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Abstract. In this paper, we consider the mechanisms of the flow current
and photoelectric properties of solar cells manufactured on the basis of
strongly mismatched semiconductor p-CdTe-n-CdS and p-CdTe-n-CdSe
heterojunctions with a low density of surface states N=3-10"'sm™. It was
found that the forward current in heterojunctions is due to tunneling of
thermally excited electrons, and at large forward biased currents, thermionic
nature. The reverse current of such structures has a tunneling nature. It is
shown that the structures have a photoconversion efficiency of 0.7 and 0.8
el/sq in the spectral region of 0.4 and 3.0 eV in the near-infrared region of
the spectrum.

1 Introduction

CdTe has attracted more attention these days due to its growing use in products such as
semiconductor devices, photovoltaics, optoelectronics, laser materials, infrared
photodetectors, solar energy converters. Cadmium telluride, being a promising material for
solar cells and infrared photodetectors [1, 2]. CdTe is a compound semiconductor and is
usually crystallized in hexagonal and cubic structure. High absorption coefficient and almost
ideal direct band gap, which is in the center of the solar spectrum [3]. When it comes to
practical application in large scale photovoltaics, solar cells using CdTe, which stand out
with an efficiency of 16.5% [4].

The solar cell based on cadmium telluride has the maximum photocurrent achieved with
a typical global spectrum normalized to 100 mWt/cm?. Due to the influence of size and
different nanostructures, nanoparticles have better mechanical, electrical and optical
properties [5]. Deposition [6], pulsed laser technology [7], thermal evaporation [8] and other
methods are used to obtain CdTe. Due to its various advantages, thermal evaporation with
the addition of impurity elements gives higher performance, which is both interesting and
potentially useful. Defects and impurities introduced during the deposition process can
positively affect the optical and electrophysical properties to improve the efficiency of solar
cells by changing the photovoltaic characteristics of thin films.
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In this regard, the coupling of CdTe with cadmium sulfide was investigated, since it
increases the efficiency of photosensitivity, due to the charge carriers from CdS to CdTe and
also the transition of the generation of charge carriers from deep impurity levels, which
increases a significant increase in photosensitivity.

In such heterostructures the influence of surface recombination is significantly reduced
due to the influence of impurity levels [9]. The authors of these works [10] by the method of
transient processes of contact photoconductivity in CdTe films determined the rate of surface
recombination, which is equal to Tr=19 ns. In these works also determined the dominant deep
level with photoionization energies of 1.23 eV, which lead to a decrease in the effect of
surface recombination. Since due to high surface recombination these structures for practical
purposes are little used for the manufacture of devices, such as high-speed photodetectors. In
order to reduce surface recombination, ligations of various elements of group I were used to
compensate for their electrical conductivity [11].

In this paper, we describe Ag-doped CdTe heterostructures by thermal evaporation and
investigate their current flow mechanisms and photovoltaic properties of solar cells based on
p-CdTe-nCdS and pCdTe-nCdSe heterostructures with deep impurity levels.

2 Methodology

Obtaining CdS-CdTe heterostructure of good quality by conventional technological methods
in high vacuum, although their different crystal structure (hexagonal and cubic for CdS and
CdTe, respectively), as well as a large mismatch of lattice constants (~10%) and thermal
expansion coefficients (~10° K') [12]. The combined effect of these factors leads to a large
density of surface states N, at the interface, which sharply deteriorate the characteristics of
the HS and this can be eliminated with the help of optimal production technology. The value
of N, in CdTe-CdS structures can be significantly reduced by the use of group I dopants [13].

The samples were obtained by isothermal annealing in Te vapor of single-crystalline CdS
substrates with electron concentration about 10'® sm at 300°C. Annealing was carried out at
250-300°C for 0.5 to 1.5 h.

The prepared substrates were placed in a special holder and a silver impurity was
deposited on the surface of the glass and molybdenum substrate at a temperature of 250°-
300°C in a vacuum of about 10~ mm Hg from a separate crucible. The mass of the alloying
agent was usually 0.3-0.1 wt % of the mass of the main semiconductor compound, which
was evaporated from another crucible. A thin layer of impurity with an effective thickness of
0.1 nm was deposited on the surface, an island layer of material was formed, which
subsequently diffused into the layer of the deposited semiconductor film. The exact amount
of the introduced impurity was impossible to establish due to the complexity of the metal
deposition process on the substrate, and the time t, thickness d and vk (the CdTe deposition
rate) were determined experimentally to obtain the best photosensitive heterostructure: t=15-
20 min., vk to 1.5 nm/s, d<I um. The CdTe condensation rate, determined from the ratio of
film thickness to deposition time, was 0.2—-2.5 nm/s.

3 Experimental results and their discussion

As a result of processing, a layer of hole conduction is formed on the surface of the initial
crystal, the thickness of which is determined by temperature and annealing time. The study
of optical transmittance and photosensitivity spectra indicates the formation of a varison
structure CdSx Teix, limited on the surface side by a layer of p-CdTe, and on the crystal

volume side by n-CdS [14]. The concentrations of which are equal to n=10'7 sm™.
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The structures exhibited pronounced diode characteristics with a rectification ratio of at
least 10* at 300 K and voltage U =1 V.

The transition thickness do at zero bias, found from capacitive measurements, depends on
the temperature and duration of annealing and is in the range of 0.3 to 2 pm. The value of do
relatively weakly affects the spectral distribution of photosensitivity, but significantly
determines the mechanism of current flow, as well as the absolute values of photocurrent and
photoemfs. In this connection, the studied structures were conditionally divided into three
types: A (do=0.3 to 0.5), B (d¢=0.5 to 0.1), and C (do=0.1 mkm).

The volt-faradic characteristics (VFC) have a different appearance depending on the type
of HS. The capacitance C of structures with do=1 pm is weakly dependent on voltage. At the
same time, for diodes of types A and B, the dependence of C*2 on V is linear (Fig. 1), which
is characteristic of transitions with sharp impurity distribution. The measurements show that
the hole concentration is peS10'® cm3, which is significantly smaller than the electron
concentration in the original CdS crystals (no=10'® cm>). Hence, the bulk charge is located
in CdTe and the solid solution layer CdSx Tej.
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Fig. 1. Volt-farad characteristic of B-type heterojunction at different frequencies. f, MHz: 1 - 0.1, 2
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Fig. 2. Straight branches of volt-ampere characteristic of heterojunction type A at different
temperatures. T, K: 1 - 330, 2 - 250, 3 - 200. The inset shows the temperature dependence of the
forward current at constant voltage.

The capacitance of the investigated heterojunctions depends on the frequency f at which
the measurements are carried out (Fig. 1). As follows from the figure, the slope of the straight
lines increases with increasing f, and the cutoff voltage Vs decreases at first, and then at f =
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1 MHz becomes constant and equal to 1.1 V. The capacitive dispersion is related to the
presence of deep recombination centers in the region close to the heterostructure, which are
in a charged state. In this case, according to [15], the capacitive cutoff voltage Vs, will be
less than the current Vy, namely
QZ
Vs =V = 2960(81Ni+82Nd)’ M
where Qs is the charge density at the surface levels, Ng and N, are the concentrations of
donors and acceptors, € and & are the dielectric permittivities of the heterojunction
components, € is the electric constant. Given that N,<<Nq from (1) for Qs we obtain the value
4-108 Cl/sm?, whence Ng=3-10!' sm™. Note that the calculated minimum value of N; of the
CdS-CdTe heterostructure arising from lattice mismatch is 5-10'* sm, which is 3 orders of
magnitude larger than the N values determined from experiment according to relation (1).

Considering that the heterojunction capacitance ceases to depend on frequency at f = 1
MHz, we can find the recharging time of the levels t=1/f =10 s.

Thus, the technology used allows us to obtain HS with a small number of defects at the
interface even for semiconductors with very different structures, lattice constants, and
thermal expansion coefficients. Such a small N has practically no effect on the photo-
sensitivity of the studied structures, but significantly affects the mechanisms of current flow.

The initial parts of the direct branch of the voltampere characteristic of these
heterojunctions are satisfactorily described by Newman's empirical formula [1]

I = Iroexp (T/To)exp (V/Vo) (2)
where Ty and V) are constants. Usually, to explain such characteristics (Fig. 2), various
models of carrier tunneling are involved, which determine the specific type of the I
multiplier [16]. One of such models is based on the assumption of single- or multistage
tunneling through the barrier involving levels at the interface. However, a number of
experimental results contradict this model. In particular, the photoconversion efficiency of
such diodes reaches 0.8 el/kv, which is once again in favor of sufficient perfection of the
interface and low concentration of Ns. In addition, the slope of the straight lines in Fig. 2
slightly increases with decreasing T. The totality of the above facts is well explained in the
framework of the tunneling model of thermally excited carriers. In this case, the forward
current depends on temperature as Igl ~ T-3, which is well fulfilled for the investigated
heterojunctions (see the inset in Fig. 2). It should be noted that the tunneling probability of
holes is small due to their large mass efficiency as well as the wide bulk charge layer on the
CdTe side. Thus, the direct current through the A-type heterojunction is due to the tunneling
of electrons from the conduction band of CdS to local states in the forbidden band of CdTe
with subsequent recombination. As do decreases (small times and low annealing
temperatures), the probability of hole tunneling increases, and the current is tunneling-
recombination. The slope of the straight WAC is practically independent of T, which agrees
with the theory.
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Fig. 3. Band diagram of the CdS-CdTe heterostructure. Ly is the electron diffusion length in the CdTe
material, L, is the hole diffusion length in the CdS material, W is the depletion region width, AEc and
AEy are the conduction and valence band discontinuities, Eg1 and Eg are the band gap width (Eg1 > Eg2)

The surface of a wide-bandgap material is illuminated, neglecting for the moment the
reflection losses (Fig. 3). Only photons with energy < Eg; reach points A, B, C, D and E, and
all other photons (with energy -Eg) are absorbed very close to the surface, creating electron-
hole pairs. Since they are far from the depletion region, they are not affected by the band
bending and hence cannot contribute to the photocurrent. The photons reaching region AB
usually have energy < Eg, but there may be very few photons with energy Eg capable of
creating electron-hole pairs. If this happens in region AB, the carriers can diffuse into the
depletion region, where they are affected by the field and hence contribute to the current. A
similar situation occurs in region DE. In region BC, the number of photons reaching this
region and capable of creating electron-hole pairs (hv>E,) is indeed very small, if not zero.
Therefore, this region is unlikely to contribute to the current. In the CD region, most, if not
all, photons with energies greater than or equal to Eg but less than Eg; are absorbed. The
carriers created are subject to the field, electrons move to the wide-bandgap material (CdS)
where they become majority carriers, and holes move to the narrow-bandgap material (CdTe)
where they become majority carriers. (Both have infinite lifetimes). These majority carriers
are then collected to form the bulk of the photocarrier. Photons with energies less than E,»
pass through the cell and are not absorbed.

Of course, as do increases, the tunneling probability for both holes and electrons
decreases. As a consequence, at low forward biases, recombination processes in the space
charge region (SCR) become dominant (Fig. 3). The direct current in this case is described
by the expression

I =10.exp (eV/2kT) 3)

The temperature dependence of the cutoff current 1% (at V=0) in the coordinates In 1%
on 10%T is approximated by a straight line (see inset in Fig. 4). The activation energy
determined from its slope is equal to (1.7 +0.1) eV, which corresponds to the forbidden zone
width of the CdSx Tei solid solution at x = 0.6 to 0.7.

At large forward biases, the current for both types of structures (A and B) is thermionic
in nature. In this case, the current is mainly electronic, since the barrier height on the CdS
side is significantly lower than on the CdTe side. The reverse current of the studied HSs is
determined by tunneling of electrons from CdTe to CdS, including through impurity levels.
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At large barrier thickness (do=1 um), the processes of current limitation by space charge
(CLC) begin to play a significant role. The direct SAW of such heterojunctions is described
by the expression

I~ym 4

As follows from Fig. 4, it is possible to distinguish up to three sections with different
exponent of degree m on I (V) dependences. At the smallest displacements up to a certain
voltage Vy m=1, i.e. Ohm's law is satisfied. At V > V this dependence changes to a quadratic
one, and at V > Vi (full filling of traps) m=8 to10.
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Fig. 4. Straight branches of B-type heterojunction volt-ampere characteristic at different
temperatures. T, K: 1 - 360, 2 - 300, 3 - 240. Inset shows the temperature dependence of the cutoff
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Fig. 5. Straight branches of B-type heterojunction volt-ampere characteristic at different
temperatures. T, K: 1 - 340, 2 -230, 3 - 130.

By comparing the experimental data with the theoretical expressions given in, we can
determine some parameters of the quasi-isolating layer: carrier concentration n0 and level
position.
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Fig. 6. Photosensitivity spectrum of CdTe-CdS heterojunction at 300 K. Inset shows the load response

under AM2 illumination conditions (P= 60 mW/sm?).

Fermi Fo, the concentration of N, and the depth of occurrence E, of traps. The results of
such calculations for one of HS at 300 K are given in the table 1.
Table 1. Calculation results for one of the heterostructures at 300 K

Ux, V U, B do,sMm | nosm? | FoeV N, sm? E¢, eV
0.25 0.52 2-10* 108 0.60 2104 0.55

Thus, the direct current of the structures with dop=1 pum is determined by the injection of
electrons from the conduction band of CdS into the high resistivity layer of CdSx Te;.x solid
solutions with subsequent current limitation by space charge.

The studied heterojunctions possessed photosensitivity, and the shape of the spectrum is
practically the same for all types of diodes (Fig. 6). The low-energy edge of the spectrum is
determined by the generation of photocarriers in the layer with the smallest bandgap width,
i.e., ~1.3 eV. The sharp decline of photosensitivity in the region of photon energies ho = 2.4
eV is due to their absorption in the thickness of the CdS crystal. With decreasing temperature,
the spectral characteristics shift to the short-wavelength region, and the shape of the spectrum
in the investigated temperature range of 100 to 360 K remains practically unchanged. The
value of the temperature shift of the long-wavelength and short-wavelength edges of the
spectral dependence is equal to 4.4-10* and 5.2-10* eV/K, which is close to the temperature
coefficients of the change in the forbidden band width of CdS¢, Teosand CdS solution.

As can be seen from Figure 5 the photosensitivity spectra are shifted to the long
wavelength region of the spectrum and this indicates that there are deep levels in CdTe
responsible for impurity photoconductivity. By analyzing the absorption spectra the deep
levels of activation energy are determined, which are equal as shown in Figure 6.

Studies have shown that in all heterojunction short-circuit photocurrent I and diode
mode photocurrent depend linearly on illumination in a wide range of its variation. With
increasing incident light intensity, the no-load voltage Viq tends to saturation. At the same
time, the absolute values of I, and Viq4 essentially depend on the type of structure. They are
maximal for heterojunction and are 20 mA/sm? and 0.6 V under AM?2 conditions (see inset
in Fig. 5). The decrease in Viq in the samples is due to the increase in the dark cutoff current
Ip compared to 1% Increasing the thickness of the high resistivity varison layer (type B)
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leads to an increase in the series resistance limiting Is.. The efficiency of all types of structures
is approximately the same and without the use of enlightening coatings is 0.7 to 0.8 el/kv,
which confirms the perfection of the interface and the weak influence of defects on

photovoltaic properties.
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Fig. 7. I spectra for CdTe-CdS heterostructure, under frontal illumination. Experimental points: 1- T
=100K; 2 - T=300 K. Dotted line - theory.

Fig. 7 shows the spectral dependence of the short-circuit current on the light energy at
different temperatures. According to the spectra, the activation energies of deep impurity
levels located below the conduction band are definitely 1.00 £ 0.03; 1.35 £0.03 and 1.17 £+
0.03; 1.29 + 0.03 eV, respectively. Hence, the thermal generation of charge carriers also
increases with increasing temperature and consequently the effect of additional illumination
on the Ikz spectra decreases. For the CdTe-CdS heterostructure, the dominant level is 1.35 +
0.03, which suggests that this level is associated with silver or its complex with other point
defects.

4 Conclusions

Thus, based on the above, it can be said that high photosensitivity in combination with a wide
range of linearity and relatively high speed (less than 1 mks at Ry = 100 Ohm) allows using
the studied heterostructure as photodetectors in the spectral range of 0.4 to 3.0 eV due to the
presence of deep impurity levels. By adding silver impurities, the signal and current power
increases. The created heterostructures with a low density of surface states N=3-10!'sm™
allow creating high-speed photodetectors in the near infrared region of the spectrum. And as
solar cells, it allows accumulating charges in wide ranges of solar radiation up to 0.4 eV to
3.0 eV and have an efficiency of up to 22%.
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