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The high-frequency non-reactive magnetron sputtering regimes have been found pro-
viding ITO films exhibiting a necessary combination of optical and electrical parameters of

those layers in ITO/CdS/CdTe solar cells.

I/IL[GHTI/I(I)HHHPOB&HBI PEeX MBI BBICOKOYACTOTHOI'O HEPEAKTHUBHOI'O MarHeTpPOHHOI'O PacCIIbI-
agerus miaeHok ITO, Kortopble oGecrieynmBalOT HEOOXOAMMOE COUYEeTAHUE ONTUYECKUX U HJIEKT-
pUUYeCcKHX IIapaMeTpPOB 3THUX CJOEB B cOCTaBe coyiHeuHbrx ajaementoB ITO/CdS/CdTe.

Cadmium telluride has been recognized
as a promising photovoltaic material for
thin-film solar cells (SC) [1]. To intensify
the photoelectrical processes, the wide-band
"window" effect is used in all modern film
SC. This effect makes it possible to lower the
surface recombination rate of non-equilibrium
charge carriers due to shift of their genera-
tion region from the surface being irradi-
ated [2]. This effect is realized by using
degenerated wide-band semiconducting ma-
terials exhibiting a high transmission coef -
ficient for solar radiation (at least 86 %) in
the SC film structure. It has been shown [3]
that, if the surface electric resistivity of
the wide-band "window” does not exceed
12 Q/; , then the presence of such a layer
does not cause a decreased SC efficiency.
Films of indium and tin oxides (ITO) are
used as the wide-band gap "windows" in the
SC with CdTe base layer.

To date, techniques have been developed
to obtain transparent and conductive ITO
wide-band gap “windows” on glass sub-
strates that are used in production of CdTe
thin-film SC [4, 5]. The non-reactive high-
frequency magnetron sputtering is among
optimal methods to obtain such layers. Nev -
ertheless, in our opinion, the high optical
and electric characteristics realized for the
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ITO films on glass substrates cannot still
guarantee optimality of those layers in a
specific use thereof in CdTe thin-film SC.
This is due to the fact that the ITO forma-
tion is the first technological step in manu-
facturing SC on the basis of cadmium tellu-
ride, therefore, the ITO properties may
change in the course of the further high-
temperature treatments intended to obtain
the semiconducting structure. The purpose
of this work is to develop a non-reactive
high-frequency magnetron sputtering tech-
nology to provide ITO layers for CdTe thin-
film SC that would take into account the
effect of above-mentioned heat treatments
on the initial optical and electric properties
of the wide-band gap "windows".

The ITO films were deposited onto glass
substrates in a MRC6031 high-frequency
magnetron unit. The target being sputtered
consisted of compacted mechanical mixture
of finely dispersed In,O3 (90 % wt.) and
SnO, (10 % wt.), both of semiconductor pu-
rity grades. The initial partial pressure was
1076 Torr. The magnetron specific power
(Py) was varied from 2200 to
1200 mW/cm2, thus corresponding to the
range used in production of transparent
conductive ITO films [5]. The films were
deposited in argon-oxygen atmosphere at
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60073 Torr pressure. The gas leak-in sys-
tem design made it possible to vary the oxy -
gen concentration (Cp) within limits of 0 to
3 % (vol.). The ITO film thickness, as de-
termined by a profilometer, was wvaried
within 0.45 to 0.63 pm range. The ITO film
crystalline structure was examined by X-ray
diffraction under copper anode emission. To
study the film surface resistance (R; ), the
four-probe technique was used. The concen -
tration (n) and mobility ({) of the major
charge carriers in the ITO films were deter -
mined using the Hall e.m.f. method. The
spectral dependences of the film transmis-
sivity were studied using two-channel
method in the 200 to 1100 nm spectral
range. The average transmissivity wvalue
(T400-800) Was calculated for the 400 to
800 nm range.

First, studied was the effect of the oxy-
gen partial pressure and the magnetron
sputtering specific power on the crystalline
structure, optical and electrical properties
of ITO films deposited onto unheated glass
substrates. The magnetron specific power
p, = 2200 mW /cm2 being constant, the
oxygen concentration Cq increase in the
argon-oxygen mixture from 0 to 3 % (vol.)
results in the surface resistivity Rf increase
from 9.1 to 15.7 Q/; while the average
transmissivity Tyg9-ggo from 3.7 to 28.2 %
(Fig. 1, curves 1, 2). The Ty4p9_gog value
attains 17 % already at Cg about 1 %vol.
and then changes only slightly. The low
transparency of the wide-band gap “win-
dows" is due to a high concentration of oxy -
gen vacancies in the growing layer [6].
Thus, in spite of the increasing oxygen con -
centration in the gas mixture, its atoms
may no have time to occupy the crystal lat-
tice sited due to the high sputtering power.
At the other hand, according to [6], at a
high specific power of magnetron sputter-
ing, intrinsic point defects (oxygen vacan-
cies) can arise in the growing oxide film.

Proceeding from the above considera-
tions, the magnetron sputtering power in
further experiments was decreased at the
constant oxygen concentration of 3 % (vol.)
in order to increase the ITO film transmis-
sivity. The Pw decrease from 2200 to
1500 mW/cm?2 results in the transparency
increase up to T4gp-goo = 88.2 % (Fig. 1,
curve 3), while the surface resistivity in-
creases only slightly from 15.7 to 20 Q/J.
The X-ray phase analyze of the layers ob-
tained in various regimes has shown that
the ITO films are of cubic modification and
oriented mainly along the (400) direction.
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Fig. 1. Effect of magnetron sputtering re-
gime on optical properties of ITO films depos-
ited onto unheated substrates:

P, = 2200 mW/cm?, Cy =0, Ty 500 = 3.7 %,
R;=9.1 Q/f (1); P, = 2200 mW /cm?2,

Co = 8%(vol), Ty gog = 232 %, R = 15.3 Q/2);
P, = 1500 mW/cm?, Co = 3% (vol.), T400-s00
=88.1 %, R=200Q/ (3); P,=

1200 mW/cm?, Cy =3 % (vol.), T400-800 =
88.8 %, Ry=475.0 Q/f (4).

According to [7], the qualitative index char -
acterizing the predominant orientation of
ITO films is the ratio of two most intense dif -
fraction maxima, I(999)/I(400)- For the In,O3
phase having no predominant orientation, this
ratio amounts 3.33, according to ASTM data
[8]. As to the ITO films under study obtained
on unheated substrates at P, = 1500 mW/cm2,
this ratio is 1.6 (Fig. 2a).

The further decrease of the magnetron
power from 1500 to 1200 mW/cm? results
in a dramatic RI increase from 20 to 475 Q/J.
The transmissivity increases insignificantly
from 88.2 to 88.8 % (Fig. 1, curves 3, 4).
TheR, increase is due to dropping concentra-
tion of major charge carriers, n, from
5.90029 down to 2.801% cm™3 while their
mobility, M, increases slightly from 11 up to
14 cm2/(VIS). In our opinion, the decreasing
concentration of major charge carriers at
the decreasing magnetron power is due to
decreasing growth rate that may be accom-
panied by increasing oxygen concentration
in the growing film. This increase in the
oxygen concentration results, at the one
hand, in decreasing concentration of electri-
cally active intrinsic point defects (oxygen
vacancies) of the n conductivity type. At
the other hand, the excess oxygen atoms
may bind tin atoms and thus transform this
impurity out of the electrically active state
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into electrically inactive one by formation
of oxide phases.

The results obtained evidence that for
the ITO films grown on unheated sub-
strates, the optimum combination of optical
and electrical properties is attained at the
magnetron power P, = 1500 mW /cm? if the
oxygen concentration in the argon-oxygen
atmosphere is 3 % (vol.). The surface resis-
tivity Ry = 12 Q/5 required for high-effi-
ciency SC, however, is impossible to be pro-
vided at the attained optimum transmissiv-
ity of T400-800 = 88.2 % . Comparative
analysis if literature data [3, 4] indicated
that the drawback is due to insufficient mo -
bility of electrons U= 11 ecm?2/(V[S) in ITO
films deposited onto unheated substrates.
Since the mobility depends heavily on the
crystal perfection of the layer and the ele-
vated deposition temperature is among the
most common methods to improve the ITO
layer crystal structure [9], the further ex-
periments were aimed at examination of the
deposition temperature effect on the crys-
talline structure, optical and electrical
properties of ITO films grown in optimum
regime of the magnetron sputtering.

The structure studies have shown that as
the deposition temperature is elevated up to
450°C, the extent of the ITO film predomi-
nant orientation along the (400) direction
increase (I(222)/I(400) = 0.7) (Flg. 2b). The
substrate temperature increase above 250°C
has been shown to result in the surface re-
sistivity decrease down to Ry = 12 Q/s (Fig.
3a, curve 1) that is caused by the increased
mobility (Fig. 4b, curve 1) at the essentially
constant concentration of major charge car -
riers (Fig. 4a, curve 1). The film transmis-
sivity value exceeds 88 % within the whole
studied range og the substrate temperature
(Fig. 3b, curve 1). Thus, from the standpoint
of the combination of optical and electrical
properties in the initial state, the ITO films
obtained on glass substrates at deposition tem -
peratures ranging from 250 to 450°C can be
used to design high-efficiency SC.

When studying the effect of
ITO/CdS/CdTe SC manufacturing process
on the initial properties of ITO films, the
"chloride” treatment was found to cause an
appreciable increase of the surface resistiv-
ity of the wide-band "window"”. This stand-
ard heat treatment is used to diminish the
grain boundary surface and to lower the
basic layer resistivity as well as to form an
efficient separating barrier [11]. The "chlo -
ride” treatment is performed by applying a
CdCl, film onto the basic CdTe layer sur-
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Fig. 2. Crystalline structure of ITO films ob-
tained at P, = 1500 mW/cm?, Cy=3 %
(vol.) and substrate temperature (°C): 20 (a),
450 (b), 450, after air annealing (c).

face followed by the air annealing the sys-
tem at 430°C for 25 min. According to lit-
erature data, oxygen atoms diffusing across
the semiconductor towards the CdS/ITO in-
terface play an important part in the "chlo-
ride” treatment [12]. No diffusion interac-
tion between CdS and ITO layers was ob-
served [11]. Thus, it is obvious that the
"chloride” treatment effect on the ITO film
properties is associated with the oxidation
process occurring during the treatment.
Therefore, the ITO layers obtained at sub-
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Fig. 3. Effect of substrate temperature and air
annealing on T4po_goo (@) and R; (b) of ITO
films  obtained at P, = 1500 mW/cm?
Co = 3 % (vol.): prior to annealing (1), after
annealing (2).

strate temperatures of 250 to 450°C were
annealed in air at 430°C for 25 min in
order to simulate the evolution of the wide-
band "window"” structure, optical and elec-
trical properties at the "chloride” treatment
of ITO/CdS/CdTe solar cells.

At all the studied deposition tempera-
tures, the heat treatment in air has been
found to cause an insignificant increase of
the film transmissivity along with a consid -
erable increase of the surface resistivity
(Fig. 3a, b, curve 2). The study of Hall
e.m.f. has shown that the R increase is due
to decreasing concentration of major charge
carriers (Fig. 4a, curve 2) accompanied by a
less considerable increase in their mobility
(Fig. 4b, curve 2). Thus, the air annealing
causes oxidation of the doping impurity
being initially in the electrically active
state. Only the ITO films deposited onto
substrates heated up to 450°C exhibit the
optical and electrical characteristics making
it possible to use the films in high-effi-
ciency SC on the cadmium telluride basis.
For those films, the transmissivity T449-g00
=90.5 % and surface resistivity Rf =
12 Q/o. The structure studies of the men-
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Fig. 4. Effect of substrate temperature and air
annealing on n (a) and U (b) of ITO films ob-
tained at P, = 1500 mW/cm?, C, = 3 % (vol.):
prior to annealing (1), after annealing (2).

tioned films carried out prior to and after
air annealing (Fig. 4b, c¢) evidence that the
heat treatment results in increased pre-
dominant orientation of the film along the
(400) direction. The I(999y/I(400) value de-
creases from 0.7 down to 6.4.

To conclude, the conditions of high-fre-
quency non-reactive magnetron sputtering
have been identified that provide the re-
quired combination of optical and electrical
parameters for ITO layers within the struc-
ture of solar cells on CdTe basis. When an-
nealed in air at 430°C for 25 min, the ITO
films obtained at the magnetron power
1500 mW/cm2, oxygen partial pressure in
the argon-oxygen mixture 3 % (vol.) and
the deposition temperature 450°C show the
surface resistivity 12 Q/f and transmissiv-
ity 90.5 % . These optical and electrical pa-
rameters do not limit the photoelectrical
process efficiency in solar cells on CdTe
basis. The decreasing resistivity of the ITO
films at the deposition temperature eleva-
tion is shown to result from increasing mo-
bility of major charge carriers. The in-
creased resistivity of the ITO layers after
the air annealing found in experiment is
due to decreased concentration of major
charge carriers.
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Po3pooka mapiB ITO agaa BucoxkoedeKTHBHUX COHAYHHUX
eiaemveHnTiB Ha ocHoBi CdTe

I'.C.Xpunynos

ImenTudikoBaHO PEKUMU BHCOKOUACTOTHOTO HEPEAKTHBHOTO MATHETPOHHOTO PO3MHUJIEHHS
mapiB ITO, saki 3abesmeuyioTh HeoOXigHe MOETHAHHS ONTUYHUX i €JIeKTPUUHUX MapaMeTpiB
X ITapiB y CKJami BUCOKoepeKTHBHUX comaunux enemeHTiB ITO/CdS/CdTe.
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