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Abstract
We fabricate and characterize methylammonium lead halide perovskite film as a
novel back contact to CdTe thin-film solar cells. We apply 0.75 μm perovskite film
at the interface of CdCl2-activated and Cu-doped CdTe surface and complete the
device with Au back contact. We use Cu/Au back contact as a reference to compare
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results with novel back contact. Our investigation shows that incorporation of thin
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component in CdTe solar cells to reduce back contact barrier, to minimize interface

layer of perovskite film before the back contact metal reduces back contact barrier
effect and improves fill factor (FF) and open-circuit voltage (VOC) of the solar cells.
Our low temperature JV results prove that thin-film perovskite is a very necessary
or surface recombination, to improve collection efficiencies, and to increase the efficiency of solar cells. Our best device shows 7% increase in VOC to 0.875 V and 7%
increase in FF with the highest FF of 81%, and solar cell's efficiency finally increases
by 10% with the use of MAPb(I1-xBrx)3 as an interface layer.
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back contact, cadmium telluride, fill factor, halide perovskite, hole transport, open-circuit
voltage, thin film

interface.4 The diode formed at the CdTe/metal interface has direc-

1 | I N T RO D UC TI O N

tion opposite to the p-n junction diode formed at CdS/CdTe heteroWith a bandgap of 1.45 eV and high absorption coefficient

interface and lowers the overall built-in potential and open-circuit

(>104 cm−1) near the band edge, CdTe is an excellent material for pho-

voltage (VOC) of the solar cells. The CdTe solar cell's efficiency is

tovoltaic technology.1 However, the laboratory-scale best CdTe solar

mostly affected by excessive nonradiative recombination loss due to

cell's efficiency is still 25% less than that of its detailed balance

the high contact resistance and the difficulty in increasing the accep-

2,3

The back contact on CdTe thin-film solar cells has great

tor concentration by p-type doping.5 The most common practice of

importance for both scientific and industrial interests as it influences

reducing the back contact barrier is to increase the p-type carrier con-

the efficiency and long-term stability of the solar cells. The develop-

centration of CdTe by using elemental Cu diffusion, which narrows

ment of an efficient back contact on p-CdTe is a difficult task because

depletion width at CdTe/Au interface and may create pseudo-ohmic

of high electron affinity and bandgap of CdTe. As the work function

contact so that the photogenerated holes tunnel through the barrier

of commonly available metals is smaller than the work function of

to reach back contact metal.6 With this method, however, barrier-free

CdTe, Schottky junction is formed at the CdTe/back contact metal

interface is not expected, and full benefit in performance is not

limit.
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achieved.7,8 It is also known that Cu doping alone, without an addi-

easily available, and heavy metal Pb can be substituted by environ-

tional layer, has had limitations. Commonly used Cu containing back

mentally friendly elements such as Sn or Ge. In this work, we have

9

10,11

contact materials for CdTe solar cells are Cu/graphite, ZnTe:Cu,

demonstrated the application of MAPb(I1-xBrx)3 film as an interface

Cu/FeS2,12,13 and graphite paste doped with HgTe and CuTe.14

layer or back contact layer to CdTe thin-film solar cell. This work is

Among these back contacts, ZnTe:Cu plays an important role in device

the updated and optimization version of our previous work wherein

performance as the First Solar reaches efficiency of higher than 22%

the efficiency has been increased by >8.0%.29 Our initial results are

15

with its application.

It is believed that using ZnTe as an interlayer

very promising with very high VOC of 0.875 V and very high FF of

improves the valence band offset to p-type CdTe because of its wide

81% from a single-junction CdTe thin-film solar cells. Another impor-

bandgap of 2.26 eV and with its optimized work function establishes

tant benefit of using perovskite as an interface layer with CdTe is

a more ohmic and stable back contact.10,16 In the environmental point

because of lattice matching in CdTe/MAPb(I1-xBrx)3 heterojunction.30

of view, ZnTe is considered safe as it does not contain heavy metals,
but it contains the rare earth element Te and its deposition technique
is not cost effective. Also, from the theoretical point of view,

2 | EXPERIMENTAL DETAILS

ZnTe/CdTe heterojunction is not highly desirable because of the mismatch of their lattice constants.17 The replacement of ZnTe may be
necessary to alleviate these problems. Similarly, Bhandari et al. dem-

2.1 | Methylammonium lead halide perovskite thinfilm fabrication

onstrated some improvement in VOC and fill factor (FF) of CdTe solar
cells with the application of Cu/FeS2/Au back contacts,12,13 but lots

Single-step deposition method was used to fabricate MAPb(I1-xBrx)3 films

of rooms, still available for the improvement, cannot be fulfilled by

on glass and CdTe substrates with a method described elsewhere.31 Pre-

these back contacts.

cursor solutions for the perovskite fabrication were made by dissolving

The highest VOC for thin-film CdTe solar cells is only about 72%

different concentration of lead (II) iodide (PbI2), methylammonium iodide

of its detailed balance limit, which is the indication of significant volt-

(MAI), lead (II) bromide (PbBr2), and methylammonium bromide (MABr) in

18

age deficit.

This voltage limitation is primarily due to the low carrier

a mixed solution of anhydrous dimethylformamide (DMF) and dimethyl

densities and low recombination lifetimes of the material. One of the

sulfoxide (DMSO) (4:1, volume ratio). The molar concentration of PbI2

prerequisites for high VOC in CdTe solar cells is to achieve a high

and MAI were decreased from 0.9 to 0.1 in the interval of 0.2 when the

quasi-Fermi level splitting determined by long bulk carrier lifetime and

molar concentration of PbBr2 and MABr were increased from 0.1 to 0.9

19

low interface recombination velocity.

However, low carrier lifetime

in the same interval to vary iodine (I) and bromine (Br) concentration in

and low achievable doping levels limit quasi-Fermi level splitting in

the solution. The precursor solution so obtained was spin-coated on the

polycrystalline CdTe solar cells. The effective built-in voltage inside

CdTe thin-film substrate at 1000 rpm for 10 s and 4,000 rpm for 25 s at

the CdTe solar cells is smaller than the achievable quasi-Fermi level

room temperature (20 C). For the improvement in performance, sub-

splitting in the absorber layer, and this situation decreases the VOC

strate temperature was made slightly smaller than the room

of the solar cells. Therefore, keeping the doping concentration in

temperature(15 C) during the deposition of perovskite film. During the

CdTe constant, a suitable hole transport layer has been a subject of

second step, 550 μl of anhydrous ethyl ether or anhydrous ethyl ace-

interest to minimize the back barrier effects, to reduce back contact

tate was dropped on the spinning sample 17 s prior to the end. Then,

interface recombination velocity, and to enhance device performance.

the samples were annealed at 110 C hotplate temperature for 30 min to

In this work, we have developed organo-metallic halide perovskite

form MAPb(I1-xBrx)3. The value of x is varied from 0.1 to 0.9.

(methylammonium lead halide, CH3NH3Pb(I1-xBrx)3 or MAPb(I1-xBrx)3)
thin film as a hole transport layer for CdS/CdTe solar cells and have
achieved tremendous success in the device performances with record

2.2 | Solar cells fabrications

to high VOC and FF for CdS/CdTe heterojunction.
The organo-metallic halide perovskites possess several outstand-

Sputtered deposition method was used to deposit thin layer of cad-

ing optoelectronic properties that make them ideal for photovoltaic

mium sulfide (CdS), and vapor transport deposition (VTD) mechanism

20–23

(PV) application.

As a result of the tremendous research efforts

was applied to fabricate cadmium telluride (CdTe), an absorber layer

across the world, perovskite-based solar cells are now comparable

in CdS/CdTe thin-film solar cells. In VTD process, saturated vapor of

with other previously existing highly efficient technologies at least in

Cd and Te (S) species is prepared and is delivered to the CdS layer

the lab scale.24–26 Unlike ZnTe, MAPb(I1-xBrx)3 thin films are easily

deposited onto TEC™ 15 soda lime glass substrates coated with a

synthesized in solution-based method and easily deposited at low

100-nm thick high-resistivity transparent layer (HR; Pilkington N. A.)

annealing temperature. Because the ZnTe contact layer must be

at low temperature where the vapor becomes less saturated resulting

deposited onto finished CdS/CdTe PV device structures, deposition

in CdTe film formation.32 About 3 nm Cu was deposited onto CdCl2-

processes that use high deposition temperatures (≥300 C) is expected

treated CdTe and annealed in dry air at 150 C for 20 min. A thin layer

27

to include impurity diffusion through grain boundaries in the CdTe.

of MAPb(I1-xBrx)3 of thickness 750 nm was then deposited onto

For high-quality crystalline p+-ZnTe, high temperature route such as

doped CdTe using a spin coating and further annealing the device at

molecular beam epitaxy is preferred.28 The perovskite material is

110 C for 30 min. Finally, the device was completed by depositing

3
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40 nm Au on top of MAPb(I1-xBrx)3. For the comparison, reference

edges shift to shorter wavelength values, indicating the increase of

devices were prepared with a standard (Cu/Au) back contacts, where

the bandgap energies. The bandgap (estimated from the onset absor-

deposition of Cu and Au was made identically with that of another

bance band using Tauc plot) variation with the Br content in

back contact.

MAPb(I1-xBrx)3 is plotted in Figure S1. This finding is consistent with
works of Noh et al. and Sadhanala et al., who demonstrated
perovskite bandgap tuning by varying the halide composition (Br/I) in

2.3 | Current density-voltage (J-V) measurement

the perovskite precursor solution.33,34 Mosconi et al. describes the
increase of bandgap energy as the structural distortion caused by the

Current density-voltage (JV) measurement was recorded using a

change in stress of Pb-I bonds after Br inclusion.35

Keithley 2440 source meter and a solar simulator (Newport model
91195A-1000). Solar simulator was calibrated to configure the light
2

Figure 1B shows the XRD patterns monitored in the 2θ range of


10 –50 for MAPb(I1-xBrx)3 varying x from 0 to 1. As shown in the fig-

intensity of 100 mW/cm equivalent to AM1.5G using a standard Si

ure, as the Br concentration is increased, the diffraction peaks are

photodiode. The cell area (0.08 cm2) is defined by laser scribing.

shifted toward higher diffraction angles and matches very well with
the previous reports.33,36,37 The shift of diffraction angles is caused
by decrease of lattice spacing due to the partial substitution of the

2.4 | EQE measurement

larger (ionic radius of iodine 2.2 Å) iodine atom with a smaller (ionic

External quantum efficiency (EQE) measurement was conducted to

radius of bromine 1.96 Å) bromine atom. The diffraction profile in

Figure 1B belongs to cubic perovskite with a space group of Pm3m

confirm JSC values obtained from J-V measurement. The EQE spectra

and is in good agreement with previous reports in the literature.36 On

were obtained in the spectral range of 300 to 910 nm from a source

the basis of the existence of only two peaks of cubic crystal structures

(PV Measurements, Inc. with a model # IVQE8-C) having similar light

for MAPbI3, peaks corresponding to their tetragonal phases have been

source as that of J-V system.

2.5 | Schottky barrier height calculation (Φb)
Temperature-dependent current voltage characteristics were performed to calculate barrier height developed at the back contact interface. Current voltage data were collected in the temperature range of
180 K to 300 K using a system of helium cryostat for both dark and
light measurements.

2.6 | Other characterization methods
A field emission scanning electron microscope (Hitachi S-4800) was
used to acquire scanning electron microscopy (SEM) images of CdTe
surfaces and device cross sections. The X-ray diffraction (XRD) pattern of the perovskite films were taken using a RigakuUltima III X-ray
diffractometer fitted with small angle X-ray scattering (SAXS) at 40 kV
accelerating voltage and 44 mA current. Unpolarized transmittance
and reflectance spectra of the films were taken using a PerkinElmer
Lambda 1050 UV/VIS/NIR spectrophotometer.

3 | R E S UL T S A N D D I S C U S S I O N S
As an interface layer in back contact, MAPb(I1-xBrx)3 films were prepared on Cu-doped CdTeas substrates. Before directly applying
them on devices, characterization of the films was first completed
by fabricating them on soda lime glass substrates. Figure 1A shows
absorbance spectra of perovskite films with different Br concentrations. It is found that as Br concentration increases, the absorbance

F I G U R E 1 A, UV-vis absorption spectra of MAPb(I1−xBrx)3 films
measured using an integral sphere. B, X-ray diffractograms of
MAPb(I1−xBrx)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1.0) perovskite thin films
[Colour figure can be viewed at wileyonlinelibrary.com]
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missing. In a similar study, Noh et al. found linear relationship of lattice parameters with Br concentration.33 With these two characterizations, we confirmed that MAPb(I1-xBrx)3 films were pure without any
traces of impurities.
In XRD patterns, the peak position is related to the lattice constant of the material. The lattice constant of cubic CdTe thin-film
grown on glass/SnO2 substrate by close space sublimation (CSS)
method is 6.48 Å.38 Similarly, lattice constants of MAPbI3 and
MAPbBr3 in their cubic crystal structures are 6.4 and 5.9 Å, respectively.39 When we calculated lattice constants of mixed perovskite
considering peak at 2θ  15 in Figure 1B, we found them as 5.90,
5.94, 6.02, 6.10, 6.15, and 6.30 Å, respectively, for x = 1, 0.9, 0.7, 0.5,
0.3, 0.1, and 0.0. From this, we learn that lattice constants of perovskite are slightly deviated from CdTe when the Br concentration is
increased. With this, we started their new application as an interface
layer or hole transport layer in back contact of CdTe thin-film solar cells.
Device structure of CdS/CTe solar cells with novel back contact
is shown in Figure 2 along with its SEM cross-sectional imaging. The
cross-sectional imaging shows very clear layers of front contact, window layer, absorber layer, and some of the back contacts. The 3-nm
Cu diffuses into CdTe after annealing the device, and 40-nm Au layer
is on top of perovskite layer. In the device structure, carriers are
mainly generated in CdTe absorber layer and are separated by the
built-in electric field at CdS/CdTe interface. Electrons are then transferred from the conduction band of CdTe to CdS, and ultimately, they
are collected at the front electrode. The photogenerated holes from
the valence band of CdTe are moved to the MAPb(I1-xBrx)3 interface
layer and are collected by the Au electrode. The MAPb(I1-xBrx)3 layer
blocks electrons and facilitates holes' collection.
Current density voltage (J-V) curves for the best devices, when

F I G U R E 3 A, Current density-voltage characteristics of CdTe
solar cells at Cu/Au and Cu/MAPb(I1-xBrx)3/Au back contacts for
different values of x measured at AM1.5G solar illumination; and B,
external quantum efficiency (EQE) of solar cells for the Cu/Au and
Cu/MAPb(I1-xBrx)3/Au back contacts along with their integrated JSC
[Colour figure can be viewed at wileyonlinelibrary.com]

Cu/Au and Cu/MAPb(I1-xBrx)3/Au are used as back contacts, in forward to reverse bias voltage directions are shown in Figure 3A. In the

with 7% increase in VOC and 10% increase in overall photo-

perovskite back contact, J-V measurements were also conducted in

conversion efficiency. In these devices, more than 3% improvement in

forward to reverse and reverse to forward bias voltage directions to

FF is achieved with respect to the standard back contact as shown in

see any changes in the performance as changes have been seen in

Table 1. However, more than 7% improvement in FF has also been

perovskite thin-film solar cells where perovskite is used as an absorber

achieved with the application of perovskite film with the highest FF of

layer.40 We did not find any appreciable differences in these measure-

81%. The increase in FF was seen repeatedly when the Br concentra-

ments as shown in Figure S2.41 The J-V parameters for each type of

tion was increased from 0.1 to 0.9. Short circuit current densities, sim-

contact are shown in Table 1. From Table 1 and Figure 3A, the perfor-

ilar in all back contacts but lower in comparison to normal CdTe solar

mance improvement of devices in novel back contact is very clear

cells,8,11 are affected by slightly thicker CdS layer as is clear from the

F I G U R E 2 A, Device structure of a CdS/CdTe
complete solar cell when MAPb(I1-xBrx)3 is used as an
interface layer. B, Cross-sectional imaging obtained
by using scanning electron microscopy. [Colour
figure can be viewed at wileyonlinelibrary.com]
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T A B L E 1 Best performance parameters of the solar cells with J-V curves in Figure 3A when using Cu/Au and Cu/MAPb(I1-xBrx)3/Au back
contacts measured at t = 0 h
Back contacts
Cu/MAPb(I1-xBrx)3/Au

VOC (V)

JSC (mA/cm2)

FF (%)

η (%)

RS (Ωcm2)

RSh (Ω cm2)

x = 0.1

0.875

20.6

77.3

13.9

3.3

2604

x = 0.3

0.862

20.7

77.5

13.8

2.1

2370

x = 0.5

0.866

20.7

77.8

13.9

2.1

2209

x = 0.7

0.856

20.6

77.9

13.7

3.1

3216

x = 0.9

0.859

21.3

77.8

14.2

3.2

2261

Cu/Au

0.817

21.0

75.3

12.9

2.5

3807

collection loss in the wavelength range from 400 to 512 nm shown in

enhancement of grain size of perovskite films deposited onto the

EQE data in Figure 3B. The improvement in JSC is seen for x = 0.9

CdTe surface when Br concentration is increased. However, film uni-

where bandgap of perovskite is 2.22 eV. So, probability of absorption

formity has been increased when Br concentration is increased as

of photons of energy ≥2.22 eV and contributing photocurrent is not

shown in Figure S3. We found that the MAPb(I0.9Br0.1)3 film of thick-

zero but definitely small. The improvement in photocurrent is mainly

ness about half of given in Figure 2 yields comparatively higher series

due to the reduction in recombination loss at the back contact inter-

resistance and lower VOC similar to the Cu/Au back contact as shown

face with the addition of perovskite layer. Figure 3B shows EQE with

in Figure 4. Because the thin perovskite film is porous, Au might easily

back contacts of Cu/Au and Cu/MAPb(I1-xBrx)3/Au where the varia-

penetrate through it and reach CdTe surface. Similarly, thicker

tion in JSC is very small with similar carrier collection in all regions of

MAPb(I0.9Br0.1)3 films yield higher series resistance with poor FF of

the spectrum. The integrated JSC values obtained from the EQE spec-

the solar cells even though VOC was acceptable as shown in Figure 4.

tra vary very little and agree very well with their counterparts mea-

In this case, photogenerated holes have to travel longer resistive path-

sured from the J-V measurements as shown in Figure 3.

way, as the perovskite is intrinsic with low carrier concentration, to

If we compare this work with one of the best CdS/CdTe solar

reach the back contact metals and reduce its performance. The SEM

9

cells of similar device structure (except perovskite interface layer),

cross-sectional imaging for the thin and thick MAPb(I0.9Br0.1)3 are

we find that our average VOC is 19 mV higher, our average FF is 2.7%

shown in Figure S4.

higher, but average JSC is 4.28 mA/cm2 smaller. Similarly, comparing

Along with the single-step deposition of MAPb(I1-xBrx)3, two-step

this work with another highly efficient CdTe solar cell of slightly dif-

deposition was also used to finish the back contacts for CdTe solar

ferent device structure14 (CTO/ZTO/CdS/CdTe), it is found that the

cells. Detailed work for performance optimization in two step deposi-

average VOC in the present work is also 19 mV higher, average FF in

tion method is still to be conducted, but our preliminary measure-

this work is 2.3% higher, but average JSC is 5.08 mA/cm2 smaller. If

ments show comparatively poor performance than the single-step

JSC is increased to 25 mA/cm2, the efficiency in the present work can
be increased to 16.9%, higher than given in Britt and Ferekides9
(η = 15.8%) and Wu14 (η = 16.5%).
The thickness of MAPb(I1-xBrx)3 is yet to optimize, but the thickness as seen in Figure 2 (750 nm) provides the best performance of
the solar cells. This thickness is achieved in one-step deposition from
the solution concentration discussed in Section 2. High-quality uniform film fabrication of MAPb(I1-xBrx)3 using one-step deposition process depends on the surface morphology of CdCl2-treated CdTe. If
the surface morphology of CdTe is rough, MAPb(I1-xBrx)3 does not
easily wet CdTe surface and ends up with slightly nonuniform (variable thickness) MAPb(I1-xBrx)3 films formation and, finally, nonuniform
performance variation. The nonuniform film formation is usually found
when the Br concentration is low. When Br concentration is increased
in the precursor solution, MAI etching effect is reduced, and at higher
Br concentration, Cd/Te ratio in CdTe remains fixed. When we add
perovskite layer on top of CdTe surface, Cd strongly bonded with
Te does not help to increase the grain size of perovskite because this
is not a free Cd. The already occupied Cd does not work as a nucleation source for perovskite film to grow. So, there will not be an

F I G U R E 4 Current density-voltage characteristics of CdTe solar
cells at Cu/Au and Cu/MAPb(I0.9Br0.1)3/Au back contacts measured at
AM1.5G solar spectrum; variation of FF and series resistance with
respect to perovskite film thickness is given in the figure [Colour
figure can be viewed at wileyonlinelibrary.com]
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method, but they are still promising for optimization as shown in

limits the charge flow due to the back contact barrier, Φb, which can

Figure S5. The two-step deposition processes facilitate high-quality

be the source of recombination loss and degrades VOC and FF of the

surface morphology of the film even though the device performance

solar cells.

is poor. The poor performance may be due to the lack temperature
optimization to the formation of perovskite.
Because the electron affinity of MAPbI3 is 4.1 eV42,43 and
bandgap is 1.55 eV

44

Figures S6 show the measured I-V curves for CdTe solar cells in
the dark for Cu/Au and Cu/MAPb(I1-xBrx)3/Au back contacts, respectively, at temperature from 180 K to 300 K. Qualitatively, significant

(Eg = 1.6 eV in present work), its work function

lower back contact barrier height is observed for novel back contact

is slightly smaller than the work function of Au12 and generates

with respect to the standard back contact. Note that the value of

barrier-free ohmic back contact with Au. However, as the work func-

the current even at <2 V forward bias is greater than 10−4 A for

tion of CdTe is higher (more negative) than the work function of

Cu/MAPb(I1-xBrx)3/Au at all temperatures, whereas the current for the

MAPbI3, barrier-free interface is not expected at CdTe/MAPbI3 het-

Cu/Au contact is less than 10−4 A for temperatures of 220 K and below.

erojunction. The bandgap of MAPbI3 can be tuned in the range of

To develop a quantitative assessment of Φb, we consider two car-

1.6 to 2.3 eV (see Figure S1 for transmission and bandgap calcula-

rier transport mechanisms: thermionic emission (TE) model and drift-

tion) by introducing Br to the formation of MAPb(I1-xBrx)3.33 For the

diffusion (DD) model given by following two equations.4

formation of valence band maximum (VBM) in MAPbX3, strong contribution of X p states with Pb s states is required, but for the formation
of conduction band minimum (CBM), only a small contribution of X s



eΦb
J / T 2 exp −
,
kT

ð1Þ



1
eΦb
:
J / T 2 exp −
kT

ð2Þ

orbital with Pb p orbital is sufficient. When part of the iodine (I) is
substituted by bromine (Br), the Br 4p states tend to hybridize more
strongly with Pb s states than with I 5p states and causes the downshift of VBM.45 Therefore, when bandgap increases with the incorporation of Br, shift of valence band to higher negative energy is
expected more than shift of conduction band to smaller energy. This
process minimizes the valence band offset with the CdTe, creating

These two equations were used to plot the experimental data and to

very low barrier energy at CdTe/MAPb(I1-xBrx)3 interface.46–48 In this

find out back contact barrier height. Figure 5 shows plots of ln(J/T2)

case, work function of MAPb(I1-xBrx)3 also shifts to the direction of

and ln (J/T1/2) versus 1/KT for CdTe solar cells completed with Cu/Au

negative energy, minimizing the work function difference between

and Cu/MAPb(I1-xBrx)3/Au back contacts. The linear slope of the

two semiconductors. The energy barrier generated at the back contact

plots in the temperature from 180 K to 300 K is used to provide

interface is therefore reduced as will be clear by the temperature-

the measurement of Φb. Within each model, the barrier height for

dependent J-V measurement (vida infra). Note that MAPb(I1-3Brx)3 is

Cu/MAPb(I1-xBrx)3/Au back contact is lower than that of Cu/Au back

used as a semiconductor interface layer rather than a back contact,

contact as shown in Figure 5. As per our hypothesis, we also found

and MAPb(I1-3Brx)3 is an intrinsic semiconductor with very low carrier

that as the Br concentration is increased from 0.1 to 0.9, the barrier

density, and CdTe is Cu-doped p-type semiconductor. When these

height is decreased from 178 meV to 121 meV in thermionic emission

two semiconductors are in contact, there is diffusion of electrons

model and 209 meV to 148 meV in drift-diffusion model as shown in

from MAPb (I1-xBrx)3 to CdTe because electrons tend to move down-

Figure 5 and Table 2.

hill. Because MAPb(I1-xBrx)3 is intrinsic, number of electrons available

The concentration of additional Br in MAPb(I1-xBrx)3 may be help-

for the diffusion to CdTe side is not very large, and because the Cu-

ful in improving the device performance as can be seen some

doped CdTe surface has excessive holes as majority charge carriers,

improvement in JSC and FF. This improvement in performance may be

the depletion width so formed at the interface is very narrow. This

due to the proper band alignment as is verified by the temperature-

also explains that the barrier generated at the Cu-doped CdTe/MAPbI3

dependent study. The detailed analysis of this band alignment is pro-

interface is smaller than the barrier at Cu-doped CdTe/Au interface.

vided as following. Using electron affinity of 4.1 eV and bandgap of

Therefore, performance improvement in novel back contact is

1.55 eV, the work function of MAPbI3, considering it as an intrinsic

ascribed by the reduced back contact barrier and the potential for the

semiconductor, is 4.875 eV, smaller than the work function for

electron-reflecting behavior at the CdTe/MAPb(I1-xBrx)3 interface. To

Au.12 As the Br concentration increases, bandgap widens and the

determine the barrier height at the back contact to the CdTe solar cell,

work function slowly shifts downward but still maintains the ohmic

temperature-dependent current–voltage (I-V) measurement method

contact with Au until 90% of the Br concentration. If we suppose only

4

described by Niemegeers and Burgelman was used. For this, temper-

the shift in VBM and CBM is fixed, then for 90% of Br concentration,

ature dependence of the current when devices were placed into for-

the bandgap of MAPb(I0.1Br0.9)3 is 2.2 (Figure S1) and corresponding

ward bias was measured. The concept of the measurement takes into

VBM is 6.3 eV. However, the shift of CBM cannot be completely

the consideration of two opposing diodes connected in series. When

ruled out, and hence the valence band matching with CdTe is very

the device is placed in forward bias, the front diode developed at

well expected. Very low barrier height (0.135 eV in average)

CdS/CdTe interface is forward biased, but the back diode developed

obtained for 90% of Br concentration is the indication of ohmic con-

at back contact interface is reverse biased. The reverse-biased diode

tact and valence band matching of two semiconductors. The very low
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F I G U R E 5 Plots for evaluating Φb
associated with Cu/Au and
MaPb(I1-xBrx)3/Au back contacts to CdTe
solar cells, according to thermionic
emission transport (A, C, E, G) and driftdiffusion (B, D, F, H) models. The red lines
indicate the nominally linear fitted
regions [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 2

Barrier height for CdTe solar cells when using Cu/Au and MAPb(I1-xBrx)3/Au back contacts

Model

Cu/Au

Cu/MAPb(I0.9Br0.1)3/Au

Cu/MAPb(I0.5Br0.5)3/Au

Cu/MAPb(I0.1Br0.9)3/Au

TE

0.302 ± 0.014

0.178 ± 0.006

0.151 ± 0.02

0.121 ± 0.007

DD

0.331 ± 0.015

0.209 ± 0.013

0.183 ± 0.019

0.148 ± 0.012

Avg.

0.317 ± 0.014

0.183 ± 0.009

0.167 ± 0.021

0.135 ± 0.009

Abbreviations: DD, drift-diffusion; TE, thermionic emission.

barrier height can also be understood by the repeated increase of FF

the back contact metals. For MAPb(I1-xBrx)3, Cu doping is not neces-

with the increase of Br concentration from 0.1 to 0.9. The FF of 81%

sary to create low-barrier interface with back contact metal. When

has also been reached for Br = 0.9 (Figure S7). This improvement is

the Br = 1, the bandgap is 2.31 eV, and hence the top of the valence

related to the valence band matching at CdTe/ZnTe interface.16,49 In

band of MAPbBr3(6.41 eV if only VBM shifts downward keeping

the case of ZnTe as an interface layer to CdTe, the ZnTe must be

CBM fixed) exceeds the top of the valence band of CdTe. This creates

highly Cu-doped to increase p-type (1018–1019 cm−3) conductivity to

type-I heterojunction between CdTe/MAPbBr3 interface, not favor-

16

facilitate low-resistance tunneling to back contact metal.

Without

able for high-performance solar cells. The performance of CdTe solar

Cu doping, ZnTe generates large work function difference with back

cells is decreased when MAPbBr3 is used as an interface layer as

contact metals and creates barriers to photogenerated holes to reach

shown in Figure S8. When using MAPbBr3, VOC was not very small
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(max. of 0.849 V), but FF was very severely affected with a maximum

sample, but untreated sample has no peak at all as shown in

of 74%, and high series resistance of 6 Ω cm2 was obtained.

Figure 6C.

Recently, Watthage et al. demonstrated that simply etching of

Finally, part of the stability test, not rigorous in nature, was com-

CdTe surface by MAI produces elemental Te as confirmed by XRD

pleted for the devices having perovskite interface layer. To accomplish

and Raman spectroscopy measurements.50 The authors, in their

this test, a solar cell was stored in an inert atmosphere (N2 environment)

detailed analysis, concluded that the Te reach surface minimizes the

and its J-V measurement was again completed on the 7th and 27th days.

Schottky barrier and found improvement in VOC and FF of the solar

The efficiency of the solar cell was improved by 7%. As shown in

cells. Because MAI is more reactive than MABr, it is possible that the

Figure S10 and Table S2, VOC and FF of the device were improved. As

Te layer thickness changes with Br concentration. This could lead to a

stated in Section 2, perovskite thin film was fabricated in an ambient

thicker Te layer for lower Br. The 0.1 Br could have a “thick” Te layer

environment. Stability test has not been conducted yet by storing the

with the perovskite on top, whereas the 0.9 Br could have no or negli-

devices in air. The cause of this improvement and more stability tests are

gible Te with perovskite on top. One experiment was conducted to

subjects of our future work.

check the effect of MAI etching on CdTe surface for MAPb(I0.1Br0.9)3
as an interface layer. To accomplish this, CdTe surface was etched
with MAI solution before making Cu/MAPb(I0.1Br0.9)3/Au back con-

4 | C O N CL U S I O N S

tacts. For the comparison, same back contacts were also applied in
other samples without first etching with MAI. Current density voltage

We have demonstrated that organo-metallic halide perovskite, a suc-

measurement was conducted in both samples, and their J-V curves

cessful absorber layer in thin-film solar cells, can be a promising hole

are provided in Figure S9. It is found that the performance of the solar

transport material in CdTe thin-film solar cells. Perovskite MAPb(I1-xBrx)3

cells with MAI etching is better than without etching. This explains

thin films are fabricated by solution-based cost-effective approach at low

why the VOC is lower for 0.9 Br than for 0.1 Br as shown in Figure 3

temperature. Our results indicate that application of perovskite as an

and Table 1. To check the Te-rich surface on CdTe, MAPbI3 film was

interface layer in CdTe solar cells enhances the performance and by

first prepared, washed with DMF, and SEM imaging and Raman spec-

reducing Schottky barrier generated at the CdTe/metal interface. Our

troscopy measurement were conducted. The SEM imaging confirms

preliminary results showed 10% increase in photoconversion efficiency

Te-rich surface (Figure 6A,B), and Raman spectrum shows very

with the introduction of perovskite with respect to standard Cu/Au back

intense Te peaks on perovskite-treated film, whereas these peaks

contacts. The stabilities of CdTe and perovskite solar cells for standard

were missing on untreated sample as shown in Figure 6. We see two

back contacts are not new to scientific communities. The stability of our

active Raman phonon modes. The most intense Raman peak of Te

solar cells in perovskite back contact is determined by the stability of

is located at 122.5 cm−1 and is related to the A1 mode in which

perovskite. Our work on CdTe solar cells with perovskite proves the very

each atom moves in the basal plane, and the other mode located

important concept regarding the back contact of CdTe solar cells. From

−1

2

is E mode and is related to asymmetric stretching

this work, we conclude that back contact management in CdTe solar cells

mainly along the c-axis.51 These peaks were seen only on treated

is crucial to gain full achievement. Our experiment also opened a new

at 141 cm

F I G U R E 6 A, Scanning electron microscopy
(SEM) image of CdTe before MAPbI3
treatment, B, SEM image of CdTe when a thin
layer of MAPbI3 deposition was completed and
cleaned by dimethylformamide (DMF), and C,
Raman spectra of (A) and (B) [Colour figure can be
viewed at wileyonlinelibrary.com]
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avenue of research for perovskite solar cells, that is, CdTe thin film can
be used as an electron transport layer in perovskite solar cells.
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