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3. Results and discussions

CdS films grown on glass substrates and annealed in air, N, or H, were adherent, yellowish and reflecting.
Independently of the annealing ambient, all the films annealed at 400 °C were more dark-yellowish compared to
those annealed at 250 °C.

3.1. Structural properties

Structural properties of CdS thin films were analyzed on the basis of XRD and Raman measurements. At low
annealing temperature (250 °C) the XRD patterns do not reveal any additional phases except CdS. At higher
annealing temperature (400 °C) in air and nitrogen CdSO; and CdO phases were found (Fig. 1a). CdSO; which
appeared during nitrogen annealing for 60 minutes has disappeared at longer annealing for 120 minutes, while in
air CdSO; was transformed to CdO. Only annealing in hydrogen resulted in pure CdS (Fig. 1a).

26.46 deg. 26.83 deg.
1 quS a) cub.CdS b) hex.CdS.
20F T, T T T T T T . T T A‘ T AI T T T
' ZRRY %) 100 X Y \ o
F 343 8 2 g g oo \ , --A-H2_250°C
15 gis S o 25 7 | \ L --A--H2_400°C
VL S - 2 5« ! N a * asdep.
1,0 . T en e st et oo oo 50 | : \ /! : E
L bt n 0 90 \ ,
o T T | \ |
0,5 s § 8 838 | X A *\A |
2 e g9 | & 1
i 1 | T T :ﬁeﬁ—m - . o L L * ! ]
£ 98 1 £ ! T T
2 - 0 0 @ €100} |1 --m--N2.250°C, -
@ © < 8 - ! : o
£ o o 3 E g : | i --o-- N2_400°C!
= TR B Y g m *oasdeR
> g TTeTmmmm T Pk = o 50} [ N AN ! E
= 2 2 3 99 = | B w |
g , 2 © © © 9 A 3 1 i S 1
L S 5 = c a .
'26 S 8 8. ° i‘:“ g U : I I * I : ]
98 ] : 5 :
L ol O o o 0w o 100 ro 4
ot o i |
158 S% s 8 8 38 | | {1 --e-Air_250°C |
ho T & g 5 8 ) ! /1 --o--Air_400°C !
"""""""""""""""""" £ 50 2o * asdep. i
@ » ' :
8 8 88 ] -G :
,8_ IS - o | \‘o \. 1
N 5 & oF ! * ! 4
Il T —t— ] 1 1 1 1l
45 50 55 60 26,4 26,5 26,6 26,7 26,8 26,9

Position of (111) peak, deg.

Fig. 1. (a) XRD pattern of CdS films annealed at 400 °C in H,, N, and air for 1h (solid line) and 2h (dash line); (b) Shift oh the main 111 peak
in dependence of annealing ambient, temperature and duration

By high resolution analysis was shown the shift of the main (111) peak toward the cubic modification of CdS
(Fig. 1b). In H, annealing process we explain this shift by the decomposition of incorporated OH group, creation of
oxygen on sulfur site and by removal of oxygen from the crystalline lattice [10]. While atomic size of sulfur and
OH group are similar, the atomic size of oxygen is smaller (compare the densities of cubic CdS 4.8 g/cm® and CdO
8.1 g/em’ [11]) and causes contraction of CdS lattice [12], like sulfur in CdTe [13] and boron in silicon [14]. In air
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and N, the shift of the (111) peak is stabilized for 60 minutes annealing (Fig. 1b), which corresponds to the
remained traces of oxygen in the CdS lattice and supported by the presence of oxide phases (Fig. 1a).

The traces of oxygen are present even in H,- annealed CdS and only at 450 °C annealing the main peak reaches
the position of pure cubic modification (26.46°%) for CdS [10]. However, as the air ambient is more active it showed
a deeper removal of oxygen compared to Hp; this could be attributed to CdCl, dopant added in the deposition
process of CdS. Due to the presence of CdCl, flux and high solubility of both cadmium oxides and CdS in CdCl,
flux [15], the oxygen diffuses into the melted phase and at high temperature CdSO; and CdO are extracted.

The complex composition of as deposited CdS films [16] involves the formation of oxides like CdO and CdSO5
in neutral and oxidizing atmospheres of annealing (1, 2).

CdS +1.50,—— CdO+ S0, T 1)

CdS +1.50,——>CdS0, @)

In N, annealing process, depending on the temperature and time, the oxides are expelled as metallic Cd and SO,
(3, 4), while in H, ambient Cd and water are expelled (5, 6). The metallic Cd was confirmed by the black deposit
on cold walls of the process tube. In air Cd forms on CdS surface CdO (7) as the most stable phase (Fig. 1a).

CdS +2CdSO, ——3cd T+350, T 3)
CdS+2Cd0—2-3cd T+50, 1 )
CdSO, +3H, ——CdS+3H,0 (5)
CdO+H,——Cd+H,0 (6)
CdSO, ——CdO+S0, T (M

Raman spectra of CdS films annealed in different atmospheres (Fig. 2) present a well-resolved line at
approximately 300 cm ™, corresponding to the first order scattering of the longitudinal optical (LO) phonon mode.
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Fig. 2. Raman spectra of CdS films annealed for 1h in different ambients at 400 °C.
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The position of this peak is slightly shifted to lower wave numbers (Table 1) with respect to bulk CdS peak (305
cm™"). Several authors explained this shift by the changes of grain size [17,18,19]. The narrowing of the 1LO peak
of annealed CdS films (Table 1) is connected to the lattice stress shown by XRD data [12]. The decreased peak
intensity with annealing is attributed to the shift of the crystalline structure of CdS films to a more cubic phase
[20].The second-order scattering of LO phonon is also visible at approximately 600 cm .

Both Raman and XRD measurements indicate that CdS films annealed in any atmosphere have a better
crystallinity [17] than the as deposited ones. However, we observed at ~700 cm™ an additional Raman peak that for
air- annealed CdS film has higher intensity compared to 2LO peak. This peak may correspond to CdSO; and CdO

[21,22], both phases representing the oxidation products of annealing at 400 °C (Fig. 1a).

Table 1. Position of 1LO peak and its FWHM value in dependence of annealing ambient for CdS films.

Sample Main peak (cm™) FWHM (em™)
As deposited CdS 300.0 19.56
H,- annealed CdS 302.4 14.36
N»- annealed CdS 302.7 13.39
Air- annealed CdS 302.7 10.15

3.2. Optical properties

Transmittance spectra of CdS films (Fig. 3a) show that annealing at low temperature (250 °C) weakly
influenced the optical properties of CdS films. However, air- annealed CdS has lower transmittance in the 500-700
nm region compared to N, and H, ambients. At high temperature (400 °C) all the atmospheres substantially
decrease the CdS transmittance due to the presence of metallic Cd precipitate in the CdS grains. Still, transmittance
of the air- annealed CdS remained unchanged due to transformation of metallic Cd to transparent CdO (Fig. 1a).
Absorption of light in the longer wavelength region is usually caused by crystalline defects such as grain
boundaries and dislocations [23].
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Fig. 3. (a) Transmittance spectra of CdS films annealed at different annealing time and ambient for 1h; (b) Band gap values of CdS films versus
annealing time for different ambient and temperature.
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Band gap (E,) of CdS films annealed in H, and N, at low temperature (250 °C) show small decrease with
increasing annealing time (Fig. 3b), while for air- annealed CdS E, decreased from 2.4 eV to 2.34 eV. Oxygen
from the air ambient assured a higher presence of CdO [24] in CdS film, which decreased E, already at 250 °C. At
400 °C E, decreased faster, lowest value (2.32 eV) being reached for air- annealed CdS. This could be explained by
the incorporation of oxygen on the vacant sulfur site appeared in the process of hydroxide group destruction in the
CdS lattice. High concentration of oxygen in CdS lattice is also supported by the presence of CdSO; and CdO
phases for annealing in N, and air (Fig. 1a).

3.3. Electrical properties
Time dependence of electrical resistivity measured at RT for CdS films shows stable electrical properties after

60 minutes annealing for each annealing temperature and ambient (Fig. 4a). At low annealing temperature the
hydroxide group decomposes with formation of excess Cd and V.
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Fig. 4. (a) Electrical resistivity of CdS films at RT as a function of annealing time, temperature and atmosphere. (b) Time dependence of
electrical conductivity and activation energy values for CdS films annealed for 1h in H,, N, and air.

The high conductivity is controlled by the CIS* and (OH)"s shallow donors [10] (considering annihilation of
sulfur and cadmium vacancies) at ~9-30 meV under conduction band (Fig. 4b). At 250 °C the process stabilized in
30 minutes for N, and H, annealing. For air- annealed CdS resistance will be differently increased than for H, and
N, due to incorporated oxygen on sulfur site and its reaction with Cd, forming CdO. Same processes with higher
rate take place at annealing temperature 400 °C and significantly higher resistances are achieved in air and N,
annealing due to the background oxides in CdS (Fig. 1a). At 400 °C annealing, due to full destruction of hydroxide
groups and out diffusion of chlorine, the concentration of electrons decreased [10] and CdS conductivity is
determined by the deep donor defects at ~120 meV in the region of measurement temperatures 20 - 100 °C (Fig. 7).

The PL spectra (Fig. 5) for all samples consist of two prominent bands at approximately 1.7 eV and 2.24 eV.
The 1.7 eV PL band was interpreted [25] in terms of commonly accepted neutral complex (V¢42Cls)®. The sharp
peak (2.24 eV) corresponds to the emission of donor — acceptor pairs due to the thermal dissociation (8) of the
neutral complex to Clg" donors and (V4Clg)~ acceptors [26].

(Ve 2CL Y > (V. Cl ) +CL" (8)
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Fig. 5. Photoluminescence spectra of CdS films annealed for 2h in different atmospheres.

The unexpected high PL intensity of air-annealed CdS films is connected with the incorporation of oxygen on
Vs and the spatial compensation of contraction in Cd sub-lattice by V4. The oxygen should enhance formation of
Vg and therefore to increase the intensity of both PL peaks. However, due to concentration quenching, lower
intensity of the 1.7 eV peak (showing the neutral complex concentration) is observed. This explanation is
confirmed by one order of magnitude increase of PL peak intensity for the air-annealed CdS film which was over-
annealed in H, (Fig. 5).

4. Conclusions

Changes in structural, optical and electrical properties of CBD CdS layers in the annealing process are
connected with decomposition of OH group incorporated in CdS lattice in the deposition process, with outdiffusion
of H,O and destruction of crystallites, and with creation of Cd excess resulting in transition from CdS; (OH), to
CdS,.,O, solid solution. Annealing in air and N, creates stable CdS,.,O, solid solution while H, annealing removes
the oxides and chloride dopant resulting in pure CdS films. Excess of Cd as precipitate decreases the transmittance
while incorporation of oxygen into CdS lattice decreases the band gap of the CdS film. The gained knowledge
about influence of annealing conditions on the properties of CdS film will facilitate further investigations on
CdS/absorber heterostructures for elaboration of high-quality solar cells.
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CdS thin films obtained by chemical bath deposition and annealed in hydrogen and air ambients were
combined with CdTe absorbers obtained by close spaced sublimation. CdS-CdTe solar cells in superstrate
configuration were characterized by current-voltage and quantum efficiency measurements while the
analysis of annealed CdS films was made by scanning electron microscopy, X-ray diffraction and UV-vis
spectroscopy. It was found that in superstrate configuration, due to the big grains on CdS surface and
gas emission from CdS film at high temperature deposition of the absorber, the delamination of layers
take place. Annealing in H, removes the oxygen compounds from CdS grain boundaries and opens them
for formation of shortcutting through the CdS layer. The processing in air is most advantageous due to
simultaneous presence of chloride and oxygen, contributing to the recrystallization and sintering of the
highly textured columnar CdS. The direct influence of the CdS annealing on the solar cell parameters is
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1. Introduction

Cadmium sulfide (CdS) is a suitable n-type component for cad-
mium telluride (CdTe) based solar cell [1] due to its direct optical
band gap (Eg) (2.4eV), high transparency (>80%) and the ease to
prepare by different techniques [2,3]. For such application CdS film
should be conductive, thin and uniform. High conductivity of CdS
film increases the built-in potential in CdTe absorber which in turn
improves the photovoltage of solar cell [4]. Thinning increases the
transparency of CdS film and gains in short-circuit current while the
uniformity of the film avoids the shorting effects between transpar-
ent conductive oxide and CdTe absorber [5].

In this context chemical bath deposition (CBD) is a proper tech-
nique to produce uniform, adherent and very thin CdS films with
low cost and simplicity. Moreover, CBD CdS has high n-doping
and low sheet resistance due to the high concentration of oxygen-
containing impurities in the film [6]. However, the as deposited CBD
CdS thin film usually forms the metastable cubic phase and has a
poor crystallinity and an appropriate heat treatment is required to
improve its properties. Also in a solar cell, by using the recrystal-
lization step prior to CdCl, treatment, the diffusion of CdS into CdTe

* Corresponding author. Tel.: +372 620 3366; fax: +372 620 2020.
E-mail address: nataliamaticiuc@yahoo.com (N. Maticiuc).

http://dx.doi.org/10.1016/j.apsusc.2015.01.172
0169-4332/© 2015 Elsevier B.V. All rights reserved.

absorber can be reduced by eliminating the diffusion pathways into
absorber [7].

This annealing step of CBD CdS film was widely studied during
the last years by different groups including ours in order to improve
the CdS-CdTe solar cell parameters [8,9]. Beside the variation of
annealing atmosphere, temperature or duration the multilayer
approach for CBD CdS was studied in [9,10]. Our previous investiga-
tions showed that: (1) independent of the applied gas, the annealing
results in the relaxation of CdS lattice and its transition from the
metastable to stable cubic structure [11,12]; (2) CdS film annealed
in oxidizing atmosphere have better crystallinity with smoother
surface, but the Eg is decreased and the film contains additional
phasessuch as CdO [8,12,13]; (3) the reducing atmosphere removes
the oxides and chloride dopants from CdS film while the Cd precipi-
tate decreases the optical parameters of the film [13]. Because each
annealing atmosphere brings both positive and negative effects
to CdS properties, researchers in this field have disperse opinions
about the suitable annealing of CdS for application in CdTe solar
cell [9,14]. Therefore, a better understanding of the influence of
annealed CdS film on the properties CdS-CdTe solar cell is still
needed.

In the present work we use annealed CdS films studied previ-
ously [12,13,15,16] to prepare CdTe based solar cell and illustrate
the direct influence of the CdS annealing on the final parameters
of CdS-CdTe solar cell in a superstrate configuration. The chemical
processes responsible for the induced changes are discussed.
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Fig. 1. Transmittance spectra of as deposited and annealed CdS films.
2. Experiment

Polycrystalline CdS films of 150-180nm thickness were
deposited by CBD on glass substrates coated with a 300 nm thick
fluorine doped tin oxide (FTO) layer. The details of the deposition
process are presented elsewhere [13]. After deposition and drying
in vacuum at 120°C CdS films were annealed for 1h at 400°C in
two different atmospheres: hydrogen and air. With all CdS films
complete CdS-CdTe solar cell devices were fabricated. A CdTe layer
of 3-4 um thickness was deposited by close space sublimation
(CSS) at source and substrate temperatures of 610°C and 500°C
respectively. This was followed by a soaking in CdCl, solution, air
treatment at 420 °C, NP etching and deposition of gold back contact
by evaporation. Finally the 2 cm x 2 cm samples were scribed into
cells of 5mm x 5 mm dimension.

The deposited CdS thin films were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and opti-
cal transmission spectra. XRD measurements were performed on a
Rigaku Ultima IV diffractometer with Cu Ka radiation (A =1.5406 A,
40KkV at 40 mA) using the silicon strip detector D/teX Ultra. Crys-
tallite size and lattice constants were calculated using the software
on the Rigaku’s system (PDXL Version 1.4.0.3). The crystallite size
was calculated using the Debye-Scherrer method and a Scherrer’s
constant of 0.94. The optical total transmittance and reflectance
spectra of CdS films were measured in the wavelength range of
200-2500nm on a Jasco V-670 UV-VIS-NIR spectrophotometer
equipped with an integrating sphere. The Eg of the films was
obtained from the absorption coefficient spectra calculated using
the Bragg formula. Surface morphology of CdS films and the cross-
section of CdS-CdTe solar cell were examined by high-resolution
SEM apparatus (Zeiss EVO-MA15) at an operating voltage of 10 kV.
The performance of CdS-CdTe solar cells were characterized by J-V
curves and quantum efficiency (QE) measurements under AM1.5
(100 mW/cm?) illumination.

3. Results and discussion
3.1. CBD (dS films

In the process of H, annealing the incorporated OH group
decomposed with formation of CdO and Cd precipitate [12], leav-
ing a relaxed crystalline lattice of CdS (Table 1). The metallic Cd,
observed on the walls of annealing quartz tube, decreased the trans-
parency of CdS film in the wavelength region of 500-800 nm (Fig. 1).
The Eg gap was slowly decreased if compared to as deposited CdS
(Table 1) and XRD spectra revealed a singular CdS phase oriented
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Fig. 2. XRD spectra of as deposited and annealed CdS films.

along the (11 1) direction (Fig. 2). It seems that H, annealing can
be considered the appropriate thermal treatment for removal of
impurities and for destruction of hydroxide components incorpo-
rated during the deposition of CdS film. However, because H; also
removes the oxygen compounds from CdS grain boundaries leaving
them opened, shortcuttings are formed through the CdS layer.

Air annealed CdS film are described by a sharpened absorp-
tion edge and increased transmittance in the range of 500-800 nm
compared to Hp annealed film (Fig. 1). On the other side the Eg is
decreased much more than for as deposited film (Table 1) and addi-
tional oxygen-containing phases like CdSO4 [12,17] and CdO are
revealed by the XRD analysis (Fig. 2). The oxide-producing reaction
between chloride, oxygen and CdS was proposed by McCandless in
[18]:

CdS(s) + CdCly(v) + Oy(v) « SClx(g) + 2CdO(s) (1)

CdO presence may be convenient because it is expected to
behave as a barrier to subsequent reaction and diffusion of Te and
Cl species from the CdTe layer into the CdS window material. As an
insulating oxide, CdO can also electrically passivate grain bound-
aries and surfaces [18].

CdSOy4 also is an active component as oxygen (2) and interacts
with CdS and CdCl, with formation of sulfur pieces (3, 4) which will
contribute to the mass transfer of CdS.

CdS + 20, — CdSO4 (2)
CdS + CdSO4 +CdCly — 25Cl, +4CdO (3)
CdS + SCl, — S, +CdCl, (4)

Our previous results showed that varying the annealing
atmosphere and temperature up to 400 °C did not change the mor-
phology of CdS films [12,13]. Here the surface view of CdS films was
registered after CdTe deposition and CdCl, treatment (Fig. 3).

In the case of air annealing the presence of oxygen, as CdO and
CdSOQy, together with co-deposited chloride improved the recrys-
tallization of CdS film, increasing the grain size. Romeo et al. [19]
also observed a big change in the shape and size of the CdS grains
after the recrystallization treatment of CdTe. Our CdS film became
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Table 1

Thickness, Eg, lattice constant, interplanar distance and grain size of CdS films after deposition and after annealing in hydrogen and air. Grain size of the films is estimated

after the deposition of CdTe.

Lattice constant (A)

Interplanar distance (A) Grain size (nm)

3.324 65.0
3.354 75.0
3.346 180.0

EHT=400kv 1000M

Air annealed

EHT= 400kv 1000
wp= smm

Fig. 3. SEM pictures of as deposited and annealed CdS films after the deposition and oxychloride treatment of CdTe.

CdS film Thickness (nm) Eg (eV)
As dep. 155.0 243 5.758
H; anneal. 175.0 2.37 5.824
Air anneal. 178.0 232 5.807
S d sited = 0
30+
E
—— Air anneal. s 204 ,
- H,anneal.| g e
— — asdep. = 404 s
v
r
-1,0

Fig. 4. J-V characteristics of CdS—-CdTe solar cells with as deposited and annealed
Cds films.

porous (Fig. 3) due to the thermal shock during the preparation
of absorber and short-cutting paths were formed between CdTe
absorber and FTO. In order to evaluate the net influence of the
annealed CdS film on the solar cell, the structures were sectioned
into 5mm? regions.

3.2. CdS-CdTe solar cells

Fig. 4 shows the J-V characteristics of CdS-CdTe solar cells with
different CdS films: as deposited CdS, H, annealed CdS and air

Table 2

Performances of CdS—CdTe solar cells with as deposited an annealed CdS films.
CdS film in solar cell Voc (V) Jsc (mA/cm?) FF (%) Eff. (%)
As dep. 525.7 17.7 39.1 3.6
H; anneal. 535.7 18.2 46.4 4.5
Air anneal. 7774 23.4 62.7 114

annealed CdS. The photoelectric performance of these solar cells
is shown in Table 2. The performance of the solar cell with CdS
film annealed in air is higher than the other two. An important rea-
son of this improvement might be attributed to the oxides which
reside on grain surfaces and penetrate grain boundaries of CdS [18]
making the film more stable for the following oxychloride treat-
ment of CdS-CdTe solar cell at 420°C (Table 2, Fig. 4). Solar cell
with CdS annealed in H, show lower parameters (Table 2) due to
smaller grain size of CdS film which implies a faster interdiffusion at
the interface after the CdCl, treatment compared to the cell with air
annealed CdS [7,11]. This interdiffusion appears to be determined
by the oxygen level in the CdS. When low-oxygen-containing CdS
films are used, sulfur diffusion is substantial, leading to significant
consumption of the CdS layer. When these same films are annealed
in oxygen, the consumption is reduced. Te diffusion into the CdS
layer also appears to be reduced by oxygen present in the CdS [20].
Another reducing factor could be the metallic precipitate in CdS
film after H, annealing [13] which beside lower transmittance of

1,00 +
0,75 -
w
<}
°
@
N
s050F-  f i - Air anneal.
E H, anneal.
= 2
S ——as dep.
0,25 -
0,00

th VA. 1 1 1 1
400 500 600 700 800 900
A, nm

Fig.5. QE spectra of CdS-CdTe solar cells with as deposited and annealed CdS films.
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4— FTO
< glass

Fig. 6. Cross section of a “bad contact” region of a CdS-CdTe solar cell. the peeling a — between FTO and CdS, the peeling b — between CdS and CdTe.

the film (Fig. 1, Table 1) decreases the spectral response of the solar
cell (Fig. 5).

We have obtained similar performance for CdTe solar cell [21]
with CSS CdS films of a much higher quality in terms of larger
grains and no porosity compared to CBD CdS. This indicates to the
importance of oxygen presence namely in the place of junction for-
mation. It seems that the oxychloride components have to be closer
to the junction and the air annealing of CdS looks to be a solution
as it brings the oxygen and incorporated chlorine from CdS to the
place of junction formation. These components accelerate the mass
transfer between the polycrystalline phases of CdS and CdTe with
formation of an effective CdS-CdTe heterojunction. In other words,
the CdCl, treatment in air at 420 °C applied to CdTe absorber at the
back contact side does not assure a sufficient penetration of oxy-
chloride components through CdTe layer at the place of junction
formation.

The only issue of the air annealed CdS remains the uniformity
of the film which after the thermal treatment becomes porous
(Fig. 3). Besides the porosity of CdS films, two types of peeling
were observed from the cross section view of solar cells (Fig. 6).
We assume that the peeling from CdS (b) was caused by the unde-
sired big grains on the surface of CdS film (Fig. 1), while the origin
of the “a” peeling, generated only in the case of H, annealed CdS,
may be caused by the penetration of the oxychloride flux through
CdS porous regions.

4. Conclusions

The performance of CdS-CdTe solar cell was studied for dif-
ferent annealing of CBD CdS films. CdS annealing in H, removes
the oxygen compounds from the grain boundaries and opens
them for formation of shortcutting through the CdS layer. The
presence of CdO in the air annealed CdS showed by XRD
analysis is considered benefic as it behaves as a barrier to sub-
sequent interdiffusion between CdS and CdTe. The processing
in air is most advantageous due to simultaneous presence of
chloride and oxygen, contributing to the recrystallization and
sintering of the highly textured columnar CBD CdS. The oxy-
chloride components are needed at the both sides of CdTe
absorber to assure the formation of an effective CdS-CdTe junc-
tion.

An issue to solve remains the porosity of annealed CBD CdS film
which intensifies during the deposition of CdTe absorber and the
thermal treatment in CdCl,.
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