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In this paper, a comparative analysis of the use of semiconductor solar cells based on single-crystal,
polycrystalline and amorphous silicon (Si), as well as cadmium telluride (CdTe) in the energy sector is car-
ried out. It is shown that the advantages of thin-film technology and CdTe itself as a direct-gap semicon-
ductor open the prospect of large-scale production of competitive CdTe solar modules (batteries). The tech-
nology of manufacturing substrates, applying indium ohmic contact to the plates, exposing some of the
substrates to a number of additional treatments in an aqueous suspension of alkali metals, in particular Li
— CdTe:Li and conducting research on them, as well as on chemically etched substrates that have not un-
dergone any additional processing and conventionally designated CdTe. The possibilities of using devices
based on single-crystal CdTe, which are called surface barrier diodes (SBDs), are being studied for convert-
ers. Technological advances that lead to changes in the physicochemical properties of single-crystal surfac-
es of n-CdTe substrates (their main optical, electrical, and photoelectric parameters, as well as the charac-
teristics of metal-semiconductor contacts based on single-crystal cadmium telluride) are being discussed.
Analyzing the properties of the research objects it should be noted that surface modification not only af-
fects the potential barrier height but also significantly changes the course of electric and photoelectric pro-
cesses, while the surface morphology of CdTe:Li substrates remains similar to unmodified ones, although
the SBDs based on them are noticeably higher. It was also found that the rate of surface recombination of
SBDs based on substrates with a surface nanostructure is two and one orders of magnitude lower than in
structures based on basic substrates and alkali metal salts treated in suspension, respectively. The modifi-
cation of substrates leads to an increase in the efficiency of solar cells (SCs), and the highest photoconver-
sion efficiency is observed for SBDs based on substrates with a surface nanostructure and reaches 9 % at
300 K under AM2 illumination. The methods of using the technologies proposed in this work for the crea-
tion of surface-barrier photocells based on thin CdTe films are considered.
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1. INTRODUCTION

One of the urgent problems of our days and the
near future is the problem of energy production, includ-
ing from renewable sources, the development of which
modern science pays much attention too. The most
attractive, in particular, is the direct generation of
electrical energy from the sun in semiconductor devic-
es, the so-called photovoltaics. Photovoltaic energy
conversion plays an important role in promoting energy
solutions around the world. To date, there are three
main generations of photovoltaic cells (PVs): silicon,
thin-film and organic SCs [1, 2], among which the most
commonly used are PVs based on silicon technologies.
For the global solution of energy problems, the devel-
opment of photovoltaics based on mono- and polycrys-
talline silicon is predicted to be too protracted due to
significant material consumption, low productivity,
labor intensity and energy intensity of production, and,
as a result, high cost. During the operation of SCs
based on amorphous silicon, their efficiency decreases,
so only some of the advantages of thin-film technology
can be realized in practice. The reasons for the slow
growth in the power of traditional silicon solar modules
lead to low productivity and high cost of modules with
a coefficient of 14-17 % and 12-15 % acceptable in mass
production [2]. High-performance SCs based on GaAs
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and GalnAs, GalnP, AlGaAs, GaAsP solid solutions are
also being developed, but not for large-scale implemen-
tation in the energy sector, but for special applications,
for example, in space, despite their high cost [1, 2].

An alternative to these converters are thin-films
SCs designed to reduce the cost of solar modules and
increase production using semiconductors deposited on
substrates of cheap materials with a large area (glass,
metal foil, plastic) [2, 3]. A direct-gap semiconductor is
capable of absorbing solar radiation with a layer thick-
ness two orders of magnitude less than the thickness of
silicon elements. The use of materials with a higher
optical absorption coefficient makes it possible to reduce
the PV thickness [4], which reduces production costs. In
addition, it is possible to reduce the weight of photovolta-
ic devices depending on the substrate used. As a result,
the use of thin-film semiconductor materials such as
copper-indium diselenide (CIS) and copper-indium-
gallium diselenide (CIGS), CdTe and CdS and related
manufacturing technologies, allows to obtain photovolta-
ic devices at a relatively low cost, good electrical charac-
teristics, small weight, and high flexibility [3].

A promising direction on the way to solving energy
problems is solar energy based on thin-film CdTe [4].
After all, among semiconductor binary compounds II-
VI, cadmium telluride is one of the promising materials
for the production of inexpensive thin-film photovoltaic
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devices of the second generation. The material is of
great interest among researchers due to its most im-
portant properties, such as long-term stability of per-
formance characteristics [2], direct band gap (1.5 eV),
close to optimal for converting photovoltaic solar ener-
gy [4], high optical absorption coefficient (> 105 sm 1)
in the visible region of the solar spectrum and high
chemical stability [5]. The use of CdTe as a thin-film
material for SC has attracted wide attention due to its
high availability, low cost, and ease of large-scale pro-
duction [4]. It is the simple methods of fabricating and
forming a barrier structure that do not require complex
and expensive equipment that are an important ad-
vantage of CdTe-based solar cell technology [3, 4]. In
solar energy, the growth rate of CdTe module produc-
tion over the past decade has been the highest. On the
other hand, the quantum efficiency of CdTe-based cells,
according to Progress in Photovoltaics, which publishes
6 monthly lists with the highest confirmed efficiency
ratings for several photovoltaic cells and module tech-
nologies, indicates that the highest efficiency of a large-
area CdTe-based module (2.4 m2, fabricated First So-
lar) is 19.0 % [6, 7].

The article proposes a technology that modifies the
surface properties of the base substrates, while main-
taining the parameters of the bulk of the materials
without significant changes. An analysis is made of
experimental results that improve the basic electrical,
optical, and photoelectric properties of n-CdTe sub-
strates with a modified substrate and SBDs based on
them. It is shown that annealing of n-CdTe crystals
leads to a change in the microstructures of the surface
of the samples, without affecting the main band pa-
rameters of the material.

2. EXPERIMENT
2.1 Manufacturing Technology of SBDs

Substrates 5 x 5 mm? in size and 1 mm thick served
as the basis for the preparation of samples. The start-
ing material was a CdTe crystal with a resistivity of
about 20 Qcm. The initial crystals were produced by
the Bridgman method (growth from a melt) and had
electronic conductivity due to intrinsic defects. Doping
was not applied. The substrates were subjected to me-
chanical and chemical treatment in the form of polish-
ing, which was carried out in a solution of
K2Cr207:H2O:HNO3 = 4:20:10. After polishing, they
washed in deionized water and dried. As a result of
treatment, the plates had a reflective surface and, upon
irradiation with a He-Ne laser, exhibited moderate
edge luminescence.

Next, an ohmic contact was applied. Indium was
used as the ohmic contact. The samples were divided
into two groups. The first group of samples was pro-
cessed in a suspension of alkali metals [11] Li-CdTe:Li.
The second group of samples was not subjected to
treatment and is further designated as CdTe. They
were reference samples for comparing parameters.
Rectifying contacts for all samples were created by
vacuum deposition of semitransparent Au or Ni films.
The use of precisely such films is since it creates a
rather large barrier from n-CdTe, and its thin layers
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are characterized by high electrical conductivity and
transparency in a wide spectral range (1-6 eV) [5]. An
image of the diode structure and its illumination condi-
tions are shown in Fig. 1.

The chemically treated surface of the initial samples
is considered to the naked eye as a mirror, while the
annealed surface is matte. The surface microstructure
was studied using a Nanoscope IIla atomic force micro-
scope (Digital Instruments) in the periodic contact mode
(taping mode) using a silicon probe with a tip radius of
10 nm.
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Fig. 1 — Schematic representation of the structure of a solar
cell

2.2 Main Parameters of SBDs

According to the research results, surface-barrier
diodes based on CdTe:Li substrates have a significantly
higher potential barrier ¢o compared to reference sam-
ples. This conclusion is confirmed by the values shown
in Fig. 2, which shows the current-voltage characteris-
tics in the areas of their linearity with direct connec-
tion of diodes. It follows that the resistance of the modi-
fied layers has an insignificant effect on Ro and, in
addition, the values of the series resistances Ro are
close [12].
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Fig. 2 — Direct branches of current-voltage characteristics of
SBDs based on CdTe (1), CdTe: Li (2) substrates at 300 K

It should be noted that the values of @o determined
from the direct branches of the current-voltage charac-
teristics are consistent with the results obtained from
capacitance measurements. Analyzing the electrical
properties, it was investigated that the state of the sur-
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face, in addition to the effect of ¢, leads to a change in
the nature of physical processes in SBDs, which is ob-
served in the dependences of the forward current on the
voltage. As follows from the further analysis of the sam-
ples, the modification of their surface layers affects the
value of ¢n, and also significantly changes the value of
the occurrence of electronic and photoelectric processes.

During annealing under special conditions, a
nanostructure is formed on the surfaces of the samples
[18], which can be seen in the topogram obtained using
an atomic force microscope Nanoscope — III. As can be
seen from the topogram, the surface is characterized by
a granular structure with lateral grain sizes of
10-50 nm, which combine into large (100-500 nm) sub-
grains (Fig. 3). The surface morphology of CdTe:Li
substrates is similar to unmodified ones, although the
SBD potential barrier is much higher (Fig. 2).

LS mkm

Fig. 3 — Fragments of AFM topograms of substrate surfaces
CdTe and CdTe:Li

3. RESULTS AND DISCUSSION

Qualitatively similar dependences of integral light
characteristics were observed in all diodes. These char-
acteristics were measured using a xenon lamp and a
calibrated ND filter set. The averaged data given in
Table 1 (measured for several samples of each group at
a temperature of 300 K under AM2 sunlight conditions)
show that the dependence of the short-circuit current
Isc on illumination L is a linear function when it
changes within more than 4 orders of magnitude, and
the open-circuit voltage Voc is proportional to 1gL at
low light levels and saturates at high light levels,
Fig. 4. The absolute values of Voc and Isc are deter-
mined by the illumination level and the type of diode.

The value of the short-circuit current density was
calculated considering the effective photosensitive area
according to the formula Jsc = Isc/S and for these pro-
totypes had a value of ~2-10-1 cm 2 [14].

According to the data presented in the Table 1 that
the modification of substrates leads to an increase in
the efficiency of solar cells 5, and the maximum effi-
ciency is observed for SBDs with a quantum size sur-
face. It should also be noted that photoconversion is
also caused by a change in other parameters of solar
cells related to the efficiency by known equations [15]

Jso 'V,
y =8¢ Yoc

7 @

where, P is the power of solar radiation, the value of
which under the conditions of solar illumination AM2
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Fig. 4 — Temperature dependences of Jsc and Voc for SBDs
based on CdTe: Li substrates

at 300 K is 70 mW/cm?, ff is the duty cycle of the load
characteristic of the solar cell. To obtain the maximum
photoconversion efficiency, it is necessary to increase all
three quantities contained in the numerator of equation
(1) [15]. Therefore, there is a need to conduct pilot experi-
ments that will be able to check both the operating condi-
tions of the SBD (illumination level, temperature) and the
effect of the diode manufacturing technology on these
parameters.

Table 1 — Main characteristics of solar cells at 300 K

L —Lning | o, CdTe:Li
Parameter L

m, eV 0.7 1.25
Ro, Om 30 30
Voc, V 0.4 0.75
Isc, mA/cm? 10 15

ff 0.76 0.78
n, % 5 9

On Fig. 4 shows the temperature dependences of Voc
and Isc for CdTe and CdTe:Li SBBs under AM2 illumi-
nation with modified surfaces. As you can see, with an
increase in temperature 7, an increase in the short-
circuit current occurs Isc, which is associated with an
increase in the number of absorbed low-energy photons.
A consequence of the decrease in the band gap is a de-
crease in the series resistance of the diode. In addition,
with an increase in the temperature 7, the value of the
open-circuit voltage Voc decreases because of the greater
temperature dependence of the dark current compared
to the photocurrent [14]. It should also be taken into
account that with an increase in temperature 7, a drop
in the height of the potential barrier is observed, which
is inherent in SBBs [14, 16].

The spectral characteristics are more diverse than
the integral ones. This is due to the fact that for the
studied samples, they significantly depend on the pa-
rameters of the separation boundaries, that is, the
state of the substrate surface. And the given state of
the substrate surface is determined by the type of
structure (Fig. 5).

On the modified surface, the absorption of light in-
creases due to the reflection and scattering of light on
subgrains, the size of which is from 100 to 500 nm
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(Fig. 3). Absorption entails a significant decrease in the
absolute value of transmission and, accordingly, an
increase in the absorption coefficient «,,, since we can
assume that ao~ 1 — Te Scattering will be most effec-
tive on subgrains with a size of d < 0.1-0.24, where the
scattered light intensity Iz is subject to the Rayleigh
law Iz ~A-4. The wavelength Ao corresponding to the
extreme limit of fundamental absorption can be calcu-
lated from the expression JAo=1.24/E;~ 1.24/1.5~
0.825 um. The sizes of inhomogeneities obtained for
this wavelength Ao range from 80 to 160 nm and fall
within the range of subgrain sizes on the modified
substrate surface, Fig. 3. A decrease A and, accordingly,
an increase in @ leads to an increase in a, a decrease
in T and a shift of the absorption edge to the region of
much lower energies compared to the band gap Eg of
CdTe [14, 16].
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Fig. 5 — Photosensitivity spectra of SBDs based on CdTe (1),
CdTe: Li (2) substrates at 300 K

It should be noted that such an effect is caused, in
fact, by the surface morphology, and not by the for-
mation of any other chemical compound due to anneal-
ing. This is experimentally confirmed by the fact that
the differential reflection spectra of the substrates are
identical and correspond to the peak value of the CdTe
band gap.

Considering the photon energy range # >Eg, the

photosensitive spectrum of an ideal photodiode can be
represented by the equation [15]

S,=nlhe @)

where 7 is the quantum efficiency.

Expression (2) does not explain the curves shown in
Fig. 5. It should be noted that the obtained curves have a
different high-energy threshold, which does not depend on
the thickness of the rectifying semitransparent contact.
Although for all diodes the application of the rectifying
contact was carried out under the same technological
conditions for the same time. It is the different nature of
the surface effects that caused certain disagreements
between the obtained spectra. A sharp increase in the
value of the absorption coefficient (up to 105 cm?t), associ-
ated with the direct band gap of CdTe in the region

ho > Eg , leads to a rapid increase in the effective pene-

tration depth of radiation (up to a: <0.1 pym). Surface

recombination processes predominate on the diode sur-
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face, and a significant absorption of radiation is observed.
The rate of surface recombination can be calculated. To do
this, the experimental photosensitivity spectra are com-
pared with the expression S, obtained theoretically [17].
Based on the continuity equation, taking into account
recombination at the separation boundaries and taking
into account vs, it is possible to analytically describe the
spectral distribution of the quantum efficiency of photoe-
lectric conversion.

This behavior vs corresponds to some experimental
facts, according to which there is a difference in the values
of the photoluminescence intensity Ip. for different types
of substrates, since one should take into account the value
Ipn, which in the first approximation is inversely propor-
tional to the recombination rate surface. The experiments
carried out in this work show that for the studied CdTe,
CdTe:Li substrates, the photoluminescence intensity
decreases by about three orders of magnitude [14, 18].

Since the CdTe-based SBDs samples under study
were produced on substrates with the maximum inten-
sity of edge luminescence, they have a significant pho-
toconversion efficiency. For such structures, Jsc de-
pends linearly on the illumination level L, and the
open-circuit voltage tends to saturation. Note that the
calculated values of Jsc and Voc are in good agreement
with their experimental values. And the efficiency
much less theoretical, which is mainly due to the low
fill factor (0.5-0.6) of the loading characteristic. In this
regard, further research should be aimed at finding
optimal modes of doping and annealing of CdTe crys-
tals. The value of the quantum efficiency of converting
solar energy into electrical energy under AM2 illumi-
nation conditions for the best samples can reach 9 % at
300 K in the absence of antireflection coatings, general-
ization of the main parameters of the base substrates
and SC design. The short circuit current of such diodes
varies from the open circuit voltage according to the
law Isc= Iosc -exp(eVoc/2kT), which indicates the pre-
dominant generation of photocarriers in the space
charge region. The dependence of Isc on illumination L
is linear in a wide range of its configuration. The open-
circuit voltage varies according to the Voc~In(L) law
at low illumination values, tending to saturation at
large L. The photosensitivity spectrum is limited to the
energy range of 1.4-6.0 eV. The wide sensitivity spec-
trum combined with the high radiation resistance of
CdTe make it possible to use such structures in harsh
environments, in particular, in outer space. All this
points to additional potential opportunities for increas-
ing the efficiency of photoconversion of SBDs based on
cadmium telluride.

4. CONCLUSIONS

The paper proposes the use of a special technological
method, according to which the surfaces of single-crystal
plates of cadmium telluride are subject to special treat-
ment before the deposition of the barrier contact. This
significantly improves the electrical and photoelectric
properties of SBDs based on them. Annealing of n-CdTe
substrates (p ~ 20 Q cm) in an air or aqueous suspension
of alkali metals increases the height of the potential bar-
rier. Surface modified SBDs have much better open circuit
voltage and short circuit current. The efficiency of solar
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cells based on diodes studied under AM2 illumination was
9% at 300 K. The developed technology SBDs is simple,
cheap, and environmentally friendly. In this work, the
results of single-crystal CdTe substrates are obtained,
however, the technology under consideration can be ap-
plied to the manufacture of photovoltaic devices based on
thin CdTe films. An example is the work [19], which de-
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scribes the creation of a quantum-well surface in thin
CdTe films synthesized by the hot wall method, and work
[20], where a relatively simple technology for obtaining
thin p-CdTe layers with high conductivity and a signifi-
cant photoconversion efficiency is developed.
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Ilosepxueso-0ap’epui CdTe niogu gua porosonpraikmu
Tersaua Masyp, Mupocias Masyp, Map’au [Namymak

Isarno-PparKiscbKull HAUIOHAILHUL MeXHIYHUL yHisepcumem Hagpmu i 2asy, eys. Kapnamcoka, 15,
76019 Iseano-Pparkiscvk, YEpaina

B naniit pobori IpoBeieHO OPIBHSAJIBHUN aHAJI3 3aCTOCYBAHHS B €HEPIeTUIll HAIIBIPOBITHUKOBHUX CO-
HAYHUAX €JIEMEHTIB Ha OCHOBI MOHOKPHCTAJIIYHOIO, TIOJIKPHUCTAIIIHOTO 1 aMopdHOTO KpemHio (Si), a Takomxk
teaypuny ranmiio (CdTe). Ilokasano, 1o mepeBarn TOHKOILIIBKOBI TexHosorii it camoro CdTe, six mpsimo-
30HHOTO HAIIIBIPOBIJHUKA, BIIKPUBAIOTH IIEPCIIEKTHBY IIMPOKOMACIITAOHOTO BUPOOHHUIITBA KOHKYPEHTO-
cupomoskHux CdTe comsurmx moxmyiie (6atapei). OnucyeTsCst TEXHOJIOTIS BUTOTOBJIEHHS IILIKJIAOK, HAHe-
CeHHs HA ILIACTUHKY 1H/II€BOTO OMIYHOTO KOHTAKTY, IIUIABAHHS YACTUHU IIIKJIANO0K PSIY JT0JATKOBUX 00-
POOOK vy BOAAHIN cycIieHsil yskHuX MeTamis, 3o0kpeMa Li — CdTe:Li Ta mpoBefgeHHs MOCTimKeHb Ha HUX, a
TAKOK HA XIMIYHO TPABJIEHUX IIAKIASKAX, AKI He IMPOMIILIN HIAKHX JOJATKOBMX 00POOOK 1 YMOBHO II0O3HA-
uveni CdTe. Bupuarorbess MOMKIMBOCTI 3aCTOCYBAHHS JJIst (POTOMIEPETBOPIOBAYIB MIPUJIAIB HA OCHOBI MOHOK-
pucrasiuaoro CdTe, skl masuBawThes nmoBepxueBo-6ap’epuumu miogamu ([IBJ]). O6roBopooThCs TEXHOIIO-
TiYHI JOCATHEHHS, SKI MPU3BOLATH 10 3MiH (PiSMKO-XIMIYHNX BJIACTHBOCTEH IIOBEPXOHH MOHOKPHUCTAIUHIX
n-CdTe miarmamok (ix OCHOBHUX OIITUYHUX, €JIEKTPUYHUX TA (DOTOEJIEKTPUYHUX IAPAMETPIB, a TAKOK Xapa-
KTEPUCTUK KOHTAKTIB METAJI-HAIIBIPOBIIHUK Ha 0231 MOHOKPHCTAIIYHOTO TeJIypUAY KaaMio). AHasi3yodn
BJIACTUBOCTI 00'€KTIB JOC/IIMKEHD CJILT BIIMITHTH, IO MOAM(IKAIlS ITOBEPXHI BILJINBAE He TIIBKKA HA BEJIH-
YMHY BUCOTH IOTEHIIAJIBHOrO 0ap'epy, aje TAKOK ICTOTHO 3MIHIOE XapaKTep MPOTIKAHHS eJIEKTPUYHUX Ta
doroenexTpuyHMX IporieciB, a Mopdostoris mosepxHi makiaamok CdTe:Li sanumaersess momioHOI0 HEMOIH-
diroBanum, xoua Besmumza [1B]] Ha ix ocHoBI momiTHO BuIe. Takok BCTAHOBJIEHO, IO IITBAIKICTH ITOBEPX-
ueBol pexombinarii I1B]] Ha 6a3i mIKJIagMHOK 3 ITOBEPXHEBOI HAHOCTPYKTYPOIO HA JBA 1 OJUH ITOPSIOK
MeHIIle, HI3K B CTPYKTYpPaxX Ha OCHOBI 0a30BUX ITIIKJIAIMHOK 1 00POOIEHNX B CYCIIEH31I COJIeH JIyKHUX MeTa-
miB Bigmosimao. Momudikallis mMaKIag0K IPU3BOAUTE M0 301IbIIeHHS e)eKTUBHOCTI COHAYHUX eJIEMEHTIB
(CE), npuuomy Haitbibma ederxrusHicts dgortonepersoperuss CE cnocrepiraersest ast [IB/] Ha 6a3i migk-
JIaI0K 3 IIOBEPXHEBOK HAHOCTPYKTYpPOIO 1 craHoBuUThH 9 % mpu Temmeparypi 300 K 3a ymoBu ocsiTiieHHS
AM2. PosrnafanoTbesa CrIoco0r BUKOPUCTAHHS TEXHOJIOTIH, 3aIPOIOHOBAHNX Y POOOTI, AJIA CTBOPEHHS II0BE-
pxHeBo-0ap’epHuX oToeIeMeHTIB Ha 0cHOBI ToHKUX ITiBoK CdTe.

Knrouori cinora: [Tosepxueso-6ap’epuuit miom, CdTe, Ctpym xopoTkoro 3amukanus, Hampyra xosiocToro
xony, KeanroBa epeKTUBHICTE.
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