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A B S T R A C T

Critical avenues to increase energy yield for CdTe photovoltaic (PV) technology, such as bifacial cells or tandem

cells designs, rely on the need to develop transparent back contact approaches that enable high e ciency andffi

high transparency. We report the properties of earth-abundant p-type transparent conducting nanocomposite

(NC) thin lm (CuS)fi x(ZnS) 1-x, deposited by low-cost chemical bath deposition method. Nanocomposite lms offi

~ 45 nm thickness transmit > 70% of the visible light and show compact grains of size ~ 10 nm. We investigate

the photovoltaic performance of both opaque and semi-transparent CdTe solar cells using (CuS) x(ZnS) 1-x NC thin

films as a back contact interface layer. Introduction of the NC layer between the CdTe and a standard Cu/Au

metallization process yielded the best device e ciency of 13%, representing a 3.2% relative improvement overffi

the standard Cu/Au back contact. Semi-transparent CdTe devices nished with an indium tin oxide (ITO) layerfi

allowed for comparison of front and back illumination schemes. Experimental and modeling results con rm thatfi

the bifacial device con guration leads to signi cant recombination losses under back illumination due to thefi fi

absence of a charge separating eld, a relatively high interface recombination rate, and an insu cient electronfi ffi

di usion length. Once optimized, and with an improved interface and bulk CdTe carrier lifetimes, this NC earth-ff

abundant transparent conductor based on Cu, Zn, and S may serve as an e ective, inexpensive, low-toxicity backff 

contact layer for a bifacial CdTe solar cell.

1. Introduction

Cadmium telluride (CdTe) remains the leader as measured by the

shortest energy payback time and, correspondingly, the largest energy

return on energy invested . CdTe has closed the module-level ef-[1,2]

ficiency gap with multi-crystalline silicon . The recent increases in[3]

the minority carrier lifetime and di usion length have brought closerff

the possibility to increase photovoltaic (PV) energy generation by using

a bifacial module architecture. In addition, the semitransparent solar

cell holds novel application like building integrated PV . Bifacial[4]

solar cells were rst fabricated in 1978 by the Luque et al. , morefi [5]

recently Tiwari et al. have utilized indium tin oxide (ITO) as a trans-

parent back contact layer to CdTe solar cells , and Khanal et al. used[6] 

transparent single wall carbon nanotubes for bifacial CdTe solar cells

[7]. Bifacial solar cells allow for the conversion of sunlight incident

from either or both sides of the device, allowing for the opportunities of

higher total conversion e ciency and higher energy yield under typicalffi

operating conditions . Thin lm CdTe solar cells have long been[8 10]– fi

identi ed as a cost-e ective solution for utility-scale photovoltaicfi ff

systems, and the development of an e cient bifacial architecture wouldffi

provide an additional advantage to the already low cost per Watt of the

technology.

The fabrication of e cient CdTe solar cells involves di erent stepsffi ff

including fabrication of the front window layer, deposition of CdTe thin

fi film, and back contact processing. Following CdTe thin lm deposition,

treatment with cadmium chloride (CdCl 2 ) enhances grain growth, while

yielding CdS/CdTe layer interdi usion, and improvements to theff

electronic properties and photovoltaic performance in the nishedfi

CdTe solar cells . In case of back contact processing, a highly-[11,12]

transparent back contact enables CdTe top cell tandem photovoltaic

designs . Nonetheless, highly e ective transparent back contacts[13,14] ff 

designed for p-CdTe remain challenging due to a dearth of p-type metal

oxides, and to the simultaneous need to passivate against interface re-

combination losses. In addition, the deep work function of 5.7 eV∼ 

exhibited by CdTe presents a challenge for creating a low resistance and

barrier-free back contact for use in the CdS/CdTe solar cells [15 18]– . I n

analogy with their more prevalent n-type counterparts, p-type trans-

parent conductors ideally exhibit high values of free hole concentration,
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optical transparency, and electrical conductivity . Numerous[19,20]

materials have demonstrated varying levels of performance as the CdTe

back contact interface layer, including but not limited to Cu/Au ,[21]

RF-magnetron sputtered Cu-doped ZnTe , thermally evaporated[22]

Cu 2Te , solution-processed pure and alloyed iron pyrite nanocrys-[23]

tals , and single-walled carbon nanotubes . In each of these[24,25] [26]

cases, a Schottky barrier forms at the rear interface due to CdTe's deep

valence band and work function . First Solar has implemented[27,28]

the p-type ZnTe:Cu back contact . ZnTe has a suitably deep valence[29]

band edge which together with the 2.24 eV band gap energy places the

conduction band edge su ciently shallow as to e ciently re ectffi ffi fl

electrons away from the back contact interface, which aids in reducing

recombination at the back contact . None of the above mentioned[30]

back contacts serve as a transparent back-contact electrode, which is

needed for the high e ciency bifacial solar cells.ffi

(CuS) x (ZnS)1-x nanocomposite (NC) can be used as a transparent

hole transport layer (HTL), or bu er layer, at the interface betweenff

CdTe and a metallization layer (which may also be transparent as in

case of ITO). The back-illuminated performance demonstrated here

using (CuS) x(ZnS) 1-x as an HTL, together with solar cell capacitance

simulator (SCAPS) modeling with improved absorber layer properties,

shows that as the CdTe continues to improve, bifacial cells will very

likely show economic bene ts . Previously, the Cu doping processfi [31]

has been reported to modify the microstructure and optoelectronic

properties of ZnO . Highly Cu doped NC thin lms consisting of p-[32] fi

type (CuS) x(ZnS) 1-x have shown high visible light optical transparency

with a free hole concentration of ~ 1021 cm−3 supporting high elec-

trical conductivity . The back contact barrier height in CdTe thin[33]

films can be minimized by inserting a thin semiconductor layer with

very high carrier density or by increasing the conductivity of the[34] 

CdTe layer. However, doping of polycrystalline CdTe is not straight-

forward due to the tendency to self-compensate. The p-type

(CuS) x(ZnS) 1-x with its high carrier density forms a shallow barrier with

a back contact metal so that photo-generated holes can easily propagate

to the back contact metals with reduced potential loss . Many[18,35]

e orts have been reported toward developing e ective hole-selectiveff ff

contacts to CdTe polycrystalline solar cells, and this class of p-type NC

thin lm o ers several attractive properties for such an application. P-fi ff

type (CuS) x(ZnS) 1-x has been deposited by numerous methods such as– 

chemical bath deposition (CBD) , electrochemical deposition ,[36] [37]

and pulsed laser deposition , and has been demonstrated as a[38]

contact material for amorphous-Si passivated monocrystalline Si solar

cells . Ma et al. used the CBD technique to deposit Zn doped CdS to[33]

increase the transmittance of the CdS lm . Here, we have em-fi [39]

ployed the CBD method to deposit a thin layer of (CuS) x (ZnS) 1-x on

CdTe PV devices . The solution-based CBD technique enables[40 42]–

controlled deposition of a thin lm onto a substrate immersed in a di-fi

lute solution of precursors. While the CBD lm can be formed either viafi

ion-by-ion or cluster by-cluster processes , our method suppresses– [43]

the cluster-by-cluster mechanism to form high quality NC lms .fi [44]

Here, we report the fabrication of (CuS) x(ZnS) 1-x thin lms, char-fi

acterization, and the observed performance when used as the HTL in

CdTe devices. The (CuS) x (ZnS)1-x thin lms were characterized usingfi

scanning electron microscopy (SEM), X-ray di raction (XRD),ff

UV Vis NIR spectrophotometry, and spectroscopic ellipsometry (SE).– –

Thin lms (~ 45 nm thick) show > 70% visible spectral range trans-fi

parency. Our study shows that these lms are highly conductive with afi

carrier density of ~ 1021 cm −3 , making them promising hole transport

materials for CdTe solar cells. Using (CuS)x (ZnS)1-x NC as hole transport

materials in CdTe devices, the best device e ciency ( ) of > 13%, andffi η

a ll factor (FF) > 73% have been observed. In addition, we discussfi

experimental and simulation results for illuminating these CdTe de-

vices, when nished with ITO, through the p-type back contact.fi

2. Experimental details

2.1. Chemicals

Copper (II) sulphate (CuSO4, 99%) zinc acetate (Zn(CH 3COO) 2 ,

99.9%), thioacetamide (C2 H 5 NS, 99%), and edetate disodium salt di-

hydrate (Na 2 EDTA, 99%) were purchased from Alfa Aesar. All chemi-

cals were stored at room temperature and used without further pur-

i cation.fi

2.2. Film preparation

Glass substrates were ultrasonically cleaned using detergent and

deionized water (DIW) for 30 min, rinsed several times with DIW,

cleaned in methanol for 15 min, rinsed again by acetone and nally byfi

DIW before drying the substrate using dry N 2 in air. The (CuS) x(ZnS)1-x

thin lms were fabricated using a procedure reported previouslyfi

[33,36]. Three solutions were prepared to fabricate = 0.64 andx 

x = 0.8: (1) with total concentration of 0.1 M of CuSO4 and Zn

(CH 3 COO) 2 in 50 mL DIW; (2) 0.1 M concentration of C 2 H5 NS in 50 mL

DIW, and (3) 0.1 M concentration of Na 2 EDTA in 25 mL DIW, with total

125 mL solution. The concentration of CuSO 4 and Zn(CH 3COO) 2 can be

varied to produce di erent in (CuS)ff x x(ZnS) 1-x . Zn(CH3 COO)2 molarity

is dominated by the CuSO 4 because the solubility product of CuS is

much lower than ZnS . The solution 1 and solution 3 were mixed[45]

thoroughly in an ultrasonic bath for 20 min at a temperature of 30 °C

and subsequently mixed together with solution 2. The cleaned substrate

was immediately placed vertically inside the solution and the beaker

was covered with aluminum foil to prevent evaporation. The mixed

solution was placed on the water bath maintaining the temperature at

80 °C with continuous stirring. The lm growth reaction continued forfi

55 min. The substrate coated with the NC lm was removed from thefi 

solution, washed with DIW, and dried by N 2 in the air.

2.3. Film characterization

A Hitachi S-4800 UHR scanning electron microscope (SEM) was

used to study the surface morphology of (CuS) x (ZnS)1-x films. Energy

dispersive x-ray spectroscopy (EDS) integrated into the Hitachi SEM

instrument operating at 20 kV and 15 A was used to investigate theμ

composition of the (CuS)x (ZnS) 1-x films. The sheet resistance was

measured using the Lucas four-point probe. The XRD patterns were

taken by a Rigaku Ultima III X-ray Di ractometer at 40 kV acceleratingff

voltage and 44 mA currents. Unpolarized transmittance and re ectancefl

spectra were measured by a PerkinElmer Lambda 1050 UV/Vis/NIR

spectrophotometer. Room temperature ellipsometric spectra (in

N C S = cos 2 , Ѱ = sin 2 cos , Ѱ Δ = sin 2 sin ) of (CuS)Ѱ Δ 0.64 (ZnS)0.36

NC thin lms were collected at 50° angle of incidence using afi ex situ 

single rotating compensator multichannel ellipsometer having[46,47] 

a spectral range from 0.735 to 5.887 eV (M-2000FI, J. A. Woollam Co.).

2.4. Device fabrication

For the solar cell lm stack, CdS (120 nm) and CdTe (3 µm) layersfi

were deposited by commercial vapor transport deposition (VTD) onto

TEC -15 glass substrates by the Willard and Kelsey Solar Group. The™

CdS/CdTe lmstacks were treated with a saturated CdClfi 2 solution in

methanol at a solution concentration of 2.15 g/100 g of solvent at 20 °C

and the devices were annealed at an optimized temperature of 387 °C

for 30 min in dry air to advance grain growth, release interfacial strain,

and facilitate intermixing at the CdS/ CdTe interface . Subse-[11,24]

quently, the NC thin lms were deposited onto CdClfi 2 -treated CdS/CdTe

devices as the HTL. Finally, for some devices, 3 nm Cu and 40 nm Au

were thermally evaporated to complete the back contact followed by

annealing at 150 °C for 45 min to di use the copper. For other devices,ff

the Cu evaporation and annealing steps were omitted. Finally, the
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devices were scribed using a 532 nm laser to de ne an array of ap-fi

proximately 20 cells, each with active device area of 0.08 cm 2 .

To prepare the (CuS) x (ZnS)1-x /Cu/ITO back contact, 3 nm Cu was

thermally evaporated onto the nanocomposite lm followed by an-fi

nealing at 150 °C for 45 min to di use the copper, and subsequentlyff

followed by magnetron sputtering of 125 nm of ITO. The ITO was de-

posited at room temperature at 3 mTorr Ar pressure, and 100 W DC

sputtering power. These lm stacks were scribed mechanically to pro-fi

duce an array of cells with active device area of 0.08 cm2 .

2.5. Device characterization

Current voltage ) characteristics were measured under simu-– (J V

lated AM1.5G illumination using a Keithley 2440 digital source meter

and a solar simulator (Newport model 91195A-1000). The light in-

tensity of the simulator was calibrated using a standard silicon solar cell

obtained from the PV Measurement, Inc. External Quantum E ciencyffi

measurements were performed over a wavelength range of 300 910 nm–

using a PV Instruments (model IVQE8-C) system.

3. Results and discussion

Fig. 1 shows the SEM images and optical properties of (CuS) x (ZnS)1-

x thin lms. The grain size for the (CuS)fi 0.64 (ZnS)0.36 film as obtained

from the SEM images ( a) is 10 nm, and these lms are moreFig. 1 ∼ fi

uniform and compact as compared with the (CuS)0.80 (ZnS) 0.20 films

( b) which show grain size of 15 nm. Furthermore, the voidFig. 1 ∼ 

fraction and surface roughness values extracted from spectroscopic el-

lipsometry studies concur with SEM images. The stoichiometry of these

(CuS) x(ZnS) 1-x films were investigated using EDS analysis. Stoichio-

metries for both lms are spatially uniform within measurement limitsfi

as shown in the . The sheet re-Supporting information (SI) Fig. S1

sistances of (CuS)0.64 (ZnS)0.36 NC and ITO thin lms are 2000 /sq andfi Ω

30 /sq respectively as obtained from 4-point probe measurement. TheΩ

XRD patterns of Cu-free ZnS lms show cubic crystal structure ( ),fi Fig. S2

and with the addition of CuS, the NC lm becomes amorphous, infi

agreement with results reported previously .[36]

Fig. 1 (c) presents the transmittance of the NC thin lms of thicknessfi

∼ 45 nm deposited on bare soda lime glass (SLG), in the 250 850 nm–

wavelength range. The maximum transmittance of 83% was ob-∼ 

tained for the (CuS)0.64 (ZnS)0.36 film composition at 500 nm wave-∼ 

length and 82% from the (CuS)∼ 0.80 (ZnS)0.20 film in the same wave-

length region. With the increase of ZnS fraction, transmittance does not

increase rapidly but as the transparency depends on the crystal size,

small crystal size indicates less scattering loss and higher transmittance

[48]. In our case, the grain size of the (CuS) 0.64 (ZnS)0.36 is smaller than

that of the (CuS) 0.80 (ZnS)0.20 . The re ectance spectra of the NC lmsfl fi

are shown in (a). ZnS has a direct band gap of 3.7 eV andFig. S3 [49] 

CuS has a direct band gap about 2.2 eV . Composing the thin lm of[50] fi

both CuS and ZnS yields a band gap narrower than ZnS and wider than

CuS. Applying Tauc analysis, the band gap energies of

(CuS) 0.64 (ZnS)0.36 and (CuS) 0.80 (ZnS)0.20 are found to be 2.70 eV and

2.60 eV respectively ( (d)). The relationship between the absor-Fig. 1

bance and wavelength is shown in (b) (SI). The absorbance in-Fig. S3

creases observed at longer wavelengths arise from free carrier absorp-

tion, and the e ect is also seen in the absorption coe cient derivedff ffi

from SE as shown in (b).Fig. S4

Determination of the optical response of (CuS) 0.64 (ZnS)0.36 NC thin

films, in the form of the energy-dependent complex dielectric function,

(ε ε(E) = 1 (E) + i ε2 (E) N (E) = n) or complex refractive index (

(E) + i k (E) = ε
1/2 (E)) spectra, enables assessment of optical and

morphological properties relevant to PV and other electronic devices.

Spectroscopic re ection, absorption, and transmission of thefl

(CuS) 0.64 (ZnS)0.36 can be determined by using the real and imaginary

part of the complex dielectric function. Measurement of the complex

dielectric function here indicates contributions from free carrier ab-

sorption at low photon energies and critical point electronic transitions

at higher photon energies within the optical response. Ellipsometric

Fig. 1. Scanning electron microscopy (SEM) of (a) (CuS) 0.64(ZnS) 0.36 and (b) (CuS)0.80 (ZnS) 0.20 nanocomposite thin lms. (c) transmission spectra and (d) band gapfi

determination via a Tauc plot for (CuS) 0.64 (ZnS)0.36 and (CuS) 0.80 (ZnS)0. 20 films.
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spectra collected from (CuS)0.64 (ZnS)0.36 NC lms were analyzed usingfi

a least square regression analysis and an unweighted error function

[51]. Spectra in for the bulk lm material and the structural para-ε fi

meters, consisting of the surface roughness and bulk layer thickness, are

extracted by tting the experimental ellipsometric spectra to an opticalfi

and structural model. This model consists of semi-in nite soda limefi

glass substrate / NC lm / surface roughness / air ambient. Spectra of fi ε

for the lm are parameterized by using Lorentz , Tauc-Lorentzfi [52]

[53] [54], and Drude oscillators . In addition to the parameters de-

scribing spectra in , the bulk and surface roughness layer thicknessesε

(d b and d s) are also free parameters in the least squares regression t.fi

Spectra in describing the lm surface roughness layer is modeledε fi

using a Bruggeman e ective medium approximation (EMA) ff [55,56]

consisting of 0.5 of the volume fraction to be identical to the bulk

(CuS) 0.64 (ZnS)0.36 layer and the remaining 0.5 volume fraction to be

void. The tted graph is shown in Fig. S4(a) with mean square errorfi

4.6 × 10 −3.

The thicknesses as obtained from the model are d b = 2 5  ±  3 n m

and ds = 16 ± 4 nm. Drude oscillator parameters are resistivity

( ) = 0.00142 ± 0.00012 -cm and mean scattering timeΩ

( ) = 0.65 ± 0.02 fs. The conductivity of the NC thin lm is the re-τ fi

ciprocal of resistivity and is found to be 702.2 S-cm −1. Carrier con-

centration ( ) and mobility ( ) can be evaluated from Drude para-N

meters if we know the charge carrier e ective mass (ff m *). If we assume

m * = m e for simplicity, we get = 3.81 × 10N 21 cm−3 and = 1.14 cm2

/ Vs. These electrical transport properties evaluated from the Drude

model agree well with those from Hall e ect measurements reported inff

the literature with = 1.5 cm 2 / Vs and N = 2 × 1 021 cm −3 [33].

Spectra in for the NC lm for = 0.64 are shown in .ε fi x Fig. 2

The transmittance spectra of NC lms are also calculated using SEfi

( (c)) and the results are very similar to UV/Vis experimentalFig. S5

data. The band gap of the (CuS)x (ZnS)1-x calculated by SE coincides

with the band gap calculated by UV/VIS measurements shown in SI as

in (d). With these important optoelectronic properties, we comeFig. S5

to the conclusion that this material can be used in CdTe thin lm solarfi

cells not as an absorber layer because the bandgap is very large, not as a

window layer because it is p-type of material, but as a HTL for CdTe

devices. The device structures of CdTe solar cells for a standard back

contact con guration and with NC HTL are shown in fi Fig. S6. N C films

of di erent values were tested with the best results obtained forff x 

x = 0.64 and 0.80. These results are compared with the Cu/Au standard

back contact. At = 0.5 and x = 0.95, the performance of the devicex 

decreases as shown in (a).Fig. S7

Fig. 3 displays the device characteristics of the CdTe solar cells with

(CuS) x(ZnS) 1-x NC as HTLs. (a) shows the curve of highestFig. 3 J-V 

e ciency cell among 20 cells of each contact type. The solid curvesffi

represent measurements under simulated AM1.5G illumination and

dotted curves represent the dark measurements. presentsTable 1 

average values for open circuit voltage (V OC), short circuit current

density (JSC ), ll factor ( ), e ciency ( ), series resistance (fi FF ffi RS ), and

shunt resistance (RSh) from 20 cells of the same device for two NC

compositions: (CuS)0.64 (ZnS)0.36 , and (CuS) 0.80 (ZnS) 0.20 , and for the

standard Cu/Au contact. The slightly higher series resistance in Table 1

is attributed to the very thin NC lm; a thickness dependent study hasfi

been performed. The characteristics for the NC lm thickness de-J-V fi

pendent study are shown in (b). Since CBD is a self-limitingFig. S7

process due to the nal layer thickness being dependent on the bathfi

temperature as well as the concentration of precursors and the pH

value, the deposition is done twice to double the thickness .[57,58]

From this comparison, we conclude that the thickness of the lms usedfi

for and are e ectively optimized for single layer thick-Fig. 3 Table 1 ff

ness.

External quantum e ciency (EQE) spectra shown in the (b)ffi Fig. 3

show that incorporation of the NC thin lm as an HTL in the CdTe solarfi

cell leads to slightly improved current collection in the range of

550 820 nm. The photocurrent collection is low for wavelength below–

~540 nm because of parasitic absorption in CdS (120 nm) for which no

photocurrent can be collected . The EQE measurement veri es the[24] fi

J SC values obtained from measurement. Comparing the two NCJ-V 

compositions as the HTL, (CuS) 0.64(ZnS) 0.36 shows better performance

in the current collection than either (CuS)0.80 (ZnS)0.20 or the Cu/Au

back contact. and show that the Fig. 3 Table 1 J SC for devices with

(CuS) x (ZnS)1-x are higher than that of the standard Cu/Au back con-

tact. While it has yet to be determined if this is due to sample-to-sample

variation or an improvement at the back contact, this trend persists for

samples nished from several locations on the original 2 x4 coatedfi ′ ′ 

glass panel.

CuS has p-type conductivity but ZnS typically shows n-type[59] 

conductivity, and Kudo et al. report that Cu doped ZnS exhibits p-[60] 

type conductivity . To see the e ect of the NC HTL in the absence of[61] ff

Cu, we fabricated solar cells with NC/Au back contacts for = 0.64 andx 

Fig. 2. Real and imaginary parts of the of complex dielectric function, = ε ε1

+ iε2 , as functions of photon energy for thin lm (CuS)fi 0.64 (ZnS) 0.36 prepared on

soda lime glass.

Fig. 3. Performance of CdTe solar cells with and without (CuS) x(ZnS) 1-x NC

HTL thin lms; these devices include the 3 nm Cu evaporation, as well as post-fi

metallization annealing to di use the Cu. (a) Current density and voltage ( )ff J-V

characteristics under AM1.5G illumination, and (b) external quantum e ciencyffi

measurements.
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compared the results with Au-only back contacts. (a) shows the Fig. 4 J-

V curves of highest e ciency cell among 15 cells of each contact typeffi

measured under simulated AM 1.5G illumination. shows theTable 2 

average device parameters with (CuS) 0.64(ZnS)0.36 /Au, and Au back

contacts respectively. The dark characteristic shows non-ideal diodeJ-V 

behavior compared to (CuS)0.64 (ZnS)0.36 /Au; the roll-over behavior

results from the higher Schottky barrier created by the CdTe/Au in-

terface . From the results ( (a) and ) we can see that[62] J-V Fig. 4 Table 2

VOC is improved from 718 mV to 777 mV (8.2%), is improved fromFF 

63.9% to 72.2%, and J SC is increased from 19.3 mA/cm2 to 19.7 mA/

cm 2 (2.1%). EQE spectra as shown in (b) con rm the increased Fig. 4 fi J SC

from the introduction of the NC HTL lms when compared to the Aufi

only back contact. A slight EQE improvement is again seen in the 530 –

820 nm wavelength range.

Determination of the UV Vis NIR absorption properties, by both– –

transmission spectroscopy as well as by SE, showed that the NC thin

film has high transmittance in the visible region (> 70%). This sug-

gests that it can serve as a transparent back contact layer for use either

within a tandem device using CdTe as the top absorber or within a

bifacial cell design that enables collection of carriers generated by il-

lumination from the front and back simultaneously. Bifacial devices

require a transparent back contact, and we tested this approach by

preparing devices with the CdTe/NC/Cu/ITO con guration. fi Fig. 5

shows the characteristics and EQEs of the devices illuminated fromJ-V 

both sides. For the front side illumination, the best device showed VOC

= 797 mV, J SC = 21.6 mA/cm 2 , = 60.8%, e ciency = 10.5%, andFF ffi

RS = 1 0 Ω cm2 . The is lower than that of the standard Cu/Au backFF 

Table 1

Device performance parameters of 20 CdTe solar cells for di erent back contact layers (active device area = 0.08 cmff
2 ): average values are expressed along with their

standard deviations.

Back contacts Device parameters

V OC (mV) JSC (mA/cm
2

) (%) PCE (%) FF RS ( cmΩ 
2

) R Sh ( cmΩ 
2

)

(CuS)0.64 (ZnS)0.36/Cu/Au 803 ± 4 21.6 ± 0.1 72.7 ± 0.8 12.6 ± 0.2 2.8 ± 0.2 1780 ± 380

(CuS)0.80 (ZnS)0.20/Cu/Au 811 ± 6 20.1 ± 0.4 72.1 ± 0.8 11.8 ± 0.3 2.7 ± 0.7 1330 ± 360

Cu/Au 816 ± 2 19.7 ± 0.2 75.6 ± 0.8 12.1 ± 0.2 2.5 ± 0.1 2800 ± 930

Fig. 4. Performance of CdTe solar cells with and without (CuS) 0.64(ZnS) 0.36 NC

thin lms as an interface layer; for these devices, the Cu evaporation and post-fi

metallization annealing were omitted. (a) Current density and voltage ( )J-V

characteristics under AM1.5G illumination, and (b) external quantum e ciencyffi

(EQE) measurements.

Table 2

Device parameters of the average ± standard deviation of 15 cells when (CuS) 0.64 (ZnS) 0.36 /Au and Au were used as back contacts.

Back contacts Device parameters

VOC (mV) J SC (mA/cm 2) (%) PCE (%) FF R S ( cmΩ 2 ) RSh ( cmΩ 2)

(CuS)0.64 (ZnS)0.36/Au 761 ± 12 19.9 ± 0.1 69.7 ± 2.7 10.5 ± 0.7 3.0 ± 0.8 1050 ± 140

Au 693 ± 11 19.2 ± 0.5 56.1 ± 5.2 7.5 ± 0.9 8.9 ± 6 910 ± 200

Fig. 5. (a) Current density versus voltage and (b) EQE for (CuS) 0.64 (ZnS)0.36 /

Cu/ITO back contact in front and back illumination, and Cu/Au back contact in

front illumination for CdTe solar cells under the simulated AM1.5G solar irra-

diance spectrum.
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contact, owing to the higher series resistance introduced by the thin

HTL and ITO. The device parameters are presented in . The Table 3 Jsc

measured here is con rmed by the EQE measurements as shown in thefi

Fig. 5 Fig. 5(b). While analyzing (b), we see that the EQE is greater than

80% with very low variation in the 540 840 nm wavelength range in–

the superstrate con guration whereas in substrate con guration (back-fi fi

illumination), the EQE is steadily increasing with wavelength but very

poor in the same wavelength range. When the device is illuminated in

substrate con guration, photo generated electrons must travel a longerfi

distance to be collected in the front electrode and during this time,

collection probability is severely a ected by recombination loss due toff

the low di usion length in CdTe and the absence of an electric eldff fi

over the back portion of the CdTe layer.

We modeled our CdTe device structure as glass/FTO/CdS/CdTe/

(CuS) 0.64 (ZnS) 0.36 /ITO in SCAPS software, and the relationship[63] 

between the carrier density and the thickness of the CdTe was studied

from front and back surface illumination. All the simulation parameters

used here are borrowed from Phillips et al.'s work except SWNT ,[26]

and the (CuS) 0.64 (ZnS)0.36 parameters were taken from the SE analysis

reported here. The free carrier density as a function of distance ( m)μ

pro le is shown in (a). The nature of the modeled EQE curve asfi Fig. S8 

in (b) from back side illumination matches with ourFig. S8

Table 3

The average device parameters of CdTe solar cells for Cu/Au and (CuS) 0.64(ZnS) 0.36/Cu/ITO as a back contact in both front and back side illuminations. Each tested

device has area 0.08 cm2 .

Back contacts Device parameters

V OC (mV) J SC (mA/cm
2

) (%) PCE (%) FF RS ( cmΩ 
2

) R Sh ( cmΩ 
2

)

Cu/Au (front illumination) 800 ± 5 21.2 ± 1.2 72.2 ± 2.4 12.3 ± 0.6 3.8 ± 0.6 4480 ± 1390

(CuS)0.64 (ZnS)0.36/Cu/ITO (front illumination) 774 ± 30 23.0 ± 2.2 54.9 ± 4.3 9.2 ± 1.4 10 ± 2.2 1550 ± 940

(CuS)0.64 (ZnS)0.36/Cu/ITO (back illumination) 721 ± 8 3.8 ± 0.3 49.9 ± 2.5 1.4 ± 0.2 32.3 ± 8.6 510 ± 130

Fig. 6. Non-equilibrium schematic band diagram showing the position of va-

lence band and conduction band edges with respect to the vacuum level for the

CdS/CdTe solar cell with (CuS) 0.64 (ZnS) 0.36 as an interface layer between CdTe

and ITO.

Fig. 7. Light intensity dependent relation: (a) JSC versus incident power (b)VOC versus incident power (c) The variation of and e ciency of CdTe solar cells havingFF ffi

(CuS) x(ZnS) 1-x/Cu/ITO back contact and Cu/Au back contact at di erent intensities of illumination light for front-illumination.ff
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experimental result. The modeled curve indicates the photo generated

current collection is observed only in the depletion region between the

CdTe and CdS.

Furthermore, to analyze the device performance for front illumi-

nation and back illumination, a non-equilibrium band diagram has been

presented ( ). Xu et al. reported XPS/UPS measurements forFig. 6

x = 0.64 and 0.80, where the CuS fraction dominates, and these com-

posite lms behave as p-type degenerate semiconductors for which thefi

valance band edge energies for the (CuS) 0.65(ZnS) 0.35 and

(CuS) 0.85 (ZnS)0.15 are 0.4 eV and 0.5 eV above the Fermi level, respec-

tively. Our (CuS) 0.64(ZnS) 0.36 nanocomposite lm has composition veryfi

close to (CuS) 0.65 (ZnS) 0.35 fabricated by Xu et al., and we therefore

assume that the valence band maximum of (CuS) 0.64(ZnS)0.36 remains

at ~ 0.5 eV with respect to Fermi level . The postulated band dia-[33]

gram of the CdTe device is shown in . Here, (CuS)Fig. 6 0.65(ZnS)0.35 acts

as an interface layer between the CdTe and ITO. When illuminated from

the front side, the carriers photogenerated primarily within the deple-

tion region formed by the junction between the CdS and CdTe. The

device e ciency is very low when back-illuminated (through the ITO)ffi

due to the lack of a charge-separating electric eld near the backfi

contact. When ITO is used as a back contact layer, tunneling is the

probable mechanism for hole transfer between the (CuS)0.64 (ZnS)0.36

and ITO, which is common at the junction between p+ and n + semi-

conductors . The heavy doping creates a narrow depletion region[6]

with a thin barrier which facilitates tunneling of the hole through the

(CuS) 0.64 (ZnS)0.36 NC layers into the ITO .[64,65]

To understand the di erent recombination mechanisms, the lightff

intensity dependent measurements were performed forJ-V 

(CuS) 0.64 (ZnS)0.36 /Cu/ITO back contact devices in the front illumina-

tion con guration. This measurement was done at room temperature.fi

The power law relationship between J SC and incident power was ana-

lyzed as shown in (a) yielding = 0.95 ± 0.02. This value in-Fig. 7 α 

dicates e cient charge transfer into the solar cell . The slope of theffi [66]

line (1.14 ± 0.03) k B T/e was obtained from the natural logarithmic

relation between the incident power and VOC shown in (b). ThisFig. 7

behavior implies that Shockley-Read-Hall recombination is dominant

[67,68] and is consistent with increased for decreasing illuminationFF 

intensity. The increases in and e ciency of the solar cells at lowFF ffi

light intensity are shown in (c). The qualitative variation of Fig. 7 VOC

and J SC with respect to the intensity of incident light is shown in Fig. S9

and quantitative variation of V OC, J SC, , percentage of conversionFF 

e ciency (PCE), ffi R S , and RSh with respect to the intensity of light is

shown in (SI) when (CuS)Table S1 0.64 (ZnS)0.36 / Cu/ ITO was used as a

back contact.

For a semiconductor, the absorption coe cient ( ) describes in-ffi α λ

cident light attenuation as photons convert to electron-hole pairs. For a

multi-layer CdTe solar cell with the device structure of glass/ FTO

(300 nm)/CdS (120 nm)/CdTe (3000 nm)/(CuS) 0.64 (ZnS)0.36 (45 nm)/

ITO (200 nm), (a) illustrates the spectrally-integrated photo gen-Fig. 8

eration rate at di erent layers, for AM1.5G illumination. For the si-ff

mulation work as shown in , all of the optical parameters wereFig. 8

taken from Ref. and optical properties of (CuS)[69] 0.64 (ZnS)0.36 were

taken from SE data. The photogeneration rate is very high within the

absorber CdTe layer in comparison to the other layers. The spectrally-

di erentiated absorption of light with respect to the ~ 3 µm thicknessff

of CdTe absorber layer and the corresponding carrier generation were

modeled with results shown in (b). This calculation pertains to aFig. 8

bare CdTe layer and omits the glass/FTO/CdS layers. From Fig. 8, i t is

clear that for most of the supra-bandgap wavelengths, photons are es-

sentially fully absorbed within 1 µm distance except for some of the

photons generated within the 800 850 nm wavelength range. (b)– Fig. 8

demonstrates that, in the case of back side illumination, only the longer

wavelength photons generate carriers in the depletion region. Since the

di usion length of the CdTe is ~ 1 µm and the depletion width isff [70] 

also ~ 1 µm , charge separation relies heavily on the electric eld[71] fi

within the depletion zone. Photo-electrons generated near the back

contact must travel a long distance to reach the depletion region and

the probability of recombination loss of these electrons remains high.

Therefore, the decreases in J SC are shown to agree for the cases of the

experimental measurement and simulated EQE. In (b), the artifactFig. 8

near 760 nm is due to the atmospheric absorption line due to oxygen

and ozone as included within the AM1.5G standard spectrum.

4. Conclusion

We have achieved a high degree of control over the stoichiometry to

prepare highly conductive (CuS)x (ZnS) 1-x NC thin lms with high car-fi

rier concentration using a cost-e ective, solution-based deposition ap-ff

proach at 80 °C. These (CuS)x (ZnS)1-x NC thin lms have a high trans-fi

mittance (> 70% at visible region), and high band gap energy

( 2.7 eV) with p-type conductivity. The test of (CuS)∼ x (ZnS)1-x com-

posite lms as the back contact interface layer in CdTe solar cells showsfi 

relative device performance enhanced by ~ 3.2% in comparison to the

standard Cu/Au back contact and ~ 23.6% in comparison to the Au

back contact. Our study indicates that employing the NC thin lm HTLfi

reduces recombination loss at the CdTe back contact and increases JSC

and ultimately overall e ciency of the devices. Due to their high bandffi

gap and high transmittance, these materials are of interest for use in

bifacial solar cells. A novel con guration of CdTe/CdS solar cells werefi

demonstrated using the highly transparent (CuS) x (ZnS)1-x NC thin lmfi

as an interface layer and ITO as a transparent back contact. The ITO

back contact performed well in front illumination but comparatively

lower J SC was obtained in back illumination due to the e ective absenceff

of a back-contact depletion region. A successful demonstration using

Fig. 8. (a) Calculation of total charge carrier generation rate as a function of

distance (nm) from the front contact for the CdTe solar cell. (b) Absorption of

photons of di erent wavelengths and corresponding carrier generations as aff

function of absorber layer thickness.
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these nanocomposites as the back contact HTL in CdTe solar cells may

also lead to new applications of these materials in other thin lm PVfi

devices like tandem cell designs, building-integrated PV, and bifacial

solar cells.
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