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Abstract Nanocrystalline CdS thin films are prepared by
sol-gel dip coating for potential application as buffer lay-
ers in chalcogenide solar cells. X-ray diffraction and Raman
spectroscopy results reveal that the films crystallize in
hexagonal wurtzite structure. Spherical nano-grains with
good surface coverage is observed in the scanning electron
micrographs. The band gap values at different post-anneal-
ing temperatures are estimated from the optical absorp-
tion data. The surface work function which determines the
band alignment at the heterojunction interface is obtained
through Kelvin probe measurement. The native defects in
CdS which can act as the recombination centers in chalco-
genide solar cells are analysed by low temperature photolu-
minescence spectroscopy. The films annealed at 573, 623
and 673 K exhibit near infra-red emissions corresponding
to the mid-gap cadmium vacancies. These kind of deep
level hole traps are minimal for the films annealed at 723 K.
The presence of strong exciton emission also ensures good
crystalline quality of these films. The effect of mid-gap CdS
acceptor density on the CIGS/CdS device performance has
been studied through numerical simulation.

1 Introduction

Thin film photovoltaics research and development in the
last two decades is mostly dedicated to the chalcogenides:
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CdTe and CulnGaSe(S) (CIGS). The record efficiency reg-
istered for these cells is 22.1% and 22.3% respectively [1].
Many pilot lines are set up across the globe for the indus-
trial production of CdTe and CIGS based solar cells. The
most common n-type buffer layer for these chalcogenide
solar cells is cadmium sulphide (CdS) [2]. This is because,
CdS results in an optimal conduction band offset of —0.1 to
0.4 eV with these p-type absorbers [3, 4]. One of the inher-
ent drawbacks of these cells with CdS as buffer layer is
their poor blue response; the reason being its narrow opti-
cal band gap (~2.4 eV) [5]. The blue response of these cells
is generally improved by reducing the thickness of CdS
buffer layer.

Another major characteristics of the chalcogenide solar
cells is the current (J)-voltage (V) distortions (cross-over
and red-kink) which affects the overall cell performance
[6-8]. One of the major reasons for the distortions in the
J-V curve is the photo-doping [9] of CdS buffer layer
which is an electronically compensated semiconduc-
tor. In CdS, the sulphur vacancies (Vg) and the cadmium
interstitials (Cd;) act as shallow donors [10]. The sulphur
interstitials (S;) act as shallow acceptors whereas cad-
mium vacancies (V4”") and sulphur antisite defects (Scy)
form deep level acceptors [11, 12]. The cadmium vacancy
forms two different kinds of acceptor states in CdS [13].
The negative univalent vacancy (V,~) is a shallow level
acceptor lying close to the valence band (VB). The biva-
lent state (VCdz_) lies in the mid-gap region [12] and acts
as the dominant hole trapping defect. These mid-gap
acceptors are responsible for the near infra-red (NIR)
emissions (1.2-1.5 eV) in the photoluminescence (PL)
spectra [14, 15]. Under dark conditions, the concentration
of these deep level acceptors is comparable to that of the
shallow donors. At room temperature (300 K), these deep
acceptors are ionized and are occupied by the electrons.
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Therefore, the effective doping is strongly reduced. But
under illumination, these negatively charged ionised
acceptors easily capture a hole and become neutral. As
a result, the effective n-type doping in CdS increases
significantly and the energy band diagram gets modi-
fied. This leads to J-V distortions of the solar cell under
standard AM1.5 illumination. The effect of photo-doping
of CdS on the device performance however, is debatable.
The mid-gap acceptors in one hand act as the recombina-
tion centers leading to a reduction in the minority carrier
lifetime. On the other hand, the drift field created in ZnO
window layer increases the collection efficiency of the
photogenerated electrons. However, the numerical simu-
lation performed in the present investigation (Sect. 4.7)
predicts that more concentration of deep level acceptors
(Veg®") results in an overall degradation of the device
efficiency. The concentration of these kind of hole traps
in CdS is strongly dependent on the deposition conditions
and post-annealing effects.

CdS thin films can be deposited by a variety of tech-
niques like chemical bath deposition (CBD) [16], electro-
deposition [17], spray pyrolysis [18], sol—gel [19], thermal
evaporation [20], sputtering [21], laser ablation [22], etc.
The most common and cost-effective technique used in the
photovoltaics industry for the deposition of CdS buffer lay-
ers is CBD. The major advantage of CBD is that it provides
good surface coverage which allows to deposit very thin
CdS layers (<50 nm) to enhance the blue response of the
device. But, the chalcogenide solar cells with CBD grown
CdS buffer layers usually exhibit J-V distortions which as
discussed above are related to the concentration of deep
level acceptors, mainly V. A reduction in Vg, is required
for better device performance due to decrease in the series
resistance and an increase in the fill factor (FF) [23]. The
as-grown CBD samples contain large number of lattice
defects which can act as the “non-radiative recombination
centers”. The annealed samples exhibit defect related pho-
toluminescence (PL) arising due to the cadmium vacancies
and interstitials.

The objective of the present work is to investigate a
growth technique for which this mid gap defect level cor-
responding to V4 acceptors is minimized. Therefore in
the present investigation, CdS thin films were grown using
sol-gel dip coating method where the film stoichiometry
can be well maintained. Sol-gel has got distinct advantage
from other deposition techniques due to the atomic scale
mixing of the constituents, ease of operation and reduced
cost [24]. The as-deposited films were annealed at differ-
ent temperatures (573, 623, 673 and 723 K) for 1 h in air.
The effect of annealing on the defect related PL emission
is studied in detail; the PL spectra were recorded at differ-
ent temperatures in the range 93-300 K. The influence of
CdS deep level hole traps on the J-V characteristics of a
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model CIGS/CdS cell is investigated through numerical
simulation.

2 Experimental details

CdS thin films were prepared by sol-gel dip coating
method. Cadmium acetate (CdAc) (Cd(CH;COO),) and
thiourea (CH,N,S) were used as the cadmium and sul-
phur precursors respectively. The chlorine precursors were
avoided to get rid of chlorine related deep level traps. 0.3 M
solutions each of CdAc and thiourea (20 ml each) were
separately prepared in the organic solvent 2-methoxyetha-
nol. The thiourea solution was added dropwise to the CdAc
solution with continuous stirring. A few drops of (~1 ml)
monoethanolamine was added as the sol-stabilizer to the
final solution. The solution was stirred continuously for
2 h to get a homogeneous and transparent solution. Then it
was aged for 4 h until gelation started and the colour of the
solution became pale yellow. The CdS films were deposited
on to pre-cleaned soda-lime glass substrates by dip coating
method using a commercial microprocessor controlled dip-
coater (Apex, ADIP-SV3). One side of the glass substrate
was masked with cellulose tape. The dipping and with-
drawal speed was maintained at 2 cm/min with a wet time
of 30 s. After coating each layer, the films were preheated
at 523 K for 5 min in air so that the organic residuals get
evaporated. The cycle was repeated 10 times to get uni-
form films of ~200 nm thickness. The thickness of the films
were obtained from spectroscopic ellipsometry (Woollam,
M2000V]). Finally, all the films were annealed at different
temperatures: 573, 623, 673 and 723 K for 1 h in air.

The phase and crystallinity of CdS thin films were
studied using Phillips X’Pert Pro X-ray diffractome-
ter operated at 40 kV and 30 mA using Cu Ko radiation
(4=0.1542 nm). The micro-Raman spectra were col-
lected (Horiba Jobin—Yvon LabRAM) at room tempera-
ture (300 K) with 442 nm excitation wavelength (He-Cd
laser, M/s. Kimmon Koha). The signal was collected for
90 s in the backscattering geometry and was guided to a
Peltier cooled charge-coupled device (CCD) detector. The
PL spectra were obtained from the same He-Cd laser exci-
tation source (442 nm). Liquid nitrogen was used for low
temperature measurements through the Linkam THMS
600 stage. The optical absorption spectra of the films in
the wavelength range (300-2500 nm) were measured using
a JASCO double beam UV-Vis-NIR spectrophotometer
(Model: V-570). Scanning electron micrographs (SEM)
were recorded using a field-emission scanning electron
microscope (FE-SEM) FEI Quanta 200. The surface work
function was obtained by measuring the contact potential
difference (CPD) between the sample and the gold coated
stainless steel electrode using an indigenously developed
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Kelvin probe set up [25]. More details regarding the Kelvin
probe measurement is provided in the Appendix.

3 Simulation details

The numerical simulation to study the J-V characteristics
of the model CIGS/CdS photovoltaic device was performed
with the well-known programme SCAPS (Solar Cell
Capacitance Simulator, Version 3.1.02) [26, 27]. SCAPS
estimates the steady state band diagram, the recombination
profile and the carrier transport in 1-dimension using the
Poisson’s equation and the continuity equations for elec-
trons and holes. The vertical cross-section of the device
structure proposed in the present investigation is shown in
the inset of Fig. 10. The details of the basic input param-
eters for different layers are given in Table 1.

4 Results and discussion
4.1 X-ray diffraction
Figure 1 shows the X-ray diffraction (XRD) patterns

(20°—40°) of CdS thin films air-annealed (for 1 h) at differ-
ent temperatures (573, 623, 673, 723 K). The films annealed
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Fig. 1 (Colour online) XRD pattern for CdS films air-annealed at
different temperatures

Table 1 Summary of SCAPS Parameter CIGS CdS i-ZnO Al:ZnO

input parameters for model

CIGS/CdS solar cell Thickness (um) 25 0.08 0.05 0.2
Bandgap (eV) 1.2 2.48 33 33
Electron affinity (eV) 4.4 4.2 4.55 4.55
Dielectric permittivity (relative) 10 8.9 8.12 8.12
N (fem?) 1.91x 10" 2.52x 10" 4.1x10'8 4.1x10'
Ny (fem?) 2.58x10'8 2.01x10'8 8.2x 10" 8.2x10'
vy, (electrons, cm/s) 2.75%10’ 2.12x107 1.73x 10’ 1.73x 10’
vy, (holes, cm/s) 2.12x 107 1.18x 107 1.03x 107 1.03x 107
Shallow N, (/fem®) 1x10' 0 0 0
Shallow N, (/cm?) 0 1x10Y 1x10' 1x10%
u, (cm*/V.s) 50 50 100 100
u, (cm*/V.s) 30 20 20 20
A (cm™!ev!?) 5x10* 5% 10* 5% 10* 5% 10*
Defect type d a n n
Defect distribution Gaussian Gaussian Single Single
Total defect density (fem?) 10" Variable 1012 10"
6, (cm?) 10714 10716 10715 1071
6, (cm?) 10716 1071 10715 1071

N conduction band effective density of states, Ny, valence band effective density of states, v, thermal
speed, N,/Ny, acceptor/donor density, u,/u;, electron/hole mobility, A optical absorption constant, a accep-

tor, d donor, n neutral

Back contact work function: 5.4 eV, front contact: flat band conditions

Series resistance: 1 Q cm?, shunt resistance: 10* Q cm?
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at 573 K shows amorphous nature with a broad hump ~26°.
The crystallization of the films starts at 623 K and it improves
with increase in the annealing temperature. The films crys-
tallize in hexagonal wurtzite structure with characteristic dif-
fraction peaks corresponding to (100), (002), (101) and (102)
planes [JCPDS 41-1049]. The hexagonal phase is stable
for CdS at high temperatures and ambient pressure. For the
films annealed at 673 and 723 K, a minute peak correspond-
ing to (111) plane of cubic CdO appears at 33.04° [JCPDS
65-2908]. The formation of CdO on the surface of CdS has
been reported by several authors [19, 28]. It is attributed to
the conversion of unstable cubic CdS to CdO at higher tem-
peratures in air atmosphere. The films annealed at 723 K and
kept under ambient conditions for 1 month exhibit high inten-
sity diffraction peaks corresponding to (111) and (200) planes
of cubic CdO. These peaks disappear after re-annealing the
samples in air at 723 K and the original XRD pattern cor-
responding to hexagonal CdS is regained. This indicates that
CdO formation is due to the atmospheric moisture and is
limited to a few monolayers (<10 nm). This oxide layer can
be minimized by re-annealing the samples. A small peak at
31.7° is observed for the CdS films annealed at 673 K. Chu
et al. [29] have also observed this peak for annealed CdS
films and have attributed this to sodium containing impurities
from the glass substrate. The average crystallite size for the
films annealed at 673 and 723 K was calculated using Scher-
rer’s semi-empirical formula,

_ 094
- pcos@

where, 4=0.1542 nm and f=B-b (B being the
observed FWHM and b is the instrument function

ey

determined from the broadening of the monocrystalline
silicon diffraction line). The average crystallite size along
(002) plane was found to be 28 nm and 48 nm for the films
annealed at 673 K and 723 K respectively. The lattice
parameters ¢ and a obtained for the CdS films annealed at
723 K are 0.6728 nm and 0.4143 nm respectively. These
values match closely with the crystallographic data for hex-
agonal bulk CdS [30]. All further characterizations were
performed for the freshly annealed samples.

4.2 Raman spectroscopy

The room temperature (300 K) Raman spectra for CdS
films annealed at different temperatures are shown in
Fig. 2a. All the films exhibit the characteristic vibrational
modes corresponding to the hexagonal wurtzite structure
[31]. The well resolved highest intensity peak at ~300 cm™!
is due to the first order scattering of the longitudinal opti-
cal (1LO) phonon modes. The second and third order LO
modes are observed with reduced intensities at ~600 cm™"
and 900 cm™! respectively. The small shift of the 1LO
peak towards the lower wavenumber (compared to that of
the bulk CdS) is attributed to the grain size effects [32].
No additional peak corresponding to the oxide phase is
observed even at higher annealing temperatures. The peaks
are fitted with standard Lorentzian function and the full
width at half maximum (FWHM) of 1LO peak is shown as
a function of annealing temperature in Fig. 2b. The FWHM
is found to be decreasing with the annealing temperature
which is a signature of better crystallinity in accordance
with the XRD data. The shifting of the peak position and
the decrease in the peak intensity for higher annealing

Fig. 2 (Colour online) (a) 3LO
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temperatures may be associated with the oxygen incorpora-
tion into the lattice which also appears as a small impurity
peak corresponding to the cubic CdO in XRD.

4.3 Surface morphology

The scanning electron micrographs of the CdS films
annealed at 673 and 723 K are shown in Fig. 3. Well
defined randomly oriented grains are observed with good
substrate coverage. The surface is crack free with a few
nanometer sized pinholes especially for the films annealed
at 723 K. This is due to the proper densification of the
grains at higher annealing temperatures leaving behind
some voids. The presence of pinholes are also common
in CBD grown films. They are responsible for low shunt
resistance by providing an alternate current path for the
light generated current in thin film solar cells [33]. There-
fore, a high resistance ZnO window layer is usually depos-
ited over the CdS buffer layer to minimize the leakage cur-
rent in CIGS or CdTe based devices. Moreover, the grain
boundary scattering plays an important role in the carrier
transport and effects the photovoltaic performance. The
average grain size are found to be 50.8 nm and 83.3 nm for
the films annealed at 673 K and 723 K respectively. There-
fore, the CdS films annealed at 723 K are anticipated to
have improved carrier transport properties. The grain size
obtained from SEM follows the similar trend as that of the
average crystallite size calculated from the XRD pattern.

4.4 Optical absorption studies

The optical band gap values of CdS thin films were deter-
mined from the optical absorption measurements following
the well-known Tauc’s plots (Fig. 4). CdS is reported to be
a direct band gap semiconductor [34] and according to the

model for direct allowed transitions (under parabolic bands
approximation), the band gap values can be obtained by
extrapolating the linear part of (ahv)? ~hv plot intercepting
the energy axis. Here, a is the corresponding absorption
coefficient which can be calculated from the film thickness
and absorbance data. The band gap values are found to be
slightly decreasing from 2.49 to 2.44 eV with increase in
the annealing temperature (Fig. 4e). The small decrease in
the band gap with an increase in the annealing temperature
can be attributed to the relaxation of lattice strain and quan-
tum confinement effect [19]. The non-linear tail absorption
at lower energies may be associated with the absorption of
long wavelength phonons [35]. The band gap values are in
close agreement with that of single crystal CdS [36] within
the measurement errors.

4.5 Photoluminescence studies

Photoluminescence (PL) is a powerful tool to analyse the
defects in a semiconductor which take part in the radiative
recombination processes. CdS is a compensated semicon-
ductor containing large number of shallow and deep level
defects. The nature and type of defects is strongly depend-
ent on the deposition conditions and accordingly the PL
emission varies. For room temperature (300 K) PL, the
band edge emission lies around 2.4-2.5 eV [37, 38]. At
lower measuring temperatures, the peak at ~2.54 eV is
reported to be due to the donor bound excitons [39]. The
broad peak around 550-700 nm (2.25-1.70 eV) has been
identified in the literature to be due to the native defects
such as Cd;, V¢4, S; and Vg [14, 40]. As mentioned ear-
lier, Vg4~ lies near to the VB at ~0.1-0.2 eV and forms
a Frenkel defect complex with Cd; [14]. The bivalent
cadmium vacancy (VCdz_) lies in the mid-gap region at
~0.9-1.2 eV from the VB edge [12, 15, 41]. The antisites

Fig. 3 SEM micrographs for CdS thin films annealed at 673 and 723 K
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Fig. 4 (Colour online) (a—d) (ahv)? vs. hv plots for CdS films annealed at different temperatures showing the optical band gap (e) variation of

band gap with annealing temperature

of sulphur (S¢,4) which are rarely reported in the literature
also form deep level acceptors [12]. The sulphur intersti-
tials form shallow acceptor levels and lie at ~0.11-0.15 eV
above the VB [40, 42]. The cadmium interstitials act as
the dominant shallow donors at ~0.1-0.2 eV below the
conduction band (CB) edge [11, 40]. The bivalent sulphur
vacancies lie at ~0.6-0.7 eV below the CB forming the
relatively deeper donor states [11, 14]. All the above men-
tioned native defects are reported to take part in the radia-
tive recombination processes and result in PL emissions.
The green band (2.2-2.4 eV) in CdS PL spectra is usu-
ally associated with a transition between a shallow donor
(Cd;) and VB or a transition between a shallow accep-
tor (S;) and CB [11]. A few groups suggest that the green
band originates due to a transition between the sulphur
vacancies and the VB [40]. The orange and yellow band
(1.9-2.2 eV) is attributed mostly to the donor-acceptor-
pair (DAP) recombination of (Cd;—V,~) Frenkel defect
complexes. The red band-I (1.7-1.9 eV) has been ascribed
to the transitions from sulphur vacancy states to VB [40].
The red band-II (1.6-1.7 eV) is caused by the transitions
of electrons trapped in surface states (mostly related to V)
to the VB [14]. The NIR band (1.2-1.5 eV) is associated
with the radiative transitions from the CB or Cd; levels to
mid-gap acceptors (VCdz_). For the present study, the room
temperature PL spectra of the sol-gel prepared CdS films

@ Springer

post-annealed at different temperatures are shown in Fig. 5.
For further analysis, the spectra were converted to energy
units by rescaling the signal values with the Jacobian trans-
formations (hc/E*). The resulting PL spectra with energy
units were fitted and deconvoluted with Voigt profile fitting
to analyse the type of radiative transitions.

CdS films annealed at 573 K (Fig. 5b) is mainly domi-
nated by a broad defect peak in the red-infra-red region. At
lower annealing temperatures, the surface defect states are
abundant due to large number of crystallographic disorder.
The surface defect states are mostly the sulphur vacan-
cies. The peak at 1.65 eV corresponds to these defects. A
broad peak at 1.70 eV can be due to the radiative transi-
tion between the bulk Vg and VB. At lower annealing tem-
peratures, the cadmium atoms may not be properly placed
into the lattice sites resulting in distortions, cadmium and
sulphur vacancies and interstitials. The broad low intensity
green band at 2.32 eV arises due to the transition between
Cd; and VB. The NIR peak at 1.39 eV originates due to
the transition from CB or Cd, to V>~ states. The low PL
intensity is due to the presence of large number of non-
radiative channels present at lower annealing temperatures.

For 623 K annealed films (Fig. 5c), the PL spectra shows
some additional features in the high energy side. The small
intensity peak at 2.38 eV is either due to the cadmium
interstitials or due to the sulphur interstitials (Cd; or S;).
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Fig. 5 (Colour online) (a) Room temperature PL spectra for CdS films annealed at different temperatures (b—e) Fitted PL spectra showing radia-

tive transitions at different annealing temperatures

The orange band deconvoluted at 2.12 eV is attributed to
the DAP recombination of (Cd;— V") defect complexes.
The peak for the red-band corresponding to sulphur vacan-
cies appears at 1.72 eV. The bivalent V;*>~ which form the
mid-gap acceptors give rise to the PL emission in the NIR
region at 1.37 eV. The crystallization of the films starts at
623 K which helps in reducing the non-radiative recombi-
nation centers and an increase in the PL intensity.

With further increase in the annealing temperature
(673 K), the crystallization in the CdS films improves and
the surface defects are minimized (Fig. 5d). The lattice
strain is released and there is an increase in the grain size.
Therefore, the red band-I which is due to the surface defects
is no longer present in the PL spectrum. The red band-II
which is due to the bulk sulphur defects is visible. The
transition from bulk Vg to VB results in the PL emission at
1.76 eV. But, still a small contribution from mid-gap accep-
tors (Vg 2") is visible with a broad NIR defect peak cen-
tered at 1.37 eV. The green emissions near the band edge
is more sharp and intense compared to the films annealed
at 573 and 623 K. As discussed before, the emission peak
at 2.38 eV can be attributed either to Cd; or S;. Hence it
can be inferred that for the sol-gel prepared CdS films,
still higher annealing temperature is required for the inter-
stitial Cd and S atoms to occupy the lattice sites to reduce
the number of vacancies. However, the role of interstitial

oxygen in the green band cannot be ruled out. Gemain et al.
[43] have observed the optical signature of interstitial oxy-
gen at 2.35 eV. They have assumed that the interstitial oxy-
gen atoms replace the interstitial sulphur atoms in case of
post-growth oxygen treatment. The decrease in other non-
radiative channels explains the increase in PL intensity.

The PL spectrum for CdS films annealed at 723 K
(Fig. 5e) shows a narrow intense emission at 2.44 eV with
a broad defect emission centered at 1.74 eV. The room
temperature PL. emission at 2.44 eV is due to the recom-
bination of free excitons (X). At room temperature, the
thermal energy is comparable to the reported exciton bind-
ing energy of single crystal CdS (~28 meV) [44]. These
excitons are thermally dissociated only when the thermal
energy exceeds the corresponding binding energy. The
presence of strong and narrow exciton peak signifies the
high crystalline quality of CdS samples annealed at 723 K.
Many reports have suggested that CdS dissociates at higher
annealing temperatures giving rise to cadmium intersti-
tials and sulphur vacancies [14]. The dissociation of CdS
causes the diffusion of Cd atoms into the underneath CIGS
absorber layer which deteriorates the CIGS/CdS photovol-
taic p-n junction [45]. But in the present study, the disso-
ciation rate of CdS is reduced because of the atmospheric
annealing of CdS thin films. It is well known that the
Gibbs free energy of the reaction becomes more positive
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as temperature increases and consequently the equilibrium
constant for the reaction decreases [46]. The equilibrium
constant (K) is related to the Gibbs free energy (AGy) of
the reaction as,

AG,
K = exp (- = > P

where R is the gas constant and 7 is the absolute tem-
perature. During the annealing of CdS films under atmos-
pheric pressure (air ambience), the Gibbs free energy of the
reaction AGy, is less positive. So, the reaction equilibrium
constant K is high in this case (air annealing) and the reac-
tion favours more towards product side. Consequently the
decomposition is lesser as compared to the vacuum anneal-
ing. The same is also confirmed from the XRD pattern
where the crystallinity is improved at higher annealing tem-
perature of 723 K. Therefore, the sulphur vacancies arising
due to the CdS dissociation are minimal and they contrib-
ute only to a low intensity defect peak at 1.74 eV. Some of
the sulphur vacancies are also expected to be occupied by
oxygen which acts as an isoelectronic impurity. The oxy-
gen incorporation into the lattice results in a reduction in
Vg [47]. However, no defect emission in the NIR region
corresponding to mid-gap acceptors (VCd2_) is observed.
Therefore, it can be inferred that the photo-doping phenom-
enon is minimal for the films annealed at 723 K and hence
are ideal candidates to be used as buffer layers in chalco-
genide solar cells. Moreover, the green PL emission due to
cadmium interstitials or oxygen impurities may be buried
in the background of strong exciton emissions. In order to
verify this and to look for other exciton related emissions,
low temperature PL measurements were carried out for the
samples annealed at 723 K. Based on the above discussion,
the tentative energy level diagram for the CdS thin films
prepared by sol-gel dip coating is proposed in Fig. 6.

The temperature dependent PL spectra (93-300 K) for
CdS films annealed at 723 K is shown in Fig. 7a. The PL
signal is seen to be quenched at higher measuring tempera-
tures because of the availability of more number of non-
radiative recombination channels. These non-radiative
channels are in competition with the radiative transitions at
higher measuring temperatures. At lower measuring tem-
peratures, the high energy narrow peak becomes intense
and asymmetric, indicating the presence of more than one
kind of emissions. At lower temperatures, the narrow-
ing down of exciton peaks is because of the reduction of
impurity scattering. The fitting of high energy asymmet-
ric peak at 93 K is shown in Fig. 7b. The highest inten-
sity peak at 2.53 eV corresponds to the annihilation of free
excitons. The neighbouring peak at 2.50 eV is ascribed to
neutral-donor bound exciton (D°-X) emission reported to
be arising due to oxygen impurities [43]. The cadmium and
oxygen interstitials contribute to the small but broad defect
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Fig. 6 (Colour online) Schematic of the proposed energy band dia-
gram for CdS thin films prepared by sol-gel dip coating

emission at 2.44 eV. The temperature dependence for
energy band gap of the CdS thin films annealed at 723 K
can be obtained by adding the exciton binding energy
(28 meV) to the free exciton emission energy. The energy
corresponding to the free exciton emission as well as the
band gap values as a function of temperature are shown
in Fig. 7c. The band gap values at different temperatures
E(T) are fitted with Varshni’s relation given as [48]:

aT?

E,(T) = E,(0) - i &)

Here, o and f are Varshni’s constant. The best fit-
ted value for @ and g is (1.52+0.7)x 107 eV/K and
1099+ 666 K respectively. The parameter f is believed to
be related to the Debye temperature of the material. The
band gap at 0 K (E,(0)) is estimated to be 2.565 +0.002 eV.
Further, the intensity of exciton PL emission is plotted as
a function of temperature in Fig. 7d. The PL intensity is
observed to be decreasing with increase of temperature.

The defect PL emission at 93 K is shown in Fig. 8a.
The deconvoluted peaks at 1.95 and 1.72 eV corresponds
to DAP (Cd; — V4 ) recombination and V¢—VB transitions
respectively. The low temperature PL. emission at 93 K for
the CdS thin films annealed at 673 K is shown in Fig. 8b,
c. A small but narrow peak at 2.52 eV is believed to be due
to the exciton emission. The two broader peaks in the high
energy side at 2.45 eV and 2.37 eV is due to Cd; and §;
interstitials respectively. The other defect peaks at 1.91 eV,
1.79 eV, 1.65 eV and 1.41 eV is attributed to DAP recom-
bination, Vy (bulk and surface) and V>~ respectively.

4.6 Surface work function

The conduction band offset (cliff or spike type) between the
absorber and buffer layer plays an important role in solar
cell device performance. A cliff like band offset limits the
open circuit voltage due to increased probability of inter-
face recombination. A larger spike in the conduction band
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Fig. 7 (Colour online) (a) Low temperature (93 K-RT) PL spectra
for CdS thin films annealed at 723 K. b Fitted PL spectrum (at 93 K)
in the high energy side showing the exciton related emissions and
broad defect emission. ¢ Band gap variation as a function of measur-

prevents the flow of minority carriers and reduces the con-
version efficiency. Therefore an optimum spike like band
offset (0.1-0.4 eV) is required for better efficiency. The
band alignment at the interface is decided by the surface
work functions or electron affinities of the absorber and
buffer layer. Kelvin probe measurement is a non-destruc-
tive technique to evaluate the surface work function of
metals and semiconductors. It measures the Fermi levels
of the sample with respect to the reference electrode and
the corresponding potential difference is known as contact
potential difference (CPD) [25]. This CPD is directly pro-
portional to the work function of the sample under consid-
eration. The CPD values for the CdS samples annealed at
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ing temperature (dashed black line is the fitting for Varshni’s equa-
tion). d Exciton emission intensity as a function of PL measuring
temperature for CdS films annealed at 723 K

different temperatures are shown in Fig. 9 for a scan area of
1.0x0.6 mm?. The CPD for all the films are found to be in
the range 55-65 mV. The corresponding surface work func-
tion for CdS films annealed at different temperatures lie in
the range 4.70-4.71 eV.

4.7 Numerical simulation

In order to evaluate the effect of CdS mid-gap acceptors on
the photovoltaic device performance, a model CIGS/CdS
solar cell was simulated. The proposed device structure is
shown in the inset of Fig. 10. The basic input parameters
were chosen from the literature and are given in Table 1.
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Fig. 8 (Colour online) (a) Defect related PL emission collected at 93 K in the lower energy side for CdS films annealed at 723 K. b, ¢ Deconvo-

luted PL spectra (at 93 K) for CdS films annealed at 673 K

The mid-gap acceptors (VCdz_) were assumed to be at
1 eV above the VB edge. The distribution was taken to
be Gaussian and the total defect density was varied from
10" to 10'® cm™. The carrier capture cross-section was
assumed to be asymmetric because, it is affected by the
Coulombic interaction for charged defects. For Coulom-
bic attraction the carrier capture cross-section (10714 cm?)
was taken to be two orders of magnitude higher than that of
Coulombic repulsion (10716 cm?). The solar cell efficiency
as a function of CdS mid-gap acceptor density is shown in
Fig. 10. The efficiency is affected severely once the defect
density exceeds 10'® cm™. The simulated J-V character-
istics under different illumination conditions for CdS mid-
gap acceptor density of 10'” cm™ is shown in Fig. 11a. The
J-V characteristic shows typical cross-over between the
dark and AM1.5 illuminations. This kind of J-V cross-over
is common in CIGS based solar cell and is attributed to
the photo-doping of CdS buffer layer [6]. The energy band

@ Springer

diagram for the model solar cell is shown in the inset. It can
be seen that for low energy photons (600 nm) or in dark,
electron-hole pairs are not generated in the CdS buffer
layer and the corresponding CB is far from the electron
quasi-Fermi level. On the contrary for high energy pho-
tons (400 nm) or under AM1.5 illumination, the secondary
barrier is lowered at the CIGS/CdS interface as well as at
CdS/ZnO interface. The barrier height reduction between
ZnO window layer and CdS buffer layer results in cross-
over of dark J-V (or low energy J-V) and AML1.5 J-V
curves. This implies that higher voltage is required under
dark conditions to maintain the same amount of current as
that of AM1.5. A typical kinked J-V curve is seen for red
light illumination. At smaller bias (<0.3 V), the 600 nm
J-V curve is well-behaved and the current collection is
proportional to AML1.5 illumination. But at higher bias
(0.3 V—=Vg0), the current collection is hindered resulting
in red-kink. With further increase in bias (>V), the J-V
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Fig. 10 (Colour online) Simulated CIGS/CdS solar cell efficiency as

a function of CdS mid-gap acceptor density. The inset shows the pro-
posed device structure

temperatures obtained from Kelvin probe measurement (scan area

curve overlaps with that of dark. The photogenerated elec-
trons in CIGS need to overcome the CIGS/CdS barrier ther-
mionically to be collected as photocurrent. But, the energy
barrier in the CIGS/CdS interface is more under 600 nm
(red) illumination in the absence of photo-doping in CdS
buffer layer. This results in a poor photocurrent collection
and the J-V curve is kinked. This kind of photo-doping is
suppressed when the mid-gap acceptor (mostly VCdz_) con-
centration is low owing to lesser compensation of donors.
We do not observe any kind of J-V distortions for CdS
mid-gap acceptor density less than 10'7 cm™ (Fig. 11b).
Poor compensation results in decreased barrier for all kinds
of illumination and hence well behaved J-V characteris-
tics. This leads to higher device efficiency. Similar kind
of results have also been observed for kesterite solar cells
[23, 49]. Moreover, less number of mid-gap defects means
fewer recombination centers leading to higher conversion
efficiency. In the present study for CdS thin films annealed
at 723 K, the mid-gap acceptor (VCdZ_) density is mini-
mized whereas the shallow donor type defects in the form
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Fig. 11 (Colour online) (a) J-V characteristics for the model CIGS/
CdS device under different kinds of illuminations (inset shows the
corresponding energy band diagram) showing cross-over and red-
kink for CdS mid-gap acceptor concentration of 10'7/cm’. b Well
behaved J-V characteristics for CdS mid-gap acceptor concentration
of 10'%/cm’

of cadmium interstitials and sulphur vacancies are present.
These kind of poorly compensated CdS thin films are ideal
to be used as buffer layers in CIGS based photovoltaic
devices.

5 Conclusion

CdS thin films were prepared by sol-gel dip coating
method on soda-lime glass substrates for potential use as
buffer layers in chalcogenide solar cells. The films were
annealed at different temperatures: 573, 623, 673 and
723 K for 1 h in air. XRD and Raman spectroscopy results
show that the films crystallize in hexagonal wurtzite struc-
ture. The average grain size obtained from SEM is the high-
est (83.3 nm) for the films annealed at 723 K corresponding
to improved carrier transport. The optical band gap value
measured for CdS films annealed at 723 K is nearly the
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same as that of bulk CdS (2.44 eV). Detailed analysis of
the PL spectra reveals the defect structure in CdS thin films
taking part in radiative transitions. Large number of surface
states corresponding to the sulphur vacancies are observed
at lower annealing temperatures. The lattice is healed at
higher annealing temperatures and the interstitial atoms
tend to occupy the vacant lattice sites. The films annealed
at 573, 623 and 673 K are found to have NIR emissions
corresponding to V,>~. These bivalent cadmium vacan-
cies (VCdz_) which are responsible for the photo-doping
are minimized for the CdS films annealed at 723 K. Hence
these films when used as buffer layers in chalcogenide solar
cells can lead to an improvement in Vo and FF without
any J-V crossover. The strong exciton emission observed
in these films further ensures better crystallinity. Low tem-
perature PL confirms the presence of shallow level donors
in these films together with emissions corresponding to free
excitons and neutral-donor-bound excitons. The band gap
at absolute zero temperature estimated from Varshni’s rela-
tion is 2.565 eV. The surface work function for CdS films
annealed at different temperatures is found to be ~4.7 eV.
Numerical simulation studies for the model CIGS/CdS
solar cell shows improved device performance together
with well-behaved J-V characteristics for CdS films hav-
ing mid-gap acceptor density less than 10'7 cm™. However
for practical devices, the issues related to the stability of
the underneath absorber layer due to Cd diffusion and the
role of oxygen at higher annealing temperatures need to be
addressed. The effect of annealing at elevated temperatures
in CIGS and Cu,ZnSnSe, has been explained by Scragg
et al. [50, 51]. They have shown that the vacuum anneal-
ing results in decomposition of metal sulphide/selenide
and this can be avoided by annealing at high pressure. The
other possible way to minimize the Cd diffusion into CIGS
absorber layer is the optical annealing of CdS thin films
from the top with a penetration depth of a few 10’s of nm.
Alternatively, the Cd diffusion can be suppressed by grow-
ing the CIGS photovoltaic device in the superstrate config-
uration with a relatively low temperature growth route for
CIGS absorber layer.
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Appendix: Note on Kelvin probe technique
to measure surface work function

The surface work function is defined as the energy required
to remove an electron from the Fermi level to the vacuum
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level. It is well known that the Fermi level depends upon
the majority carrier density.

The basic operational principle of the Kelvin probe
measurement is: when a (reference) metal tip is brought
in close proximity of the surface of the test sample, a par-
allel plate capacitor is formed; the capacitance has the
information of the surface work function of the sample.
Since the capacitance or the surface charge measurement
is extremely difficult, the reference electrode (or the Kel-
vin probe) is vibrated at a low frequency of 60-65 Hz, and
an AC current is generated. Measurement of this current or
equivalently the voltage is the Contact Potential Difference
(CPD). The surface of the CdS sample is scanned over an
area of 1.0 mmXx0.6 mm. The details of the circuitry and
the measurement are described in the reference [25]. The
relation between the CPD and the surface work function of
the sample is given by Eq. 4.

e(CPD) = @, .0 — D, 1, @

Here, ®@,,-and @, are the work functions of the ref-

erence metal tip and sample surface respectively.
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