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Abstract. The heterostructure of patterned CdS/CdTe thin films with back contact have been devised with electron
beam lithography and fabricated using sputter deposition technique. The metallic contacts for n-CdS and p-CdTe are
patterned such that both are placed at the bottom of the cell. This avoids losses due to contact shading and increases
absorption in the window layer. Patterning of the device surface helps in increasing the junction area which can
modulate the absorption of more number of photons due to total internal reflection. Computing the surface area
between a planar and a patterned device has revealed 133% increase in the junction area. The physical and optical
properties of the sputter-deposited CdS/CdTe layers are also presented. J –V characteristics of the solar cell showed
the fill factor to be 25.9%, open circuit voltage to be 17 mV and short-circuit current density to be 113.68 A/m2 .
The increase in surface area is directly related to the increase in the short circuit current of the photovoltaic cell,
which is observed from the results of simulated model in Atlas/Silvaco.
Keywords. Patterning of solar cell; thin film; back contact; e-beam lithography.
PACS Nos 68.55.–a; 85.40.Hp

1. Introduction
Nanostructured solar cells are the practical response for
increasing the efficiency of a semiconductor material
by reducing the optical losses [1]. The patterning of the
surface assists in exploiting the photons from sunlight,
for multiple internal reflection of incident light (resonant trapping method) [2]. This method of light trapping
reduces the active material usage with respect to the planar structures [3].
Nanostructuring or using quantum dots has been the
topic of extensive research in solar cell application
because of its ability to cut down light reflection and
increase the trapping of photons [4,5]. Nanotextured
solar cells exhibited relatively high power conversion
efficiency, short-circuit current, open-circuit voltage and
power outputs [6,7]. Patterning has the ability to increase
the junction area and it helps to attain higher efficiency devices [8]. Silicon nanowire-based solar cell
research by Lin et al has achieved conversion efficiency
of 17.11% in 2013 [9].

Most of the solar cells used around the world are
silicon-based and are studied for over half a century.
Materials such as CdTe, Cu(In, Ga)Se2 , InP, CdSe, GaAs
and CZTS [10] can be used as a replacement for silicon. As thin film solar cell efficiencies are in accordance
with the silicon-based solar technology, it is essential to
further study the texturing of thin-film solar cells. Nonplanar copper indium gallium selenide solar cells with
random texturing absorb 97% of the incident energy
from the AM1.5 light source producing 3% increase
in the efficiency compared to the planar version of the
similar cell [11]. Most of the studies use randomly textured substrates, as the manufacturing cost of those
substrates is low [12–14]. CdTe-based textured solar cell
was investigated using randomly textured transparent
conductive oxide to obtain 11.2% conversion efficiency
with 0.6 μm thick CdTe [15].
Periodic and random patterning of the surface can
be carried out by various techniques such as anodisation, reactive ion etching, and lithography. In electron
beam lithography (EBL) technique, different periodic
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patterns of thin film solar cells can be drawn even when
the linewidth is 100 nm. EBL system is equipped with
electron gun to draw the pattern on an electron-sensitive
resist. The beam moves over the wafer, and the movement is controlled by electromagnetic deflection system.
The main benefits of EBL are placement, flexibility, and
resolution. The time taken to write the pattern is high
because it is a serial process, the exposure of the pattern
is 1 pixel at a time [16,17]. The patterning of a solar
cell depends on the refractive indices of the thin film
material and the shapes drawn on the device [18]. The
equation is given by


mλ
n d sin θm = n i sin θi +
,
(1)

where  is the grating period, m is the diffraction order,
θi is the incident angle, θm is the diffraction angle for
each order of m and λ is the wavelength of an incident
photon in vacuum. n i and n d are the refractive indices of
the medium, in which the incident and diffracted light
waves propagate.
Along with the patterning of the junction area, the
concept of back contact is taken into consideration. As
the front contact in a solar cell transmits only 50% of
the solar radiation [19], back contact research started
after the publication of R J Schwartz in 1975 as a substitute for cells which have front and rear contacts [20].
The metal grids with narrow, closely packed metal lines
can reduce series resistance [21] but can increase blockage of sunlight. If both the contacts are placed on the
rear surface, it increases the packaging density of the
panel and also gives rise to the performance gain [20].
So the performance of back contact solar cell is to be
tested along with the increased junction area by texturing the interface of CdS/CdTe. Microtexturing of thin
film solar cell with back contacts using photolithography technique was also done from the same lab [22]. By
using back reflector which has high reflectivity, conversion efficiency of the thin film solar cell can be increased
which is evident from the studies of Barugkin [23].

In this paper, we present the studies on the sputterdeposited CdS/CdTe thin film heterojunction with
periodic patterns written using EBL. CdS/CdTe can
also be deposited using chemical bath deposition technique [24,25]. In addition, a novel design of assigning
the front and rear contacts at the bottom of the solar
cell is also investigated. Hence by patterning, the junction area of the solar cell increases which allows more
absorption of photons from the light source. Proof of
concept of such a device is presented in this paper
by forming nanowalls of the absorber semiconductor
and placing both the contacts at the bottom of the
device. This increase in absorption of photons helps in
the increase of short-circuit current in the photovoltaic
device. By using 3D numerical modelling of CdS/CdTe
photovoltaic cell in Atlas Silvaco, the device and its
J −V curve was simulated for different number of CdTe
nanowalls [26].
2. Experimental
2.1 Sample preparation
The n-type silicon (Si) wafer is cleaned using piranha
solution (sulphuric acid:hydrogen peroxide:: 3:1) to
remove organic residues from the substrate. The wafer
is then oxidised using pyrogenic furnace to grow 1 μm
of silicon dioxide (SiO2 ) at 1200◦ C. On this wafer, the
patterns are drawn using EBL technique before deposition of thin film materials. Figure 1 shows the design
which is to be drawn on the substrate. The design contains three layers, first layer is the 100 nm linewidth
nanowalls of gold (Au) with separate contact pads for
n- and p-type semiconductors. The second layer is the
overlay on the first layer written exactly on the gold
nanowalls for fabricating CdS nanowalls of 400 nm
linewidth shown with green lines in figure 1. Finally, the
window for depositing CdTe everywhere over the CdS
nanowalls is drawn as shown in figure 1. This pattern

Figure 1. Different layers of pattern to be inscribed on the silicon wafer.
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Silicon coated with silicon dioxide
(1µm) by wet oxidation

Patterning steps are repeated for
second layer deposition

CdS deposition (RF sputtering) (400 nm)
[Deposition pressure 6*10-3 mbar]
RF power 25 W

Patterning

Spin coating of PR (PMMA950)

Pre-bake for 5 min at 180ºC on
hotplate (cooling time 2 min),
Spin coating of PR (PMMA495),
Pre-bake for 10 min at 180ºC on
hotplate (cooling time 2 min)

E-beam inscribing the pattern
(20Kv)

After lift-off (removal of PR)

Patterning steps are repeated for
third layer deposition to protect
the contact pads

Immersing the sample in the developer
solution (MIBK:IPA:: 1:3) for 25 s to
remove PR where the e-beam has
inscribed

After development in developer
solution, rinse the sample
immediately in IPA and dry blow
with nitrogen

DC sputter deposition of Cr/Au (10/90
nm)
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CdTe deposition (RF sputtering)
(300nm) [Deposition pressure 6*10-3
mbar] RF power 25 W

Removal of PR using Acetone

Device is ready for characterisation

Lift-off by keeping the sample in
acetone for several hours removes the
remaining PR

Figure 2. Process flow of fabricating textured solar cell (silicon – light blue, silicon dioxide – black, PR – green (PMMA950)
and red (PMMA495), golden yellow, light green – CdS, light grey – CdTe).

is drawn using the lay-out software provided by raith
e-line electron beam lithography. Figure 2 shows the
steps followed for fabricating the patterns on the substrate.
2.2 Inscribing the pattern
Figure 2 shows the process flow of fabricating textured
solar cell. Silicon wafer, after growing SiO2 layer, is
ultrasonicated in acetone and IPA for 5 min separately
and then placed on a hotplate at 180◦ C for 5 min (dehydration bake). The sample is allowed to dissipate the heat
and photoresist (PR) PMMA950 is spin-coated. The
spin coating is carried out at 4000 rpm for 40 s. 200 nmthick PR layer is obtained which is placed on a hotplate
for 5 min at 180◦ C for pre-baking the PR. After a few
minutes of cool-down time, the sample is spin-coated
with PR (PMMA495) at 4000 rpm for 40 s (∼100 nm).
For evaporating the solvent present in the PR, the sample
is pre-baked in hotplate for 10 min at 180◦ C.
After spin coating of both the PR (PMMA950 and
PMMA495), the sample is introduced to e-line (e-beam
lithography). E-beam lithography is a technique to draw
very fine and complicated structures with the help of
an electron gun. After introducing the sample into the
e-beam chamber, accelerating voltage of 20 keV and
aperture size of 20 μm is chosen. The working distance
is adjusted to 10 mm and the e-beam is focussed on the
Faraday cup (FC) present in the substrate holder. Then

the magnification is increased so that the FC collects
the whole beam current. The current measured in this
condition is 0.43 nA. The beam is moved to the bottom
edge of the substrate for angle correction. The beam is
focussed on the nanopolystyrene beads for the stigmation correction. By selecting the layer to be inscribed on
the substrate, centre to centre distance is adjusted. The
beam dose and writing area are selected as 250 μC/cm2
and 100 μm2 respectively. Immediately after the writing
process, the e-beam is turned off so that it will not affect
the unexposed areas. Unloading procedure is followed
to remove the substrate from the e-beam chamber.
2.3 Layer-wise deposition process
Layer one is inscribed for creating nanowalls of Au for
the metallic contacts. Au thin film is deposited by DC
magnetron sputtering, from a sintered Au target of 3inch diameter. The separation between the target and
the substrate is 7.5 cm. Inert gas of argon (Ar) with
a flow rate of 50 sccm and hidden Ar of 200 sccm are
allowed to flow. The base pressure of the chamber before
argon flow is 5 × 10−6 mtorr. The DC sputter voltage is
set to 25 V. The films of Cr/Au are deposited at room
temperature and thickness of 10/100 nm respectively.
Lift-off process is used to transfer the pattern onto
the PR. Thin film of the target material is deposited
over the entire sample and by using the solvent the PR
is removed, leaving behind the film on the patterned
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area. After Au deposition, the sample is immersed in
acetone for lift-off process. Post lift-off, the sample is
spin-coated with PR and patterned on the Au nanowalls,
masking the electrodes and the Au at the edge of the
device which acts as the electrode for p-type material.
Then CdS of 400 nm thickness is deposited using RF
sputtering so that CdS is deposited only around the Au
nanowalls, after which the sample is again immersed
in acetone for lift-off. Once the lift-off is completed,
the sample is spin-coated with PR and patterned on
the entire device except on the contact pads so that the
entire device area is exposed except the contact pads.
Then, using RF sputtering, CdTe of 300 nm thickness
is deposited. Finally, the sample is immersed in acetone
for the final lift-off to expose the contact pads.
RF sputtering of CdS/CdTe is performed using sintered targets of CdS/CdTe (2-inch diameter) of 99.999%
purity. The distance between the target and the substrate
is kept at 7.5 cm. The base pressure of 5 × 10−5 mtorr
and deposition pressure of 3 × 10−3 mtorr are maintained. The RF power is set to 25–35 W for a deposition
rate of 0.05−0.1 nm s−1 .
2.4 Development, deposition and lift-off process
The development process of the exposed areas requires
20 ml of developer solution (3:1 : : IPA:MIBK) and IPA
in two separate petridishes. The sample is immersed in
the developer solution for 25 s and rinsed immediately
with IPA. The sample is dried by blowing nitrogen gas
and the pattern is verified under an optical microscope.
Using sputter deposition process, the required material,
depending on the layer of the stack, is deposited. After
the deposition of the metal or the semiconductor, the
sample is immersed (24 h) in acetone for lift-off process.
Acetone completely dissolves the PMMA PR leaving
behind the deposited material on the exposed areas.
The film thickness and surface morphology are measured with the help of Ultra 55 field emission scanning
electron microscope (FE-SEM). The crystallinity and
orientation of crystals are studied using X-ray diffraction (XRD). The band gaps of CdS and CdTe are verified
and measured by UV–visible spectroscopy. Non-contact
optical profilometer measurements are used to quantify
the surface roughness of CdS/CdTe thin films.
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the distribution of electric field inside the photovoltaic
cell. CdS/CdTe semiconductors are polycrystalline in
nature and the physical properties of these materials
depend on their deposition techniques. The Auger and
Shockley–Read–Hall recombination models were used
in the simulation model. In this numerical analysis, the
light incident for illumination is set to AM1.5 spectra with a constant energy. The variable parameter with
respect to the structure is the number of walls of CdTe.

3. Results and discussion
3.1 Descriptive analysis of nanotextured solar cells
The nanopatterned cells have 500 nanowalls of 400 nm
linewidth with 300 nm gap between each wall. The
length of each wall is 50 μm. For a planar cell which
has CdTe on top of CdS, the area will be breadth multiplied by the length. The total area is calculated as
3 × 10−3 mm2 .
From figure 3 let us calculate in 3D approach,
nanowall breadth (b) = 50 μm, displace gap =
300 nm, height (h) of the wall = 500 nm and length (l) =
400 nm. The total area of the nanotextured cell is given as
Total area (mm2 ) = area of each nanowall (mm2 )
× total number of walls (100)
Area of each nanowall (mm2 ) = ((2 × h) + l) × b,
Total area (mm2 ) = 7 × 10−3 .
It is evident from the calculation that there is an increase
in the surface area when compared to the planar cell area.
The increase in surface area will directly reflect in the
increase of junction area between the n- and p-type semiconductors. In a planar thin film solar cell, the thickness
of the absorber layer is in the range of 800 to 1500 nm
for the maximum absorption of incoming light. Patterning of the solar cell will be an effective way for trapping
light by total internal reflection of the incoming photons.
In this paper, the pattern area is 3 ∗ 10−3 mm2 and
the pattern is inscribed with 100 CdS nanowalls with a

2.5 3D device simulation
The electrical simulation for the CdS/CdTe solar cell
is modelled using deckbuild (Atlas/Silvaco). In this
model, the equations for electron and hole transport are
governed by Poisson and carrier continuity equations.
The carrier continuity equation is important for the carrier current conservation while Poisson’s equation is for

Figure 3. Schematic cross-section view of the nanowalls.
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surface area of 7 ∗ 10−3 mm2 for each wall. The total
interface area is calculated to be 7 ∗ 10−3 mm2 which is
about 133% more than the flat cell area.
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FE-SEM is used to study the surface morphology
of sputtered CdS/CdTe layers. Figure 4 shows the
nanowalls of Au after the removal of PMMA using acetone rinse. The grain size of CdS/CdTe is in the range of
50–70 nm. CdS/CdTe films are found to be continuous
and dense (figure 5). Figure 6 shows the cross-section
view of the CdS nanowalls and CdTe on top. The height
of CdS with Au in the bottom is 557 nm and the height
of CdTe is 307 nm. The width of each wall is 450 nm
on top and 288 nm at the base. This variation is due to
the overexposure of e-beam on the PR.

1.5418 Å). Sputtered CdTe thin films show orientation
along the {1 1 1} direction and has a texture coefficient
of 6.2 [27]. CdTe sputtered and annealed (in air) sample
shows the XRD peaks confirming the hexagonal CdTe
structure (JCPDS File No. 00-019-0193). The diffraction peaks at 2θ of 21.5, 23.9, 25.5, 32.9, 39.5, 42.7,
46.5, 59.5 and 73.6 correspond to the diffraction from
{1 0 0}; {0 0 2}; {1 0 1}; {1 0 2}; {1 1 0}; {1 0 3};
{2 0 0}; {2 0 3} and {2 1 3} planes of hexagonal CdTe.
The other XRD peaks are from orthorhombic CdS structures (JCPDS File No. 00-043-0985) and those peaks at
2θ of 30.4, 35.4, 60.3 and 66.8 correspond to the diffraction from {1 1 0}; {0 2 0}; {1 0 2} and {2 2 0} planes. The
remaining peak at 2θ = 50.8 is due to ITO (JCPDS 00032-0458) which was placed below the sample. Figure 7
shows the XRD spectra of sputter-deposited CdS/CdTe
thin films after annealing at 430◦ C for 1 min.

3.3 X-ray diffraction of CdS/CdTe layers

3.4 Optical band gap

The crystallographic orientations of CdS/CdTe after
annealing the sample at 430◦ C for 1 min are investigated
with XRD. The measurements are performed using D8
Bruker advance and the Cu-Kλ radiation source (λ =

The electromagnetic radiation from the UV–visible
spectrometer after interacting with the sample gets
absorbed, transmitted, reflected or scattered. Those dispersed ranges of wavelength are used to measure the
transmittance or absorbance of a transparent or reflective surface respectively. The spectrometer is fitted out
with the necessary accessories to measure the scattered
or reflected radiation. As the sample is not transparent,
both the diffuse and specular reflectance are measured
for calculating the absorbance spectra of the thin film.
Absorbance and band gap are related by the following equation [28]. It is stated to correlate the absorption
coefficient with the incident photon energy,

3.2 Morphology and cross-section of CdTe/CdS

Figure 4. SEM image of layer 1 after the fabrication of Au
nanowalls.

Figure 5. Top-down view of CdS/CdTe nanowall textured
micrograph after annealing at 430◦ C for 1 min.

Figure 6. Cross-sectional SEM image of the nanowalls.
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Figure 8. J –V curve of patterned nanowalls CdS/CdTe
solar cell.
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Figure 7. XRD spectra of sputter-deposited CdS/CdTe after
annealing at 430◦ C for 1 min.

n

α(ν)hν = A hν − E gap ,
where α(ν) is the absorption coefficient as derived by
Beer–Lambert’s law (α(ν) = (2.303×Abs(λ))
), where
d
Abs and d are the absorbance and thickness of the film
respectively. A, E gap , hν are the constant, band-gap
energy of the thin film material and incident photon
energy respectively. n is the index number which can
have different values of 0.5, 1.5, 2 and 3. In the case of
CdS/CdTe thin films, the transition is direct and hence
the value of n is kept as 0.5. After substituting the value
of n,


(αhν)2 = A hν − E gap .
In the above equation, the values of (αhν)2 is plotted
against wavelength (λ) and by extending the straightline parts of the plot to energy coordinate, the band gaps
for CdS and CdTe are calculated. The optical band gaps
are observed to be 1.40 and 2.44 eV for CdTe and CdS
respectively.

3.5 J –V characteristics
Figure 8 shows the J −V characteristics of the fabricated nanowall CdS/CdTe thin film heterojunction
solar cell. J −V characteristics of the cell are measured
using solar simulator from Abet technologies under
AM1.5 and 1000 W/m2 intensity. The performance
of the device showed short-circuit photocurrent density (Jsc ) of 113.68 A/m2 , open circuit voltage (Voc )
of 17 mV and fill factor of 25.9% with a conversion
efficiency of 0.05%. The efficiency is low because the
fabricated device with the active area of 2.95∗10−3 mm2
generated low photocurrent which is affected by the contact resistance. Optimisation must be made between the

electrode and the semiconductor materials to improve
the performance of the cell. The absorber thickness is
<500 nm because of which only a part of the radiation that falls on the device is absorbed by it. As the
grain size of CdS/CdTe films is small, the intermixing
of the materials after annealing should also be optimised
to get a better cell performance. The fabricated device
produced less photocurrent, which could be due to the
defects formed on the CdS film after annealing. The
annealing is performed at 430◦ C. So there is a possibility of Au nanowall diffusion into the CdS/CdTe thin
film creating an alternate path for the photogenerated
electrons to flow [29]. Here the proof of concept for the
device with both the contacts at the bottom is presented
and much more optimisation in terms of annealing temperatures, electrode thicknesses and control of actual
defects in the device must be carried out for improving
the photocurrent as seen from the simulation.
3.6 Simulation analysis of nanowall CdS/CdTe with
different junction areas
The aim of the analysis is to evaluate the short-circuit
current and efficiency as a function of the increased
junction area. To justify this analysis, a planar structure
of CdS/CdTe has been used. CdS is the window layer
and CdTe acts as the absorber layer. Other parameters
such as interface lifetime, carrier lifetime and optical
band gap were set at their real values [30]. The results
obtained from the model is due to the variation of junction area. The number of nanowalls are varied from
one to five affecting the junction area. The short-circuit
current increased with the increase in the number of
nanowalls (figure 9). For the same electrode area, by
increasing the junction area, short-circuit current can be
increased. Even though simulated results are provided
to show the increase in efficiency of the PV device, the
electronic properties of CdTe and CdS layers with their
boundary conditions will vary with the experimental
data.
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Figure 9. J −V Characteristics of CdS/CdTe simulated
cells with different number of walls.

4. Conclusion
The novel design of placing both the front and rear
metallic contacts at the bottom was done using EBL.
The surface area of the nanotextured solar cell has
increased up to 133% by theoretical calculation. SEM
images verified dense and uniform grain growth with
the grain size of 50–70 nm for CdS and CdTe films. The
XRD results showed orthorhombic and hexagonal crystal orientations for CdS and CdTe respectively. With
the help of UV–visible spectrometer, the optical band
gaps of the thin films are 2.44 and 1.4 eV for CdS and
CdTe respectively. J −V characteristics of the fabricated
device showed open circuit voltage of 17 mV and shortcircuit current density of 113.68 A/m2 . The simulated
results of the solar cells showed a gradual increase in
the short-circuit current from 0.8 to 1.8 A/μm2 with the
increase in the junction area. This method of patterning
the thin film PV cell using EBL will help in preparing a
high-efficiency PV device using the novel idea of back
contacts.
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