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A B S T R A C T   

Optically transparent p-type materials play a critical role in transparent electronics including photovoltaic (PV) 
devices. P-type sulfide materials offer an alternative to oxides for PV application due to improved hole transport 
properties. Here, we report the solution-based synthesis of earth-abundant p-type transparent conducting barium 
copper sulfide (α-BaCu4S3, BCS) thin films. These films were characterized using scanning electron microscopy, 
X-ray diffraction, UV–Vis–NIR spectrophotometry, Raman spectroscopy, and spectroscopic ellipsometry. BCS 
films of ~100 nm thickness transmit >70% of visible light. We report on tests of the hole transport properties of 
these BCS films for cadmium telluride (CdTe) photovoltaics, finding that the BCS deposition process forms a 
beneficial tellurium (Te) rich surface on CdTe by selectively removing Cd from the surface. Based on our study, 
the BCS interface layer plays dual functions for CdTe PV devices as a hole transport material and as an etchant, 
enhancing the resulting device performance. We observed a significant increase in open-circuit voltage of CdTe 
solar cells with the BCS buffer layer. Additionally, we discuss semitransparent CdTe solar cells with BCS as a hole 
transport layer and indium tin oxide as a finishing electrode. Semitransparent CdTe solar cells shows 13.3% 
conversion efficiency for the front side illumination and 1.2% efficiency for back side illumination, indicating 
high recombination of charge carriers generated close to the rear CdTe/BCS/ITO contact.   

1. Introduction 

Transparent conductors are an essential part of various electronic 
devices including solar cells, sensors, and transparent circuits [1,2]. All 
of the currently commercialized transparent conducting materials 
(TCMs) including Sn-doped In2O3(ITO) [3] and, F-doped SnO2 (FTO) are 
n-type [4], and the availability of p-type materials with equivalent op
tical transparency and conductivity is limited. However, many efforts 
have recently been directed to the development of such p-type TCMs 
based on copper (Cu) compounds such as CuAlO2 [5], (CuS)x (ZnS)1-x 
[6–8], and BaCu2S2 [9–11]. Optically transparent p-type conductors 
facilitate the development of transparent electronics as well as high ef
ficiency bifacial photovoltaic devices [6]. According to theory, due to 
the tradeoff between the position of valence band maximum and 
forbidden bandgap, complex sulfide semiconductors could be inter
esting and appropriate candidates for p-type TCMs [12]. Complex sul
fides can be formed by replacing the more ionic oxides with more 

covalent sulfides; this has led to the development of copper sulfide-based 
materials, including CuAlS2 [13], (CuS)x (ZnS)1-x [6,7], BaCu2S2, and 
BaCu4S3 [11]. 

Among these sulfide materials, BaCu4S3 shows some preferable 
characteristics for practical applications like wider bandgap and high 
transparency in the visible to near infrared (NIR) spectral regions [14, 
15]. Limited studies have previously reported on p-type barium copper 
sulfide. For example, Han et al. reported sputtered BaCu4S3 thin films 
with p-type conductivity and carrier concentration ~5 × 1019 cm-3 [11], 
while Wang et al. used highly toxic anhydrous hydrazine as a solvent to 
fabricate p-type BaCu2S2 for their solution based process in an inert 
environment [10]. In this context, the development of an 
environmentally-friendly p-type BCS TCM via a low temperature, 
tunable, and scalable method is highly desirable. Our BCS thin films 
consist of non-toxic earth-abundant materials [16]. 

Due to the deep work function of CdTe (~5.7 eV), it is difficult to 
make an ohmic contact for hole extraction on the back interface of CdTe 
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solar cells. Copper/gold (Cu/Au) has been used as a back contact ma
terial for CdTe photovoltaics, though the existence of a Schottky po
tential barrier of ~0.330 eV limits device performance [17,18]. To 
improve the open-circuit voltage (VOC), one common process is to 
introduce a back contact buffer layer with appropriate work function. 
There are many reports focusing on Cu containing interfacial layers such 
as copper-doped zinc telluride (ZnTe:Cu), Cu9S5, and iron pyrite (FeS2) 
to reduce the back barrier height between the CdTe and standard back 
contact [19–21]. Other approaches include the formation or deposition 
of a tellurium (Te) layer on the back interface which reduces the back 
barrier height [22–24]. The back contact interface layer ideally facili
tates hole transport towards the electrode while inhibiting electron 
transport to the back contact by creating an upward band bending for 
better device performance [25,26]. The desired hole transport proper
ties for CdTe solar cells are p-type, low resistivity, and make the upward 
band-bending by creating a positive initial Fermi level offset (IFLO) [25, 
27]. Additionally, if these properties could be maintained while allow
ing high visible-to-NIR transparency in the hole transport materials, one 
could fabricate a bifacial device that efficiently converts incident solar 
irradiance from both front and rear contacts into electrical power. 
Although bifacial architecture is common for crystalline silicon solar 
cells, there are few examples of studies that contribute to bifacial thin 
film solar cell technology [7,29,31]. 

In this work, we report the fabrication and characterization of 
BaCu4S3 (BCS), a wide bandgap, transparent p-type semiconductor, thin 
films by using a low temperature solution based method. Our initial 
results with BCS/ITO as a transparent back electrode showed promising 
results for vapor transport deposition (VTD) deposited CdTe for through 
the glass illumination of transparent solar cells [15]. Here, we have 
extended our work to study opaque back contact configurations for both 
VTD and close space sublimation system (CSS). Our study also reports on 
semitransparent CSS deposited CdTe solar cells, and we have applied 
detailed characterization including spectroscopic ellipsometry (SE) to 

understand surface morphology, optical properties, and the dependence 
of performance on device structure. BCS films deposited to a thickness 
~100 nm have a 1.92 eV bandgap energy and >70% transmittance in 
the visible to NIR spectral range. Due to its p-type conductivity, and high 
hole concentration, BCS films are evaluated as the hole transport 
properties for CdTe photovoltaics. Based on our study, BCS works very 
well as a hole transport layer for CdTe with Au as a metallization layer, 
resulting in a significant increase in VOC. Our best devices for VTD CdTe 
yielded a high Voc of 839 mV, fill factor of 75%, and 14.4% power 
conversion efficiency with BCS as buffer layer between the CdTe and Au. 
This provides a 7.5% relative efficiency improvement over a device with 
a standard Cu/Au back contact layer. Furthermore, for a semi
transparent bifacial device design using BCS/ITO as a buffer layer, from 
the glass side illumination we observed an increase in VOC to 836 mV 
and overall device performance comparable to our control device. 
However, the BCS/ITO back contact exhibits very low current-density 
through contact (back) side illumination, limiting the conversion effi
ciency to 1.2%. We also address the performance under back-side illu
mination, where the external quantum efficiency (EQE) is limited due to 
the high surface recombination between the CdTe and BCS/ITO 
interface. 

2. Experimental details 

2.1. Chemicals 

Copper (II) chloride (CuCl2), barium acetate (Ba (CH3COO)2) thio
urea (CH4N2S), lactic acid (C3H6O3), and 2-methoxyethanol (C3H8O2) 
were purchased from Fisher Scientific and acetylacetone (C5H8O2) was 
bought from Sigma Aldrich. No further purification is done on these 
chemicals and all stored at room temperature. 

Fig. 1. (a) Synthesis process (b) plan-view scanning electron microscopy (SEM) images (c) X-ray diffraction (XRD) patterns where represents BaO and represents 
BaCl2 (# PDF 97-000-2190) impurity phase of BCS nanocomposite thin films deposited on soda lime glass substrates. 
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2.2. Preparation and device fabrication 

The glass substrate cleaning and precursor making process is fol
lowed from our recently published work [15]. However, the concen
tration of these precursor is modified here. Solution I contain Cu–S made 
by dissolving 0.4 M CuCl2 with 1.23 M CH4N2S into 2 mL 2-methoxye
thanol and 3–4 drops of acetylacetone while solution II consists of 0.4 
M barium acetate dissolved into 1 mL 2-methoxyethanol with 6–7 drops 
of lactic acid. To prepare BCS thin films and back buffer layer on CdTe, 
50 μL BCS precursor solution was placed on the substrate, spin at 3500 
rpm for 55 s after pre-spin at 1000 rpm for 10 s and annealed at 270 ◦C 
for 5 min. 

The solar cell film stack layers (CdS/CdTe, with CdS = 120 nm and 
CdTe = 3.2 μm) were deposited by VTD and obtained from Willard and 
Kelsey Solar Group. We also utilized CdTe devices fabricated via CSS 
with oxygenated CdS (CdS:O) as the window layer. The CdS/CdTe film 
stacks were treated with a saturated CdCl2 solution in methanol, 
annealed at 387 ◦C for 30 min in dry air. Subsequently, the BCS HTL 
layer were deposited onto CdCl2-treated CdS/CdTe devices as the HTL. 
After depositing HTL layer and post annealing process, some impurities 
of BaCl2 formed during the preparation of BCS layer were removed by 
rinsing the film stack in methanol [32]. After the methanol rinse, there is 
no BaCl2 present on the CdTe surface as verified by the XRD measure
ment. Finally, a 40 nm Au layer was thermally evaporated to complete 
the back contact, and 532 nm laser scribing defined approximately 20 
cells, each with an active device area of 0.06 cm2. 

The ITO was sputter-deposited at room temperature at 2 mTorr Ar 
pressure and 120 W power for 90 min. These semitransparent film stacks 
were scribed mechanically to produce the groups of cells with active 
area 0.08 cm2. 

2.3. Characterization 

The surface and cross-sectional morphologies of BCS films were 
studied by using Hitachi S-4800 UHR scanning electron microscope 
(SEM). Elemental composition by energy dispersive X-ray spectroscopy 
(EDS) operated at 20 kV, and 10 μA. The X-ray diffraction (XRD) mea
surement is done by a Rigaku Ultima III X-ray Diffractometer where used 
accelerating voltage and currents were 40 kV and 44 mA, respectively. 
Unpolarized optical parameter were studied by using a PerkinElmer 
Lambda 1050 UV/Vis/NIR spectrophotometer. Raman spectra were 
measured by using 632.8 HeNe laser. Ex situ spectroscopic ellipsometry 
data of barium copper sulfide (BCS) thin films deposited on soda lime 
glass have been collected at 50◦, 60◦, and 70◦ angles of incidence at 
room temperature using a single rotating compensator multichannel 
ellipsometer [31,32]. Spectral range is varied from 0.735 to 5.887 eV 
(M-2000FI, J.A. Woollam Co.). 

Current density vs. voltage (J− V) characteristics and external 
quantum efficiency (EQE) measurement is done by using a Keithley 
2440 digital source meter with a LED solar simulator (MiniSol model 
LSH-7320) and PV Instruments (model IVQE8-C) system respectively. 

3. Results and discussion 

The synthesis process of BCS films on the glass substrate is shown in 
Fig. 1(a). The surface morphology of the BCS films on the glass substrate 
as obtained by plane view SEM is shown in Fig. 1(b). The composition of 
the Ba: Cu: S is found to be ~1:4:3 (see Fig. S1). Similarly, The XRD 
pattern in Fig. 1(c) indicates that the BCS thin film exhibits an ortho
rhombic α-phase crystal structure (# PDF 98-001-9167) [10]. The 
maximum transmittance of >70% was obtained within the 400–900 nm 
wavelength range [15]. The band gap energy of BCS film is found to be 
(1.92 ± 0.05) eV as determined by a Tauc plot where the absorption 
coefficient has been obtained from the unpolarized transmittance 
spectra using Beer’s Law [33], which is in agreement with that measured 
for a sputtered BCS film by Han et al. [11]. The sheet resistance of these 

BCS films was found to be high, on the order of 106 -107 Ωsq-1 due to 
high surface roughness, and low mobility. Additionally, we were not 
able to carry Hall effect measurements to estimate the carrier concen
tration; the resistive nature and unknown Fermi level of this material 
presented practical challenges for preparation of an ohmic contact. 

The complex optical properties in the form of the complex dielectric 
function (ε = ε1 + iε2) or complex index of refraction (N = n + ik = ε1/2) 
spectra for a BCS film is determined from analysis of measured ellipso
metric spectra. Ellispometric spectra are measured at three angles of 
incidence (50◦, 60◦, and 70◦). SE data from all three angles have been fit 
simultaneously to structural and optical models using a least square 
regression and an unweighted error function, σ [34]. The structural 
model used for SE data analysis consists of semi-infinite soda lime glass 
substrate/BCS thin film/surface roughness/air ambient. The complex 
optical properties of the BCS film are modeled by using a constant ad
ditive term to ε1 denoted as ε∞, a Sellmeier expression, and three Lor
entzian oscillators [35]: 

ε
(
E
)
= ε∞ +

As

E2
s − E2 +

∑3

m=1

AmΓmEm
(
E2

m − E2
)
+ iΓmE

(1) 

For each Lorentz oscillator (m), Am is the amplitude, Em is the reso
nance energy, and Γm is the broadening. Similarly As and Es are ampli
tude and resonance energy for the zero-broadened Sellmeier expression. 
The optical properties of the surface roughness layer are modeled by 
using a Bruggeman effective medium approximation consisting of var
iable fractions of the complex optical properties of the BCS film and void 
[36,37]. Reference optical properties of soda lime glass substrate are 
from the Junda et al. [38]. Optical properties in the form of spectra in 
complex N are shown in Fig. 2. 

The bulk film thickness is found to be 47 ± 6 nm, and surface 
roughness thickness is 39 ± 5 nm. The surface roughness layer consists 
of 0.079 ± 0.004 void fraction and 0.921 BCS. The substantial surface 
roughness layer thickness is likely due to the film structure having small 
grains without complete contact as seen from the SEM. Low photon 
energy absorption observed with increasing values of k at decreasing 
photon energy may be due to the presence of other phases, multiple 
copper valence states, phonon modes, free carrier absorption, or a 
combination of these effects [39]. The model fit parameters are reported 
in Table S1(SI). 

To study the hole transport properties of these BCS film, we depos
ited a BCS layer on the back of the CdTe PV filmstack. The transmission 
spectra with BCS and ITO back contact is shown in Fig. S2. Fig. 3(a) and 
(b) shows the SEM images of CdTe films without and with BCS layer, 
respectively. After BCS layer deposition on CdTe, the surface shows 
some grains of BCS along with Te islanding. EDS measurement of the 
CdS/CdTe film stack with BCS back buffer layer is shown in Fig. S3. The 

Fig. 2. Complex index of refraction (N = n + ik) for a BCS film on soda lime 
glass as measured by spectroscopic ellipsometry (SE). 

K.K. Subedi et al.                                                                                                                                                                                                                               



Solar Energy Materials and Solar Cells 218 (2020) 110764

4

variation in the stoichiometry of atoms is nearly the same as for the BCS 
film deposited on the soda lime glass. XRD measurement shows the Te 
peak after deposition of BCS on CdTe. The SEM image for a device 
treated with sulfur precursor (dissolving thiourea into 2-methoxyetha
nol) followed with post annealing treatment is shown in the SI 
(Fig. S4). The three predominant diffraction peaks at position (in 2θ) of 
23.8◦, 39.3◦, and 46.4◦ of Fig. 3 (c) correspond to the cubic CdTe [40]. 
The peaks at 27.5◦ and 38.5◦ correspond to (011) and (012) planes of Te 
respectively. At the same time, we observed peaks from BCS layer cor
responding to the peak positions (2θ) 26.4◦ and 44.8◦ confirming the 
presence of BaCu4S3 on the CdTe surface. The CdTe surface was 
measured by Raman spectroscopy to confirm the presence of Te after 
BCS deposition. Laser can have an effect on the CdTe surface to make it 
Te rich [41]. Thus, to minimize the effect of the laser, we exposed the 
sample for no more than approximately 30 s. Fig. 3(d) displays the 
Raman spectra of the CdTe surface with and without BCS layer and 
treated with solvent only and with S- precursor (thiourea complex). We 
clearly observed strong Te vibrational peaks at 123, 143, 266 cm-1 on 
CdTe surface with either BCS thin film or simply following the S pre
cursor anneal. At 270 ◦C thiourea starts to form a thiourea-metal com
plex, in this case via metal complexings with Cd to yield a Te rich surface 
[42,43]. Further, these measurements were made under identical con
ditions to have minimal effect of the laser on CdTe surface. The peak at 
123 cm-1 is due to the A (Te) mode, and the other peaks at 143, 260 cm-1 

are likely due to the E (Te) vibration modes [44,45], and the peak at 165 
cm-1 is for standard CdTe [46]. However, peak intensity LO (CdTe) is 
lower than others, so it is not clearly discernible in Fig. 3(d). Slight 
variation of the peak positions of A (Te) between standard, S-precursor, 
and BCS on CdTe surface due to the tensile stress in thin film [47]. 

Fig. 4(a) below displays a schematic diagram and cross-sectional 
micrograph of CdS/CdTe solar cells. The thickness of the BCS films on 
the CdTe is ~100 nm based on the SEM image, and it is also verified by 

using ImageJ software measurement [48]. Fig. 4(b) shows the J-V curve 
of the best cells among 20 cells of each contact type. The solid lines 
represent measurements under simulated AM1.5G illumination, and 
dotted lines represent dark measurements. Average values for open 
circuit voltage (VOC), short circuit current density (JSC), fill factor (FF), 
efficiency (η), series resistance (RS), and shunt resistance (RSh) of the 
CdTe device with BCS/Au, Au, and Cu/Au contacts are shown in Table 1. 
From the introduction of the BCS buffer layer between the CdTe and Au, 
the VOC increase was substantial from 806 to 839 mV and FF was also 
improved from 73.3 to 75.0%. The relative increase of device perfor
mance efficiency in comparison with the Cu/Au contact is ~7.5% with 
the excellent VOC improvement whereas there is slightly improvement of 
JSC of the device with novel BCS and standard Cu/Au back contacts. This 
improvement in VOC and the absence of the rollover effect and reducing 
crossover effects suggest that BCS plays an important role as a back 
buffer layer on CdTe when completed with Au [49]. The EQE spectra 
shown in Fig. S5 confirm the JSC values obtained from J-V measure
ments. The effect of etching with sulfur precursor on device performance 
with a standard Cu/Au contact is discussed in the SI (Fig. S6 and 
Table S2). Further, we tested these BCS interface layers in CdTe devices 
fabricated using CSS method and found consistent improvement 
(Fig. S7, Table S3). 

Optical absorption properties evaluated by using the transmittance 
spectroscopy and SE shows the BCS film has high transmittance into the 
visible to NIR spectral region. This indicates that BCS could serve as a 
transparent back buffer layer for semi-transparent CdTe solar cells. 
Bifacial PV cell configuration requires a p+ type transparent hole 
transport material because the barrier height between CdTe and ITO is 
problematic, yielding inefficient tunneling as the most probable mech
anism for the hole transport between CdTe and ITO [7,50]. Insertion of a 
thin p+ layer between the CdTe and ITO can improve hole transfer from 
CdTe to the ITO [51,52], and our tested cells use CdTe/BCS/ITO. The 

Fig. 3. SEM of (a) surface morphology of a VTD CdTe film and (b) a CdTe film after BCS deposition, (c) XRD patterns of CdTe with and without BCS, and for a sulfur 
precursor treated CdTe film, and (d) Raman spectra of VTD deposited CdTe surface with or without BCS layer using 632.8 nm excitation from a HeNe laser. 
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interface between BCS and ITO creates a narrow depletion region and 
facilitates the hole transport through BCS to ITO. Furthermore, the back 
barrier height between the Te/ITO has been demonstrated as a low 
barrier for the entire device. CdTe/BCS device structure shows the Te 
rich surface which helps create a low barrier height resulting in good 
device performance for glass side illumination [15,22]. The device 
performance of CdTe/BCS/ITO from glass side and contact side illumi
nation and comparison between the standard Cu/Au are shown in Fig. 5. 
It can be seen that introduction of the BCS layer at the interface between 
the CdTe and ITO shows the 13.3% device performance. The VOC 
increased substantially from 793 to 836 mV; however, FF is decreased 
from 69.7% to 66.1% which could be due to series resistance of ITO 
(~25 Ω/sq), and JSC remained similar for the BCS back contact as 
compared to the standard Cu/Au back contact. EQE measurement and 
average device performance of the device CdTe/BCS/ITO configuration 
with comparison of controlled sample is shown in the SI (Fig. S8 and 
Table S4). 

The rear side illumination of the device is affected by high recom
bination loss due to the low diffusion length in CdTe, high surface 
recombination velocity, and can also be due to the downward band 
banding [25,53,54]. Photoelectrons generated near the back contact 
must travel to reach the front electrode so current density is reduced by 
the interface recombination. If we can passivate the interface by using 
chemical passivation to reduce the BSRV, or by field effect passivation to 
reduce the free electron concentration at the back contact, then we can 
improve the device performance from the backside [26]. And fabricate 
good bifacial devices and/or efficient tandem configurations. We use 
this result as an opportunity to illuminate the simultaneous need for 

Fig. 4. (a) Schematic diagram and cross sectional SEM of a VTD deposited 
CdTe solar cell with BCS as HTL layer, and (b) J-V characteristics of CdS/CdTe 
solar cell devices with and without BCS thin films as interface layers. 

Table 1 
Average device performance parameters along with their standard deviation of 20 cells for each back contact configuration.  

Back Contact Types Device Parameters 

VOC (mV) JSC (mA/cm2) FF (%) PCE (%) RS (Ωcm2) RSh (Ωcm2) 

Au 647 ± 23 22.2 ± 0.2 62.3 ± 1.8 8.9 ± 0.4 7.0 ± 1.6 1671 ± 353 
Cu/Au 806 ± 4 22.5 ± 0.2 73.0 ± 1.0 13.2 ± 0.2 3.6 ± 0.6 2603 ± 230 
BCS/Au 841 ± 2 22.6 ± 0.3 73.7 ± 1.0 13.9 ± 0.6 2.8 ± 0.2 1866 ± 282  

Fig. 5. J-V characteristics of CSS deposited CdTe solar cells, comparing the 
performance of a lab standard Cu/Au contact with front and back-illuminated 
semitransparent cells using BCS as a buffer layer. 

Fig. 6. C–V measurement used to determine the apparent carrier density of the 
CdTe film stack with BCS/Au and Au only interface layer. 
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both proper band-bending and low interface recombination velocity. 
Room temperature C–V measurements were carried out to estimate 

the doping concentration for CdTe devices with and without BCS 
interfacial layer as shown in Fig. 6. All the measurements were carried in 
the dark condition at the DC bias voltage (VDC) swept from − 3 V to +1 V 
whereas AC modulation voltage of 45 mV rms and the frequency of 10 
kHz is used. Carrier density of CdTe device completed with BCS/Au and 
Au is 1.11 × 1014 cm-3 and 1.13 × 1014 cm-3 respectively. This slight 
difference in the carrier density between these two devices may be due 
to the variation of device position (3′′ × 3”). Although Cu atoms/ions are 
mobile, and they might diffuse to CdTe during the deposition and 
annealing of the BCS layer, the values of the doping density obtained 
from C–V measurements indicate that the BCS layer did not increase the 
free carrier concentration of CdTe devices even though post annealing 
treatment was done at 270 ◦C for 5 min. 

Since BCS films not only worked as back contact layer but also does 
etching on the CdTe surface and makes Te rich surface. To calculate the 
back barrier height of CdTe device, temperature dependent current 
voltage (J-V-T) measurement was carried from 190 K to 300 K tem
perature range from − 0.5 V to 1.5 V. Fig. 7(a) and (b) are J-V-T curves of 
CdTe/BCS/Au and CdTe/Cu/Au respectively. To calculate back barrier 
height of these devices, thermionic emission model is used as given by 
the equation, 

J0αT2exp
(

−
qΦb

kB T

)

(2) 

From Eq (2) back barrier height (Φb) is obtained by the slope of 
Arrhenius plots of Ln (J0/T2) versus 1/kBT where kB is the Boltzmann 
constant, q is electronic charge, and J0 is the saturation current. From 
Fig. 7(c), the barrier height of the standard Cu/Au is about (301 ± 8) 
meV while for BCS/Au is (240 ± 7) meV. These values of back barrier 
height match closely with previous results for standard Cu/Au and 
etched CdTe devices using wet chemical etching process [23]. Due to the 
decrease in barrier height, it facilitates the hole transport towards the 
back electrode and reduces recombination at the back interface [55]. 
This decrease in the back barrier height supports the increase on the 
device performance with excellent improvement on VOC and FF. 

4. Conclusions 

We have synthesized and studied the properties of BCS thin films 
prepared using a solution based approach; the films show high optical 
transmission (>70% at 400–900 nm wavelengths) and wide band gap 
energy (~1.92 eV). The test of BCS as a back-buffer layer in CdTe solar 
cells shows relative device performance increased by 7.5% for VTD 
deposited CdTe, and the results are the same if we use the CSS deposited 
CdTe, showing improvements in VOC, FF in comparison to a control Cu/ 
Au back contact design. A successful demonstration of using BCS thin 
films as back contacts in CdTe solar cells shows it could serve as a 
promising interface layer for the opaque and semitransparent CdTe PV 
by creating a Te-rich CdTe surface. From C–V and J-V-T measurement 
BCS does not help to increase the doping density of CdTe but helps to 
reduce the back barrier height. Furthermore, CdTe PV devices with BCS/ 
ITO show promising performance, in a transparent back contact archi
tecture, using ITO as back electrode layer. 
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