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In this work, we analyzed the temperature dependence of the current-voltage characteristics of the structure of glass/Mo/p-SbaSes/n-
CdS/In. From an analysis of the temperature dependences of the direct branches of the I-V characteristic of the heterojunction, it was
established that the dominant mechanism of current transfer at low biases (3kT/e<V<0.8V) is multi-stage tunneling-recombination
processes involving surface states at the SbaSes/CdS interface. At V>0.8 V, the dominant current transfer mechanism is Newman
tunneling. In the case of reverse bias (3kT/e<V<1.0 eV), the main mechanism of charge carrier transfer through a heterojunction is
tunneling through a potential barrier involving a deep energy level. At higher reverse voltages, a soft breakdown occurs.
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INTRODUCTION

Currently, researchers are paying special attention to chalcogenide binary compounds such as Sb,Ses, Sb,Ss, and
their solid solutions Sb(Sx,Se;.x)3 (chemical formula Sb,X3) as absorbing layers for solar cells [1]. This interest is due to
their favorable physical properties, including p-type conductivity, a band gap (Eg) of 1.1 to 1.8 eV, a high absorption
coefficient (0. > 10° cm™! in the visible region of solar radiation), a low melting point (Sb.Ses: 823 K, Sb,Ss;: 885 K), and
high partial pressure, which are very similar to the properties of Cu(In,Ga)(Se,S) [2]. Additionally, the constituent
elements of these materials are relatively inexpensive, abundant in nature, stable under external influences, and
non-toxic [3]. These characteristics make it possible to produce environmentally friendly and efficient solar modules,
paving the way for their large-scale industrial production.

At present, the efficiency of thin-film solar cells using Sb,X3 compounds ranges from 3% to 10.57% [4]. Although
these efficiencies are low for large-scale industrial applications, similar to CdTe and Cu(In,Ga)Se-based solar cells, the
theoretical maximum efficiency of Sb,Se; solar cells is approximately 32.23% (Shockley-Queisser limit) [5]. Therefore,
there is significant potential to improve the efficiency of these solar cells, which have not yet reached their theoretical
maximum. The calculated limit values for open-circuit voltage (Uoc), short-circuit current (Isc), and fill factor (FF) for
Sb,Se; solar cells are Uoc = 0.935 V, Isc = 39.99 mA/cm?, and FF(%) < 87.7%, respectively [5]. To date, the parameters
for SbySes solar cells have achieved the following values: Uoc = 0.467 V, Isc = 33.52 mA/cm?, and FF(%) < 67% [6].
Over the past six years, there has been a slight increase in open-circuit voltage and fill factor values. Further improvements
in solar cell efficiency can be achieved by increasing these parameters.

In our previous studies, we examined the structural and morphological properties of Sb,Se; films obtained by
chemical molecular beam deposition (CMBD) from Sb,Ses; powders at different substrate temperatures. The results
showed that all films were enriched in antimony, exhibited an orthorhombic structure with predominant orientations (120)
and (221), and had crystallite sizes ranging from 200 to 300 nm [7-9].

This study investigates the charge transfer mechanism in thin-film Sb,Ses/CdS heterostructures, which primarily
determines critical solar cell parameters such as short-circuit current and open-circuit voltage.

EXPERIMENTAL PART

Using the method of chemical molecular beam deposition (CMBD), Sb,Se; films (2-3 pm thick) were obtained on
glass substrates with a molybdenum coating. The process of obtaining Sb,Ses solid solution films by the CMBD method
is described in detail in [10—12]. Subsequently, thin CdS films (80—-100 nm thick) were deposited onto the surfaces of the
glass and glass/Mo/ substrates using vacuum deposition. These structures were used to fabricate thin-film
glass/Mo/Sb,Se3/CdS/In heterostructures.

To enhance the electrical and photovoltaic properties, heat treatments were performed on the
glass/Mo/Sb,Se3/CdS/In thin-film heterostructures in pure argon at a temperature of approximately 200°C for 30 minutes.
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Indium contacts were then deposited on the front side of the glass/Mo/Sb,Ses/CdS/In heterostructures via vacuum
deposition. To further improve the front contacts, additional thermal annealing was conducted at a temperature of
approximately 200°C for 20 minutes in argon.

The current-voltage characteristics of the glass/Mo/Sb,Se3/CdS/In heterostructures were measured using a Keithley
SM2460 device. Additionally, the temperature dependences of the current-voltage characteristics at low temperatures
(80-300 K) were measured using the van der Pauw method.

RESULTS AND DISCUSSION
Figure 1 shows the forward I-V characteristics of the anisotype p-Sb,Ses/n-CdS heterojunction measured at different
temperatures. By extrapolating the linear sections of the I-V characteristic to the intersection with the voltage axis, the
potential barrier height of the heterojunction at different temperatures was determined (see inset in Fig. 1). It was found
that the temperature dependence of the potential barrier height of the p- Sb,Ses/n-CdS heterostructure is well described
by the equation:

®o(T) = ¢ (0) = B, (T)T, @)

where 8, = 5.5 X 1072 eV - K1 is the temperature coefficient of the potential barrier height, and ¢,(0) = 2.71 eV is
the potential barrier height of the heterostructure at absolute zero temperature (Fig. 2).

It is worth noting that the potential barrier height of the p-Sb,Ses/n-CdS heterojunction at room temperature (@), =
eVy,; = 0.84 eV, where Vy; is the built-in potential) significantly exceeds the similar parameter for heterojunctions using
the semiconductor p-Sb,Ses/n-CdS or n-type conductivity (¢, = 0.3 — 0.4 eV) [13, 14]. The higher potential barrier
height of the p-Sb,Ses/n-CdS heterojunction is due to the different types of conductivity of the glass and base materials.

The series resistance R of the p-Sb,Ses/n-CdS heterostructure can be determined from the slope of the forward
branch of the I-V characteristic [15]. It can be seen that in the voltage range greater than the height of the potential barrier,
the (I=f(V)) curves (Fig. 1) transform from an exponential dependence to a linear one. This indicates that the voltage
across the barrier regions of the heterojunction ceases to change, i.e., the barrier is practically open, and the current through
the heterojunction is limited by its series resistance R;.
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Figure 1. Forward current-voltage (I-V) characteristics of the p-SbaSes/n-CdS heterostructure at different temperatures (T). The inset
shows the temperature dependence of the potential barrier height (@)
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Figure 2. Temperature dependence of the potential barrier height.
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To determine the mechanism of current flow, the temperature dependence of the current-voltage (I-V) characteristics
of the p-Sb,Ses/n-CdS heterostructure was studied. The temperature dependence of the forward branch of the dark I-V
characteristic on a semi-logarithmic scale in the voltage range (k7/e<V<Vp) is shown in Fig. 3. The I-V characteristic is
described by the equation:

I =1, exp(eV /A, kT) + I, exp(eV /A, kT). (2)

In the first region, at low voltages kT/e < V' < 0.1+0.7V, the exponent of the first exponential is A = 2.21, and in the
second region, at higher voltages 0,/+0,7B <V < Vp A,=I1+1.85. ranges from 1 to 1.85. Moreover, the value of the
saturation current /y decreases with temperature. Therefore, equation (2) can be written as:

I = Iy(T)exp(S;V) + I, (T) exp(S,V). 3)

Figure 3 shows the dependence of the forward current on temperature at various voltages on a semi-logarithmic
scale. It can be seen that the slope of this dependence dI,,/dT does not depend on voltage.
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Figure 3. Temperature dependence of the forward current of the p-Sb2Ses/n-CdS heterostructure at various biases of 0.1-0.7 V
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Figure 4. Dark current-voltage characteristics of glass/Mo/p-Sb2Se3/n-CdS/In heterostructures: (a, b) forward current-voltage
characteristic, (c) reverse current-voltage characteristic.
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Figure 4a shows the forward branches of the current-voltage characteristics of the heterojunction in semi-logarithmic
coordinates at different temperatures. In the region of forward biases V'>3kT/e, straight sections are observed, indicating
an exponential dependence of the current on the voltage.

It is worth noting that the slope of the straight sections (3k7/e<V<0,7B) Aln(I)/AV does not depend on temperature.
This circumstance excludes the possibility of analyzing current transfer mechanisms based on generation-recombination
processes in the space charge region (SCR), since for this case the temperature dependence of the slope of the rectilinear
sections of the current-voltage characteristics should be observed in semi-logarithmic coordinates Aln(I)/AV=e/nkT,
where n is the non-ideality coefficient [16]. The constant slope of the /n(I)=f(V) dependences at different temperatures
can be considered as evidence of the tunneling nature of the current transfer mechanism [17, 18].

Straight-line sections of the current-voltage characteristic with identical slopes begin at small displacements, at
which the SCR is not yet narrow enough for direct tunneling, which is described by the Newman formula [19]. Therefore,
the only physically substantiated current transfer mechanism can be considered multi-stage tunneling-recombination
processes involving surface states at the p-Sb,Ses/n-CdS interface. In this case, the forward bias current is determined by
the following expression [11]:

I = Bexp (—a(py(T) —eV)), (4)

where B is a quantity that weakly depends on temperature and voltage, and ¢, is the height of the potential barrier.
Rewriting expression (4) in another form:

I = Bexp(—a(po(T)) exp(aeV) = Iexp(aeV), 5)

where [, = B exp(—a(q)O(T)) is the cutoff current, which does not depend on the applied voltage. From expression (4)
it is clear that the slope Aln(1)/AV of the initial sections of the forward branches of the current-voltage characteristic,
shown in Fig. 4a, determines the coefficient a, which takes a value of 3.6 eV,

From the current-voltage characteristics presented in Fig. 4b, we can qualitatively conclude that the predominant
mechanism of carrier transfer in the studied heterostructure is tunneling, and it is described by the empirical formula:

I = I, exp(AT + BV), (6)

where A and B are experimentally determined quantities that are typical for the tunnel-recombination mechanism of
current passage in the heterostructure. Based on the calculation results, it was determined that 4=3,25 K and
B=2.88x107 B.

The mechanism of current passage at reverse biases k7/e<V<1.0 is due to the thermal generation of charge carriers
in the SCR (Fig. 4c). At higher reverse biases 1<V<S5 V, the tunnel charge transfer mechanism predominates.

CONCLUSION

Thin-film heterostructures based on Sb,Ses films on borosilicate substrates coated with a molybdenum layer using
the CMBD method were obtained. The results of measuring the current-voltage characteristics of the heterostructures
showed that after heat treatment, the main parameters (k, @o, Rs) of thin-film glass/Mo/Sb,Se3/CdS heterostructures
improved and had the following values: k<I-10°%, R=80 Q, a=6.36 eV, A=3.25 K' and B=2.88x107 V,
Bo=5.7-107 eV/K, ¢p=0.84+0.95 eV, 9py=2.71 eV, p=0.4+0.45 eV, which will make it possible to produce efficient solar
cells based on them.

From an analysis of the temperature dependences of the direct branches of the I-V characteristic of the
heterojunction, it was established that the dominant mechanism of current transfer at low biases (3k7/e<V'<0.8V) is multi-
stage tunneling-recombination processes involving surface states at the SbxSe,/CdS interface. At /> 0.8B, the dominant
current transfer mechanism is Newman tunneling. In the case of reverse bias (3k77e <V < 1.0 eV), the main mechanism
of charge carrier transfer through a heterojunction is tunneling through a potential barrier involving a deep energy level.
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MEXAHI3M IIPOTIKAHHSA CTPYMY B TOHKOIVIIBKOBUX I'ETEPOITEPEXO/JIAX n-CdS/p-Sb2Ses,
OTPUMAHHUX METOJOM CMBD
T.M. Pasukos?, K.M. Kyukapos?, A.A. Hacipos®, ML.II. IlipimmaTos?, P.P. Xyppamos?, P.T. FOunames?, /I.3. Icakos?,
M.A. Maxmynos?, III.LM. Bo6omypanos?®, K.®. lllaxpies®®
“@izuro-mexuiunuil incmunym Axaoemii nayk Pecnybnixu Y30exucman, eyn. Quneiza Atimmamosa, 25, Tawikenm, Y30exucman
bHayionanvnuil ynieepcumem Y3bexucmany Yuisepcumem iveni Mipzo Yayebexa, syn. Yunisepcumemcuwra, 4, Tawixenm, Y36exucman

VY naniii poOoTi IpoaHaTi30BaHO TEMIIEPATYpHY 3aJeXKHICTh BOJBT-aMIIEPHOI XapaKTEPUCTHKU CTPYKTypH ckiio/Mo/p-SbaSes/n-
CdS/In. 3 ananizy TemmnepaTypHHX 3aJexKHOCTeH npsmux rintok BAX rereponepexoay BCTaHOBICHO, LIO AOMIHYIOUMM MEXaHI3MOM
nepenayi ctpymy npu manux 3minieHHsx (3kT/e<V<0,8V) e GararocrymiHuacTi TyHeJIbHO-pEeKOMOIHAIMHI MMpoLecH. 3a y4acTio
MIOBEPXHEBHX CTaHIB Ha Mexi po3aimy SbaSes /CdS. Ilpm V>0,8 B momiHyounM MeXaHi3MOM Iepefiadi CTpyMy € TyHETIOBaHHS
Heromena. Y Bumazaky 3BopoTHOTo 3¢yBY (3kT/e<V<1,0 eB) ocHOBHIM MeXaHi3MOM IIEPEHECEHHS HOCIA 3apsay depe3 reTeponepexia
€ TYHEJIOBaHHS 4Yepe3 MOTEeHWIHHMI Oap’ep i3 3amydeHHSM TITHOOKOro piBHS eHeprii. IIpy OiLbII BHCOKMX 3BOPOTHHUX HAmpyrax
BifOyBa€ThCs M'SIKHI TIPOOIii.

Kurouosi ciioBa: ShaSe; SCR; CMBO,; mouxi niieku; cemepocmpykmypa, 2emeponepexio





