD IEPCIEKTUBHAMM JUIs TTOAAJIBIION0 IETAILHOIO aHaNi3y Ta
BIOCKOHAJICHH. 3alpOIIOHOBAaHA KOHIIETIIiS TIOPHIHOTO OpraHiqHO-HEOPTaHIiqHOTO TeTeporepexony Tuiy aioaa IIoTTki, Takox Mae
TIOTEHI[IaJ AJIsI 3aCTOCYBAHHS B HEOPOTUX Y- Ta PEHTTEHIBCHKUX JETEKTOpax.

Kuarwuosi ciosa: PEDOT:PSS, CdTe, rereporepexif, GoTOIETEKTOP, MEXaHI3MU CTPYMOIICPEHOCY .





