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Bilayer thin films of Ge/CdS have been deposited on a glass substrate through thermal evaporation method. The obtained Ge/CdS
samples were annealed at temperatures up to 400°C to observe the resulting effect on the structural changes in the film. The
bandgap of the annealed films was found to increase with increasing annealing temperature which can be attributed to the
increased interlayer diffusion. The interlayer diffusion was found to take effect above a temperature of 300°C which was
confirmed by the Rutherford backscattering technique. Complementary XPS was done to investigate the surface stoichiometry
of the bilayers.

1. Introduction

Multijunction solar cells are promising energy devices that
are expected both to mitigate the imminent energy crisis
and environmental menace [1–4]. However, for better
understanding of the performance of these devices, a sub-
tle knowledge of interfacial effects is required [5]. By care-
fully maneuvering the interface characteristics, the power
conversion efficiency of the device can be enhanced. More-
over, the fact that theoretical efficiency is limited by the
Schokley-Queisser limit exacerbated by the intrinsic losses
makes the multijunction tandem solar cells with a tunable
bandgap an ultimate choice [6, 7]. Multijunction solar cells
on one hand can mitigate the thermal losses by utilizing
several layers having different bandgap. On the other hand,
the concatenation of absorber layers may enhance the effi-
ciency of these solar cells significantly. For example, multi-
junction (III-V)/Ge semiconductor solar cells have been
reported to manifest high efficiency of ~39% with up to
four absorber layers [8]. The ability to engineer a bandgap
of a multilayer thin-film solar cell is a technological mile-
stone corroborated by the widespread research efforts over

the past few decades. Many efforts have been put by the sci-
entists to develop cascaded structures of intrinsic (Si and
Ge) and extrinsic semiconductor compounds (metal chalco-
genides [9–11] and perovskites [12, 13]). However, II-VI
semiconductors have been rather less explored and needed
further attention. In fact, heterojunctions of Ge/CdS have
been developed through chemical vapor deposition of single
crystal CdS epitaxial layers on (111) p-Ge substrates by
Paorici et al. [14]. However, their aim was to study various
methods to grow CdS on a Ge substrate rather than studying
the impact of interface properties on the grown structures.
Cadmium sulfide is a widely used material in various appli-
cations, such as photovoltaics, biomedical imaging, catalysis,
IR detector, and space technologies, due to its wide bandgap
of around 2.4 eV [15–17]. In solar cells, CdS has been vastly
used as a buffer layer [18, 19]. Ge, on the other hand, is an
indirect bandgap material (0.66 eV) and is commonly used
as a bottom layer in multijunction solar cells.

In this work, we endeavor to study the behavior of Ge/CdS
bilayer system to understand the underpinnedmechanism for
expected bandgap change. The bandgap of CdS has been
reported to be sensitive to the oxygen concentration while
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Ge content has been observed to increase the bandgap of
alloyed Cu2ZnGexSn1–xQ4 (Q=S,Se) [20, 21]. Therefore, we
forecast a change in the bandgap of CdS upon alloying with
Ge. The propitious alloying was achieved by the annealing
of the bilayer films at various temperatures and diffusion of
Ge into the CdS layer was observed. The interlayer diffusion
is an important phenomenon as it results in the change in the
thickness of layers and therefore the bandgap of materials.
We specifically aimed at tailoring the thickness of the Ge
layer as it has a relatively larger Bohr exciton radius
(24.3 nm) [22] as compared to CdS (5.8 nm) [23].

2. Materials and Methods

All the reagents used in this study were of analytical grade.
Powders of CdS (99.99%, M.Wt. 144.47 g.mol-1) and Ge
(99.999%, M.Wt. 72.64 g.mol-1) were purchased from
Sigma-Aldrich. The thin films were deposited on the soda
lime glass substrate by thermally evaporating the precursors
through resistive heating. The substrate was cleaned prior to
deposition by sonicating at 70°C in dilute detergents for 10
minutes to avoid impurities thatmay cause defects in the films
emanated due to contamination. The slides were then soni-
cated in deionized (DI) water for another 10 minutes to
remove the detergent. Following this, the films were sonicated
in pure ethanol for another 10 minutes. Finally, the slides
were rinsed with DI water and blown dry with nitrogen.

For deposition, the vacuum level was maintained up to
1 × 10−5 mbar using diffusion pumps. The powders were
melted in tungsten boats and evaporated to the slides. The
substrates were held at room temperature and the substrate
holder was rotated at 30 rpm for uniform deposition of the
films. A 15nm thick layer of Ge was deposited with an aver-
age deposition rate of 0.2 nm per second. After that, CdS was
melted and evaporated to deposit a 20 nm thick layer on the
Ge layer with an average deposition rate of 0.2 nm per sec-
ond. The rate of deposition was monitored by the quartz
crystal monitor placed inside the deposition chamber. The
films were annealed in air at temperatures 100°C, 200°C,
300°C, 350°C, and 400°C inside a Muffle furnace for one hour
before further use.

2.1. Structural Analysis

2.1.1. X-Ray Diffraction (XRD). X-ray diffraction (also called
X-ray crystallography) was used to determine the structure
of the prepared films. D8 Discover X-ray Diffractometer
(Bruker AXS, Germany) was used with Cu-Kα radiation as
a source of X-rays. The analysis was done at a grazing angle
of 1°.

2.1.2. Scanning Electron Microscopy (SEM). The surface
morphology of the thin films was studied by a Hitachi
S-4800 FEG scanning electron microscope. The micro-
scope is equipped with a Horiba EMAX EDS detector
having an EMAX energy software for the elemental analysis
of the materials.

2.1.3. Atomic Force Microscopy (AFM). The topological fea-
tures of the films were analysed by the AFM microscopy

technique using Quesant Universal SPM (Ambios Technol-
ogy) that can image a lateral resolution down to 1.5 nm and
a vertical resolution down to 0.05 nm. The images were taken
in contact mode by using silicon nitride tips. The scans were
taken over 5 0 × 5 0 μm

2.1.4. Rutherford Backscattering Spectroscopy (RBS). RBS
depth profiling was done to determine the nonstoichiometric
phases in the films. A beam of alpha particles of desired
energy was generated by adjusting the voltage value of the
beam accelerator, having a maximum capacity (5MeV) of
producing energetic He+2 particles, at an average energy of
2MeV for alpha particle production. The samples were cut
in pieces of size 1 × 1 cm2 and taped on the sample holder.
The chamber was evacuated prior to measurement. The
geometry of target and detector was measured using COR-
NELL. The time required for recording a spectrum depends
upon the charge collection. SIMNRA was used for the simu-
lation of RBS spectra. The simulated spectrum is overlapped
on the experimental spectrum to extract information about
the thickness and composition of each layer. Ag-Cu alloy
monolayer (with known backscattered energies) deposited
on a glass substrate was used for the energy to channel scale
conversion prior to sample measurement. The calculated
values for keV(0) and keV/Ch were 56.820 keV and 1.1360,
respectively. All of the subsequent simulations for the differ-
ent samples were done using these values. After the successful
channel to energy scale calibration, the expected target infor-
mation was provided to the software and the simulation was
run. The simulated spectrum thus generated was overlapped
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Figure 1: (a-d) Grazing incidence XRD pattern showing the peaks
of various scatterings from the planes of Ge and CdS crystals. The
spectra show the formation of FCC cubic structures of both Ge
and CdS. The formation of a new mixed phase Cd0.7Ge0.3S was
also observed at high sintering temperature.
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on the experimental spectrum and the thicknesses of layers
were calculated.

2.2. Spectroscopic Analysis

2.2.1. UV-Visible Spectroscopy. The optical properties of the
films were studied through the Labomed UV-visible spectro-
photometer. The films were held perpendicular to the beam
for the analysis. The obtained data was converted to trans-
mittance and further analysed for the calculation of the band-
gap via the Tauc plot.

2.2.2. Photoluminescence. A photoluminescence analysis was
performed to determine the emission characteristics of the
prepared thin films. The Kimmon 30mW He-Cd laser
(325 nm) was used as an excitation source. A photomulti-
plier (PMT), a focal length monochromator (500mm),
and the lock-in amplifier were used for the acquisition of
the spectrum.

2.2.3. XPS Spectroscopy. The XPS spectroscopy was per-
formed using a standard omicron system equipped with a

monochromatic Al Ka 1486.7 eV X-ray source and the Argus
hemispherical electron spectrometer with 128 channel MCP
detector. The CasaXPS software was used for data analysis
and curve fitting. C1s was used for the calibration of binding
energies of all spectra.

3. Results and Discussion

Figures 1(a)–1(d) show the XRD patterns of the annealed
films at various temperatures. X-rays were made incident at
a grazing angle of 1° on the film to minimize the contribution
from the underlying amorphous glass substrate. The broader
hump at around 26° can be attributed to the superposition of
the glass substrate and (311) contribution from Ge and CdS.
A small spike at about 32.8° (not labeled) correspond to (400)
in samples annealed at 350°C and 400°C. Moreover, the
intensity of (311) the peak was found to lower for these sam-
ples. This can be probably due to the formation of a new
mixed phase, CdGeS. A tiny spike before the main peak at
about 21° corresponds to (200) plane in Ge. Further peaks
at 43.2°, 48.1°, and 52.8° correspond to (511), (400), and
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Figure 2: High resolution (a) Cd3d core level spectrum, (b) S2p XPS spectra of CdS film, and (c) Ge2p spectrum of underneath Ge spectrum.
The surface oxides are shown in (d).
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Figure 3: SEM images of sintered samples:(a) the as-deposited film, (b) film annealed at 200°C, (c) film annealed at 350°C, and (d) film
annealed at 400°C. Different phases of materials are also developing with sintering temperature. The scale corresponding to (a) is 1 μm
while to (b) and (c) is 300 nm.
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Figure 4: (a-d) AFM images of the annealed films. The samples annealed at the different temperatures show the increased roughness with the
annealing temperature. The sample annealed at 400°C shows the associated oxides which can be confirmed by XPS.
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(600) planes in CdS, respectively. From the XRD spectrum, it
can be elucidated that FCC structured germanium with a
space group of Fm-3m (225) and FCC structured CdS with
a space group of F-43m (216) were developed on the films.

XPS analysis of the sample annealed at 400°C was done to
get further insight of diffusion. Figure 2 shows the high reso-
lution Cd3d, S2p, Ge2p, and O1s spectra of a CdS/Ge bilayer
sample. All the high resolution spectra were fitted by the
Voigt line shape using the Shirley background. The Cd3d line
shape can be fitted by a single symmetric peak corresponding
to CdS bonding. On the other hand, the S2p spectra can be
fitted by two components consisting of the CdS bond along
with one additional contribution at about 168.5 eV possibly

from the oxidation of sulfur to the sulphate group. Ge2p peak
was also observable by XPS which indicates that the CdS layer
is very thin so that one can see the underneath Ge layer. As
seen in Figure 2(d), the O1s also shows two peaks, one mainly
from the surface-adsorbed oxygen species and one additional
contribution possibly from the oxidized surface of the sub-
strate, i.e., SiO2. The Ge signal was found at a depth of around
10nm which indicates the diffusion of Ge into the CdS layer.

Figure 3 shows the SEM images of the (a) as-prepared
film, (b) film annealed at 200°C, and (c) film annealed at
350°C. Annealing is found favourable for the grain growth
and grain boundaries and increase more rapidly above 300°C.
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Figure 5: Absorbance (a) and transmittance (b) of the films annealed at the different temperatures.
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Figures 4(a)–4(d) show the surface morphology of bilayer
Ge and CdS system. The surface roughness was found to
increase more rapidly, i.e., from 20.3 nm to 24.0 nm, for
annealing until 200°C. A further increase of the annealing
temperature to 400°C was found to influence the surface
roughness by 26.7 nm little as compared to 200°C. This can
be attributed to the oxidation of the surface at 400°C. The
observed changes in the surface roughness can be possibly
due to an increase in the crystallite size and improved film
uniformity [24].

Figure 5(a) shows the absorption spectra of the
annealed samples while Figure 5(b) shows the transmission
spectra. The UV/Vis spectroscopy showed two peaks of
as-prepared sample, a weak shoulder at around 500 nm
and a broader hump peaked at about 640nm. The weak
shoulder was found to become stronger and blueshifted
with the increasing annealing temperature while the
broader hump was found to disappear for the annealed
films. The optical bandgap of the as-prepared and annealed
samples was calculated by the Tauc plot and plotted in
Figure 6. The bandgap was found to increase with the
annealing temperature.

Figure 7 shows the photoluminescence of the thin films at
different temperatures. The peak at 396 nm in all the samples
corresponds to the electron-hole recombination near the
bandgap edge. The peak near 450nm in the as-prepared
sample corresponds to sulfur vacancy, while peak near
530nm in the heat-treated samples may be assigned to sur-
face trap-induced emission. It can be seen with the increase
in temperature that the green emission shift to the red from

450 nm to 525 nm is the result of interlayer diffusion and
removal of shallow traps [25].

Figure 8 shows the RBS fittings for as-deposited and
annealed samples. The distinct peaks for all of the three pos-
sible elements can be marked separately at different energies.
The CdS and Ge peaks are marked and well fitted for
as-deposited samples confirming the successful deposition
of CdS and Ge. Sulfur (S) shows a relatively less intense peak
around 1250KeV which can be attributed to the smaller
atomic mass of sulfur. One can see that the prominent effect
of annealing appears at 400°C as the broadening of individual
peaks with a decrease in their height which confirms the dif-
fusion of both layers as a result of annealing. The composi-
tion of mixed phase was found out to be Cd0.7Ge0.3S which
can also be observed in the XRD pattern of the samples
annealed at 400°C.

4. Conclusions

Bilayer thin films of Ge/CdS have been successfully fabri-
cated. The structure of the conformed films was verified
through XRD analysis. The analysis was done at a grazing
angle to minimize the contribution from underlying sub-
strate. The major peak at (400°C) can be attributed to the
superposition of CdS and Ge films. The XPS analysis con-
firmed the formation of oxides at temperatures above
350°C. From the SEM analysis, it was found that the grain
boundaries of the annealed films keep on growing with the
annealing temperature. The surface roughness was found to
increase with the annealing temperature attributed to the
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Figure 8: (a-e) Simulated curves of all the samples for RBS analysis. The Copper-Silver reference was used.
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formation of bigger grains. The Rutherford Backscattering
(RBS) analysis showed that the annealing of the thin films
resulted in the interlayer diffusion across the CdS and Ge
layers emanating the bandgap narrowing in the case of Ge
layer. The presence of different phases was confirmed both
by XRD and RBS analysis. The optical bandgap was calcu-
lated using the Tauc plot and was found to increase with
the annealing temperature. The photoluminescence data
showed that the green luminescence increases with the
increase in temperature due to the removal of shallow traps.
The photoelectron spectroscopy revealed the presence of
both surface-adsorbed and oxidized surface which leads to
the bandgap widening as expected. However, the phenome-
non of diffusion and the development of phases need to be
further investigated.
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