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Abstract.

The peculiarities of photo-electric processes in fiim CdS/CdTe solar cells (SC) w
different back electrodes (Cu/Au, ITO, Cu/ITO) haleen studied. As it was established
capacitance — voltage (C — V) characteristics, gbtential barrier heights for CdTe/Cu/Au ¢
CdTe/ITO were 0.3 eV and 2.2 eV, respectively. Thacentrations of charge carriers near |
contact consiste®@10° m> and Z10°* m™, respectively. A high carrier concentration and
potential barrier of the ITO back contact causeel tilmnel — recombination mechanism of
charge transport. The investigations of CdS/CdT@/I$C spectral photosensitivity testif
negative impact of the developed grain-boundaryaser of the base layer on the processe
diffusion and separation of non-equilibrium curreatriers generated by short-wave radiation.
shown that the deposition of Cu nanolayer befoeediposition of ITO films give stable efficie
10 % for bifacial CdS/CdTe solar cells.

| ntroduction

CdTe/CdS thin film solar cells are perspective lfoge-scale terrestrial application. T
interest lines of terrestrial device developmerd @ire creation of bifacial CdS/CdTe solar ¢
supplied with transparent front and back electroaied a tandem device structure based o
absorbers with different band gap, that ensuresopbtiaic conversion in wide spectral range
such as design of the top more wide band gap lbgse &llows transmittance of long-wave pa
sun light to the back absorber with narrower baag.gRecently; a new construction of
CdS/CdTe SC with transparent indium-tin oxide (ITiy back electrode has been proposec

the tandem SC. With this purpose we carried out pavative investigation of solar cels

glass/SnQF/CdS/CdTe/ITO, glass/SrRE/CdS/CdTe/Cu/ITO and glass/SpRCdS/CdTe/Cu/A
In this work the peculiarities of photo-electriopesses in CdS/CdTe SC with transparent bac
electrodes have been studied.

Experimental

The CdS/CdTe/ITO film heterosystems were preparedhbrmal vacuum evaporation
glass substrates covered with SO “Chloride” treatment was applied by Cd€laporation ont
CdTe surface and by following air-annealing of git@ck at 430C. Prior to the formation of ba
electrode, the surface of the CdTe base layer teae@ in a bromine—methanol solution. Next
— 350 nm thick ITO layer was deposited onto thénedicsurface by nonreactive high-freque
magnetron sputtering at 250°C. For the purposeevkeldpment of the back electrode for
glass/SnQF/CdS/CdTe/Cu/Au solar cell, Cu 11 nm thick filmsd Au 50 nm thick films we
sequentially deposited onto the etched base lay&ace by thermal vacuum evaporation. The
solar cells were air-annealed at 250°C for 25 nilim. form the back electrode for t
glass/SnQF/CdS/CdTe/Cu/ITO solar cell the less thin thennd thick Cu film was deposited
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thermal vacuum evaporation on the surface of thieeet base layer, whereupon 300-350 nm
ITO layer was deposited by nonreactive high-freg@yanagnetron sputtering at 250°C.

The current — voltage (I-Viharacteristics were measured using an automaté8/A¢
Semiconductor Analyzer (Hewlett Packard). To meashe |-Vcharacteristics of the solar cell4@
various temperatures, the samples were placedt@maerature-controlled box. The tempera
was measured accurate within + 1°C using a Palgr(PRG H100 control unit, Peltron Gmb
To exclude the effect of water vapor condensatiorth® solar cell surface on the results of
measurements, a constant nitrogen flow was pabksedgh the box. The capacitance — voltage
V) characteristics were measured using a high &equ HP4275A Hewlett Packard LCR-me
during the measurements a constant voltage inathgerfrom —2 V to +2 V and a sinusoidal si
with the frequency 100 kHz and amplitude 10 mV wéed simultaneously to the sampie
According to the published data [1], the shapehef €V characteristics of the CdS/CdTe bq
thin film solar cells at this frequency is mainlgtdrmined by the variations in the sizes of thee
charge regions.

For calculation of coefficient of quantum efficign@(A\) the measurements of density ¢
short-circuit currentJsfA) were carried out. We used an optoelectronic systensisted of
halogen tube with power and cooling units, a puiget modulator, a monochromator ant
detector block for measuring the amplitude and naglaf photocurrent pulses generated b
heterosystem when being illuminated by a pulse adigithe photocurrent polarity in te
CdS/CdTe/Cu/Au heterosystem was adopted as pagsithee opposite one as negative.
optoelectronic system provided an opportunity tplya@ constant voltagel across a researc
heterosystem in the course of measurements. Théi230odulation of a light flux was used
avoid the influence of external light sources amel ¢onstant voltage applied to the structure o
measured values dfi(A). It allowed the constant component of the photeru to be compensat
automatically during measurements. The measuriogeoiures and the processing of data
carried out with the help of a PC. For a compaeatinalysis of glass/SR®/CdS/CdTe/ITO a

glass/SnQF/CdS/CdTe/Cu/Au SC, the absolute value) were normalized by the maxi
value of the quantum efficiency coefficient meadui@ the glass/Sn{F/CdS/CdTe/Cu/Au SC
U=0.

Results and discussion

The analyses of the I-@haracteristics of the studied glass/SRCdS/CdTe/Cu/Au sol
cells under the forward bias show a plateal a 1 V. The current density, which correspond
the plateau, increases as the temperature incré&agesequently, the density of the current flo
across the solar cell starts to be limited by teesity of the saturation current of the back cat
Jsb The exponential dependenceJg{T) on 1T indicates the thermal emission mechanism o
charge transport that exists in the device stredtuthe mentioned voltage range:

Jsb = Jsh@XP(—Ear/KT).

HereEypis the activation energy of the saturation curtdrihe back contact.

This quantity is related to the potential-barrieidght g, of the back contact by the relat
Eap = Ep/A. For the sample which was studidfl,, = 0.16 eV and coefficient idealith = 1.9
ConsequentlyEp, = 0.30 eV. The obtained value of the potentiakbatheight virtually coincidg
with the valueE, = (0.31-0.33) eV, which was obtained for such rsaklls using a simild
method [2]. In thd—V characteristics of the CdS/CdTe/ITO structurestemperature depende
of the saturation current was observed under theai@ biasU > 1 V. For such bias-volta
values, the currertdepends exponentially dsi*’2 Sharma and Purohit [3] believe that this fa
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indicative of the existence of the tunnel-recomtiamamechanism of the charge transport in
device structure, for which the expression for entrdensity is written as:

J Oexp{-B(Uss - U) ™2}, )

HereB is a parameter determined by the physical chaiatits of the n-type material and,dds
the contact potential differencEpf, = eUyy).

The capacitance—voltage characteristics for glas3/&/CdS/CdTe/Cu/Au a
glass/SNnQF/CdS/CdTe/ITO solar cells include several typigabrtions. The first portio
corresponds to the reverse bias and a low forweasl @ < 0.2 — 0.3 V). In this portion, the C
characteristics are linearized in the coordin&#8* = f(U). Niemegeers and Burgelman [4] beli
that, for this portion, the current density acrdiss glass/SnF/CdS/CdTe/Cu/Au solar cell
much lower that the saturation current densityhefltack contacly, Therefore, the applied volta
drops completely across tlpe-n junction. Consequently, the total capacitancehefgolar cell fo
this portion corresponds to the capacitance opthrgunction. It was experimentally found that
second characteristic portion in the depender®#8® =f(U) for the studied device structu
(where S is the area of the deposition layer) sxigtder the positive biad > 1V for th
CdS/CdTe/Cu/Au structures and> 0.8 V for the CdS/CdTe/ITO structures. In thamge of th
applied voltages, the C-V characteristics for btthes of solar cells are also linearizeg
represented aS/C?=f(U). It was shown that, in this portion, the appliezitage drops main
across the back rectifying contact, which is resdrmsed in this case, and the total capacita
the solar cell is determined by the contact capac# [4]. Under such forward biases, the siz¢
the depletion region of the-njunction and, correspondingly, the resistancehefdepletion regio
decrease. The height of the potential barrier, wleimerges during formation of the back conta
the base CdTe layer, and the carrier concentratean the back contadil) were determined fro
the linear portion of the depender8¥C? = f(U), similarly to study [5]. For the CdS/CdTe/Cu
structures Exp = 0.25 eV, which corresponds to the value of grasameter found by us from {
analysis of the dark 1-V characteristic. For thesGZTe/ITO structureg,, = 2.2 eV. In this cas
concentration of charge carriers g = 9.910°° m™ for the CdS/CdTe/Cu/Au structures, i
Ny = 2I10%* mi 3 for the CdS/CdTe/ITO structures. A high carriencentration near the back con
and a high potential barrier of the back contaskegése to the tunnel-recombination mechanis
the charge transport in the glass/SRICAS/CdTe/ITO solar cells under the forward-biattage
above 1 V, which follows from the analysis of trelkdl-V characteristics.

Comparative studies of the coefficient of quantuificiency Q(A) dependences, obtai
for glass/SnQF/CdS/CdTe/Cu/Au and glass/SnE/CdS/CdTe/ITO solar cells were carried
Provided that the glass/Sg®/CdS/CdTe/Cu/Au SC was illuminated from the fedrgide (fro
the side of the glass substrate) and no electag Wwas applied, the correspond®@ ) dependenc
in comparison with that of the glass/S¢ICAS/CdTe/ITO SC, had higher values in the
spectral range of photosensitivity (Fig. 1, curée®). The largest difference between
correspondingQ(A)-values of the investigated heterosystems amouttte@l4 at the waveleng
A =550 nm (Fig. 1, curve 3).

According to the energy structure of cadmium selfithe edge of the absorption bang
this substance is situated at 520 — 540 nm, so\linen the studied heterosystems were illumi
from the CdS side, 550 nm photons had the highestgg among those photons that were
absorbed substantially in the cadmium sulfide lagad reached the base layer of cad
telluride. In this case, in accordance with thergnef photons, the range of their absorption
located near the CdS/CdTe interface. Thus, theateddifference between the correspondp{y)
values of the investigated heterosystemsfiestio that recombination losses near Cd%é
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Fig. 1. The coefficient of quantum efficiencyig. 2. The coefficient of quantum efficie

Q) atU = 0. SC CdS/CdTe/Cu/Au (curve 1§(A) SC CdS/CdTe/ITO at the front illuminati

and CS CdS/CdTe/ITO (curve 2); difference aind different voltagelJ = 0 (curve 1), 0.6

guantum efficiencQcuyau— Qro (curve 3). (curve 2), 0.7V (curve 3), 0.8V (curve 4) q
1.2 V (curve 5).

interface of the glass/SREG/CAS/CdTe/Cu/Au SC were lower than those in
glass/SnQF/CdS/CdTe/Cu/Au SC itself. The authors of worR [&lieve that copper ato
diffusing over the grain boundaries, can passith& grain- boundary surface near CdS/C

interface in the course of the formation of back/@uw contacts. This reduces the rate
recombination in this layer and results in an iaseeofQ(A) for the glass/SnOF/CdS/CdTe/Cu/A
SC. Thus, we have shown that for the coefficierquantum efficiencQ(A) of the CdS/CdTe/IT(
heterosystem to be enhanced, it is necessary toeethe negative influence of the develg
grain-boundary surface of the base layer on thegases of diffusion and distribution of n
equilibrium current carriers generated in near CadiSk interface under the action of photons f
the short-wave range of the visible spectrum.

If the glass/SnQF/CdS/CdTe/ITO SC was illuminated from the frorgle and the appli
bias was positive, the growth of voltage resultedaireduction of th€(A) values in the who
spectral range of photosensitivity (Fig. 2).

In this case, the amplitude of reduction increaa®dhe photon wavelength grew from
to 820 nm. An increase of the direct bias resuited reduction of the electric field in the sp
charge region (SCR) of a frontal heterojunctionis®timulated the rise of the recombination lo
of non-equilibrium current carriers in the SCR. Tgrewth of the direct bias also resulted i
narrowing of the SCR, which caused an increasehefrecombination losses of the gener,
current carriers in the bulk when the radiation @laagth increased. When the measurements
CdS/CdTe/ITO SC at > 0.8 V were carried out, a change of the photerirpolarity fro
positive to negative was registered.

The change of the photocurrent polarity was calisetthe existence of two heterojunctig
in the CdS/CdTe/ITO heterosystem, which were in dpposite connection [1] namely, time
CdSp-CdTe andp’CdTeh’ITO ones. The electrical resistance of th€dSp-CdTe heterojunctio
decreased as the direct bias grew, so that theegrpart of the voltage began to drop acros:
p'CdTeh’ITO heterojunction, for which such polarity of theltage caused the reverse bias.
result, the SCR dimensions of tp&CdTeh'ITO heterojunction started to grow, which led to
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p'CdTeh’ITO heterojunction when the SC was illuminated frissback side with photons frg
the long-wave range of the spectrum.

_ R The investigation of quantum efficiergs
j, mA/sm allows assuming that the Cu/ITO back contal

optimum for use. The light I-\¢haracteristics ¢
SC with Cu/Au back contact, ITO back con
and Cu/ITO back contact are presented in F
The SC with Cu/Au back contact has efficie
10.4% with Uy = 790 mV, Jsc= 20.1 mA/cm
andFF = 0.66. On conditions that the front g
is illuminated the efficiency of SC with ITO ba
contact is 7.7%  with Uy =690 mV
Jsc = 18.5 mA/cmi andFF = 0.60. The efficieng
of SC glass/SnEF/CdS/CdTe/Cu/ITO is 9.9
with  Uge=740mV, Jsc=19.5 mA/lcri  ano
0,2 0,4 0,6 0,8 U,V  FF =0.68. The efficiency of this SC increase
10.3% during the first six month of service

Fig. 3. Light |-V characteristics of

SC glass/SnEF/CAS/CdTe/Cu/Au (curve 1), remains higher then 10% after six years ser Ce.

SC glass/SnOF/CAS/CdTe/ITO (curve 2) and It has been established by analytical proces

SC glass/SnOF/CAS/CdTe/Cu/ITO (curve 3) gggg‘zr“gnh;r:gl\;;gg ai‘;tetrr']set'%setsri‘g; tgf frZisog

contact led to the decreasing of reverse curremgitiesaturation. It was shown, that as againg
with Cu/Au back contact the SC with ITO/Cu back temt would have the same high stabilit
well as SC with ITO back contact.

Summary

New design of a transparent back electrode basedmposition Cu/ITO is proposed. A
result of comparative researches of film solar scellglass/Sn@QF/CdS/CdTe/ITO
glass/SnQF/CdS/CdTe/Cu/ITO and glass/SpnEICdS/CdTe/Cu/Au it has been shown that
using of Cu nanolayer before the deposition ofdpament film ITO contact allows receiving
stable bifacial solar cells with efficiency moratti0 %, which can be used in the design of ta
thin film solar cells.
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