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performance solar cells†

Sibai Li, Zhi Peng, Jiaxin Zheng* and Feng Pan *

CdTe is widely applied in thin film solar cells as a p-type layer, which is usually in contact with a metal back

electrode. Using ab initio energy band calculations, here we study the interfacial properties of CdTe (110)–

metal interfaces (metals ¼ Al, Ag, Au, Cu, and Ni) systematically. Weak chemisorption and large interfacial

distances are found between CdTe and Al, Ag and Cu surfaces, while medium or strong chemisorption

and small interfacial distances are found between CdTe and Au and Ni surfaces. After GW correction, it is

found that CdTe forms n-type Schottky contacts with Ag, Al and Cu and p-type Schottky contacts with

Au and Ni at the interface between metalized CdTe and semiconductive CdTe, consistent with previous

experimental values. Besides the Schottky barrier, tunneling barriers also exist at the CdTe–metal contact

interface. The potential profiles at the vertical CdTe–metal interfaces reveal that due to the medium or

strong chemisorption, tunneling barrier is absent at CdTe–Au and CdTe–Ni contacts, while the weak

bonding interfaces (Ag, Al and Cu) have obvious tunneling barriers. Finally, methods to optimize the

interface of the CdTe–metal contact to further decrease the Schottky barrier at the CdTe–metal contact

are discussed.
Introduction

Due to its ideal band gap (1.51 eV)1 for solar terrestrial photo-
conversion, CdTe is a well-known p-type layer material in thin
lm solar cells, which possesses a representative device struc-
ture: front electrode/n-type layer/p-type layer/back electrode.
Besides the CdTe p-type layer in such a CdTe solar cell device,
transparent conducting lms (TCFs) such as FTO, ITO and AZO
are usually used as the front electrode, CdS is oen used as the
n-type layer,2–5 and different kinds of metal thin lms such as
Cu, Al, Ag, Au, and Ni are used as the back electrode.6–13 A nite
Schottky barrier usually appears at the interface between the
CdTe layer and metal layer, which would lower the carrier
transfer efficiency and decrease the power conversion efficiency
(PCE). Therefore, it is important to decrease the Schottky barrier
height (SBH) by optimizing the contact interfaces between thin
lms to enhance the performance of a solar cell. Unfortunately,
the SBH does not simply depend on the work function of metals
and the band structure of the semiconductor layer because of
the complex interfacial properties. Many other factors,
including interface reconstruction, surface states, and Fermi
level pinning may inuence the SBH. Thus understanding the
interfacial properties between CdTe and the metal layer is
niversity, Shenzhen Graduate School,
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tion (ESI) available. See DOI:

–7124
crucial, which would provide helpful clues on how to optimize
the contact interface between thin lms.

The properties of CdTe–metal interfaces have been partly
studied experimentally,14–20 and theoretical research is limited.
Recently, using rst-principles calculations, Odkhuu et al.
studied the formation energies and SBHs of interfaces between
Cd(Zn)Te (111) and different layers of Cu, Pt and Al.21 However,
CdTe in the (110) orientation also has a high stability and is
commonly used in experiments,18,20,22,23 and some other metals
(e.g., Au and Ni) are also adopted as the back electrode in CdTe
solar cells.12,13 Apparently, interfaces between more metals and
different crystal faces are worth studying.

Herein, using rst-principles electronic band simulations,
we explore the interfacial properties of CdTe (110) on high
function metals (Au and Ni) and low function metals (Al, Ag and
Cu) systematically for the rst time. It is found that the binding
energy of CdTe–Ni is obviously larger than those of other
materials, which leads to a strong distortion of the interface and
the disappearance of the tunneling barrier. In consideration of
the GW correction and metallization of CdTe, an n-type
Schottky contact is formed between CdTe and Al, Cu and Ag
with an SBH of 0.12, 0.63 and 0.26 eV, respectively, and a p-type
Schottky contact comes into being between CdTe and Au and Ni
with an SBH of 0.44 and 0.66 eV, respectively. It is also found
that the weak bonding interfaces (Ag, Al and Cu) have obvious
tunneling barriers, which is another important character of
a semiconductor–metal contact, while the medium or strong
bonding interface (Au and Ni) has no tunneling barrier due to
the strong orbital hybridization between Au/Ni and CdTe.
This journal is © The Royal Society of Chemistry 2017
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Methodology

We use six layers of metal atoms to simulate the metal surface
and build a supercell with six-layer CdTe adsorbed on the metal
surface. The use of six-layer atoms to model the metal surfaces
can give converged properties of the contact system for the
convergence tests done in the previous studies.24–26 The lattice
parameters of (110)-CdTe are a ¼ 6.48 Å and b ¼ 9.16 Å.
Apparently, the upper and the lower (110) surface of CdTe are
symmetric, so the (110) surface is nonpolar. We use Virtual
NanoLab version 2016.1, QuantumWise A/S to model the
contact systems. Metals in the (110) orientation rather than in
the (111) orientation are chosen in order to match (110)-CdTe
well, because the former have square lattices the same as (110)-
CdTe while the latter have hexagonal lattices. The (110)-CdTe 2
� 1 unit cell is adjusted to the 2

ffiffiffi
2

p � 2
ffiffiffi
2

p
unit cells of metals.

The lattice mismatch of each metal is listed in Table 1, and
ranges from 4.1–5.6%. To prevent spurious interaction between
periodic images, a vacuum buffer space is set with the value of

at least 15 Å. The topmost two-layer atoms of metal mainly
interact with the topmost two-layer CdTe atoms, so the bottom
four layers of metal and CdTe atoms are xed in x and y
directions.

We use a plane wave basis set and projector augmented wave
(PAW)27,28 method implemented in the Vienna ab initio simu-
lation package (VASP)29,30 code to optimize the structures. The
generalized gradient approximation (GGA) functional to the
exchange–correction functional of the Perdew–Burke–Ernzer-
hof (PBE)31 form is adopted. The plane-wave cut off energy is set
to 450 eV to ensure accuracy. The Brillouin zone is sampled by
using 3 � 3 � 1 special k-points for optimizing these structures
and 7 � 7 � 1 to get the densities of states (DOSs) and potential
using the Monkhorst Pack scheme.32 van der Waals interactions
are taken into account, with the vdW-DF level of the optB88
exchange functional (optB88-vdW).33 To obtain reliable opti-
mized structures, the maximum residual force is less than
0.01 eV Å�1 and energies are converged to within 1 � 10�5 eV
per atom. Using DFT+U with U ¼ 13 eV (ref. 34) can reproduce
the experimental lattice parameters of bulk CdTe. The recon-
struction of (110)-CdTe is observed in previous research
studies35,36 and our calculation. We test different values of U to
optimize the surface of (110)-CdTe and compare the predicted
Table 1 Calculated interfacial properties of CdTe on metal surfaces. The
distance between the surface Cd and Te atoms and relaxed positions of th
binding energy.WM andW are the calculated work functions of the clean
is the SBH obtained from ab initio band calculations. FExp is the SBH obt
and TB are the tunneling barrier height, tunneling barrier width, and tunn

Metal 3 (%) dCdTe–M (Å) Eb (eV) WM (eV) W (eV) FC

Al 5.0 2.30 1.35 4.22 4.05 0.1
Ag 5.6 2.27 1.25 4.21 4.19 0.2
Au 5.5 1.96 1.58 5.02 4.97 0.4
Cu 4.2 2.29 1.26 4.31 4.56 0.6
Ni 4.1 1.14 2.80 4.77 4.74 0.6

a For electron SBH. b For hole SBH.

This journal is © The Royal Society of Chemistry 2017
surface atomic geometry with the results of low-energy electron
diffraction (LEED) intensity analysis.36 As Fig. S3† shows, the
PBE functional provides the best surface parameters except that
z1 changes a little with increasing U value. So we did not choose
the DFT+U method to further calculate the electronic structures
of CdTe–metal systems. And the rst-principles many-electron
Green function approach within the GW approximation37 is
employed to calculate the band gap of CdTe to improve the
electronic structure calculation performed using DFT.

Results and discussion
Geometry and stability of CdTe–metal interfaces

In general, a high-symmetry conguration is more stable than
a low-symmetry one and oen selected as the initial congu-
ration. We have considered all the possible stacking congu-
rations with high symmetry. Aer structure optimization, the
energy of the conguration shown in Fig. S1† is lowest, so we
choose it for subsequent calculations. Table 1 is the summary of
the calculated key results of CdTe–metal interfaces studied in
this work. The optimized interfacial structures are shown in
Fig. 2. The equilibrium interfacial distance dCdTe–M is dened as
the difference between the average z-coordinates (vertical to the
interface) of the bottom layer Cd and Te atoms and the top-most
layer metal atoms (Fig. 1a). This varies from 1.14–2.30 Å
decreasing in the order of Al > Cu > Ag > Au > Ni. The binding
energy per interfacial Cd or Te atom is dened as

Eb ¼ (ECdTe + Emetal � ECdTe–metal)/NCd (1)

where ECdTe, Emetal, and ECdTe–metal are the relaxed energies of
the CdTe surface, the metal surface, and the CdTe–metal
system, respectively, and NCd is the number of interfacial Cd
atoms in a supercell. The Eb, varying from 1.25–2.80 eV,
increases in the order of Ag < Al < Cu < Au < Ni. The higher Eb
corresponds to shorter dCdTe–M. Considering dCdTe–M and Eb, the
adsorption of CdTe–metal interfaces is classied into two types.
Al, Ag and Cu have weak adsorption and large interfacial
distances with CdTe (Eb¼ 1.25–1.35 eV and dCdTe–M¼ 2.27–2.30 Å).
Au has a medium adsorption and interfacial distance with
CdTe (Eb ¼ 1.58 eV and dSe–M ¼ 1.96 Å). Ni has a strong
adsorption and short interfacial distance with CdTe (Eb ¼
2.80 eV and dSe–M ¼ 1.14 Å). In comparison with those of other
lattice mismatch is 3. The equilibrium distance dCdTe–M is the average
e topmostmetal layer in the direction vertical to the interfaces. Eb is the
metal surface and themetal surface adsorbed by CdTe, respectively. FC

ained from experiments. The work function of CdTe is 5.21 eV. DV, wB,
eling possibility, respectively

(eV) FExp (eV) wB (Å) DV (eV) TB (%) Ref.

2a 0–0.40a 0.49 1.41 56.7 22
6a 0.69–1.00b 0.51 1.87 49.0 20
4b 0.59–0.90b 0 0 100 20 and 22
3b 0.90–1.30b 0.44 1.68 55.8 20
6b 0.40–0.70a 0 0 100 22, 23 and 46

J. Mater. Chem. A, 2017, 5, 7118–7124 | 7119
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Fig. 2 Side view (from a-axis) of the optimized structures and average
effective potentials in planes normal to the interface of CdTe–Ag, Al,
Au, Cu and Ni systems, respectively. DV is the height of the barrier and
wB is the full width at half-maximum (fwhm) of the potential barrier.
The Fermi level is set to zero. The last figure shows different layers of
CdTe atoms on metal surfaces.

Fig. 1 Interfacial structures of CdTe–metal systems. The purple, green
and light gray balls represent Cd, Te and metal atoms, respectively. (a)
Side views of the first configuration of CdTe on the metal surfaces. (b)
The Brillouin zone of CdTe–metal systems. Top view of the first
configuration of CdTe on the metal surfaces. (c) Schematic diagram of
a CdTe solar cell. Top view of the second configuration of CdTe on the
metal surfaces. The purple, green and light gray balls represent Cd, Te
and metal atoms, respectively.
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semiconductor–metal interfacial systems, such as phosphor-
ene–metal38 and MoSe2–metal,25 the binding energy of CdTe–
metal is obviously larger, which means that strong hybridiza-
tion occurs in these systems.
Electronic structures of CdTe–metal interfaces

The band structures of the interfacial systems and free-standing
CdTe are shown in Fig. 3. The direct band gap at the G point of
the free-standing CdTe is 0.87 eV, which is much smaller than the
experimental value of 1.51 eV (ref. 1) and a little larger than the
previous DFT value of 0.63 eV.34,39 A feasible method to determine
the accurate band edge position of the semiconductor is the rst-
principles many-electron Green function approach within the GW
approximation, which can also produce a band gap consistent
with experimental values. We suppose that the change of energy
between Ef and the energy between the valence band maximum
(VBM) or the conduction band minimum (CBM) is in proportion
to the change of band gap aer GW correction, EGWC and EGWV can
be obtained as follows:

EGW
C ¼ Ef þ EDFT

C � Ef

EDFT
g

� EGW
g

EGW
V ¼ Ef þ Ef � EDFT

V

EDFT
g

� EGW
g

where EGWg is the band gap of CdTe obtained by GW approxi-
mation, and Ef, E

DFT
C , EDFTV and EDFTg are the Fermi level, CBM,

VBM and band gap of CdTe obtained through the DFT calcu-
lation, respectively. Based on the unchanged Fermi level, this
correction method has been used to obtain the absolute band
position in previous studies.26,40,41 The band gap of pure CdTe
7120 | J. Mater. Chem. A, 2017, 5, 7118–7124
calculated by the GW method is 1.47 eV, which is consistent
with the experiments. The Fermi level difference of CdTe
calculated by DFT and GW methods is only 0.02 eV, so this
correction method is applicable for CdTe.

As shown in Fig. 3, the band structures of CdTe are destroyed
on all the metal surfaces, indicating an orbital hybridization
and chemical bonding between CdTe and these metals. Because
the Fermi level always crosses the CdTe derived band, part of
CdTe (in contact with the metal) undergoes metallization. In
contrast, the band structures of graphene on metals are not
destroyed, some band structures of MoSe2 on metals are
destroyed and all band structures of phosphorene on metals are
destroyed.25,38 This difference indicates that the interactions
between CdTe and the metal surface are stronger than those of
graphene and MoSe2 with metal surfaces.

To deeply understand the hybridization degree of the band
structures of CdTe adsorbed on metals, we further calculate the
partial density of states (PDOS) on Cd and Te orbitals of CdTe–
metal systems, as shown in Fig. 4. Large amounts of CdTe states
distribute in the original band gap of CdTe in all the interfacial
systems, indicating the metallization of CdTe at these surfaces.
It is mainly the Te p and Cd s states that arise in the pristine
band gap of CdTe, while the Te s, Cd p and Cd d states only
change a little. The PDOS at the Ef of the CdTe–Ni system is the
largest among all the contact systems, which is consistent with
the band structure hybridization degree. The different hybrid-
ization degrees can be illustrated by the different occupied
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Band structures of pure CdTe and CdTe–Al, Ag, Au, Cu and Ni contacts, respectively. Grey line: band structures of CdTe–metal systems;
blue line: band structures of CdTe. The line width is proportional to the weight. The Fermi level is at zero energy.
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levels of d-orbitals of metals. Al has unlled d-orbitals and Cu, Ag
and Au have fully lled d-orbital, so it's hard for them to form
strong covalent bonds with the orbitals of the contacted Te atoms.
Cu has a smaller d-orbital radius than Ag, so it has a stronger
hybridization degree, while Ni has partially lled d-orbitals, which
Fig. 4 Partial density of states (PDOS) (DOS on specified atoms and orbi
and Ni surfaces at the DFT level. The Fermi level is at zero energy (red das

This journal is © The Royal Society of Chemistry 2017
makes the binding energy of CdTe and Ni larger than those of
other systems. Fig. 5 shows the PDOS of different layer atoms of
CdTe of CdTe–metal systems. The rst and second layer atoms of
CdTe undergo obvious metallization, while the h and sixth
layer atoms of CdTe almost retain their semiconductor nature.
tals, for example, Cd-s (s-orbital on Cd)) of CdTe on the Al, Ag, Au, Cu
hed line). The PDOS of free-standing CdTe is provided for comparison.

J. Mater. Chem. A, 2017, 5, 7118–7124 | 7121
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Fig. 5 PDOS of different layer atoms of CdTe on the Al, Ag, Au, Cu and Ni surfaces (see Fig. 2) at the DFT level. The Fermi level is at zero energy
(red dashed line).

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 o
n 

4/
22

/2
02

3 
8:

17
:0

2 
A

M
. 

View Article Online
Schottky barrier and tunneling barrier of the contact between
CdTe and metals

The schematic diagram of CdTe and a metal solar cell is shown
in Fig. 6a. Schottky barriers may exist at either of two different
interfaces of a CdTe solar cell: one is between the metal and
CdTe contacted surface (labeled interface B), and the other is
between metalized CdTe and semiconductive CdTe (labeled
interface D). According to the band structure and PDOS analysis
above, the strong interaction between CdTe and the metal
makes CdTe contacted with metal come into metalization. So
the Schottky barrier is absent at interface B and only appears at
interface D. Because the h and sixth layer atoms of CdTe
almost retain their semiconductor nature, we suppose that the
Fig. 6 (a) Schematic cross-sectional view of a typical metal contact to
CdTe. A, C, and E denote three regions, while B and D are the two
interfaces separating them. The red rows show the pathway (E/D/
C / B / A) of hole injection from CdTe (E) to the metal (A). (b)
Illustrations of the band bending of p-type SBHs that occurs at CdTe
and metal contacts. EFm and EFs denote the Fermi level of the inter-
facial systems or metal and CdTe, respectively.

7122 | J. Mater. Chem. A, 2017, 5, 7118–7124
interface D is between the fourth and the h layer of CdTe. It
should be noted that though there is no Schottky barrier at
interface B, the tunneling barrier would exist at interface B
when electrons or holes cross the gap between the metal and
CdTe. Fig. 6b shows the schematic diagram of band bending
and illustrates the appearance of the tunneling barrier and
Schottky barrier.

Fig. 7a shows the line-up of the metal Fermi level with the
electronic bands of CdTe before and aer GW correction. The
calculated work function and the electron affinity of CdTe aer
GW correction are 5.21 and 3.93 eV, respectively, close to the
experimental work function of 5–5.7 eV and the electron affinity
of 4.28 eV.22 As shown in Fig. 7b, the SBHs obtained by ab initio
energy band calculation and experiment are very close. In
particular, CdTe and Al form a quasi-ohmic contact with SBH
F ¼ 0.12 eV for electrons in our calculation, consistent with
some previous experiments where ohmic contact for electrons is
formed between CdTe and Al.18,42 Since CdTe is a p-type layer in
solar cell, SBHs for hole between CdTe andmetal is the property
which we care for. The SBHs for holes decrease in the order of Al
(1.35 eV) > Ag (1.21 eV) > Cu (0.84 eV) > Ni (0.66 eV) > Au
(0.44 eV). Due to its smallest Schottky barrier for holes, using Au
as the back electrode may produce the best performance among
these metal candidates for the back electrode.

The tunneling barrier is another important character of
a semiconductor–metal contact. The potential proles at the
vertical CdTe–metal interfaces are shown in Fig. 2. The weak
bonding interfaces (Ag, Al and Cu) have obvious tunneling
barriers, while the strong bonding interfaces (Au and Ni) have
no tunneling barrier due to the strong orbital hybridization
between Au/Ni and CdTe. The barrier height of CdTe–Ag, Al and
Cu is 1.87, 1.41 and 1.68 eV, respectively. We use a square
potential barrier to estimate the real potential barrier. The
tunneling probability TB is dened by43
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Line-up of the work functions with DFT and GW-corrected
electronic bands of CdTe. The blue dashed line is the work function of
the pure metal, and the red solid line is the work function of contacted
systems (metal and 1–4 layer CdTe). (b) Comparison of the Schottky
barrier heights (fe for electrons and fh for holes) of CdTe–Ag, Al, Cu,
Au and Ni systems, respectively, obtained from both ab initio elec-
tronic band calculations and experiments.

Fig. 8 (a) Top view of the configuration of CdTe on the Cu2Te
surfaces. (b) Side view (from a-axis) of the optimized structures and
average effective potentials in planes normal to the interface of CdTe–
Cu2Te systems. (c) Band structures of CdTe–Cu2Te systems; blue line:
band structures of CdTe. The line width is proportional to the weight.
The red arrow shows the SBH. (d) PDOS of different layer atoms of
CdTe on the Cu2Te surface at the DFT level. The Fermi level is set to
zero.
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TB ¼ exp

 
�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mDV

p

ħ
� wB

!

where m is the mass of the free electron, ħ is the reduced
Planck's constant, DV is the height of the barrier and wB is the
full width at half-maximum (fwhm) of the potential barrier as
shown in Fig. 2. The resulting TB values are 49.0, 55.8, 56.7, 100
and 100% for CdTe–Ag, Cu, Al, Au and Ni contacts, respectively.
Thus the strong bonding between CdTe and Ni causes electrons
or holes to transfer freely.
Discussion

From the above calculations, we can see that Schottky barriers
exist in all the interfaces of CdTe–metal contacts. Even for Au,
which possesses the smallest SBH for holes, the barrier is as
high as 0.44 eV. To further improve the PCE of CdTe solar cells,
methods are developed to optimize the interface of the CdTe–
metal contact. For example, when Cu is used as the back elec-
trode, controllable Cu diffusion into the CdTe surface layer is
usually adopted by annealing to form Cu2Te between CdTe and
the Cu back electrode in devices.44 For this reason, we also
calculate the properties of the CdTe–Cu2Te interface, as shown
in Fig. 8. The binding energy Eb is 2.13 eV and the equilibrium
interfacial distance dCdTe–M is 2.25 Å. The covalent bonds
formed between Cd and Te at the interface, which have a similar
bond length (2.99 Å at the interface vs. 2.87 Å in CdTe) to the
This journal is © The Royal Society of Chemistry 2017
Cd–Te bonds in bulk CdTe, lead to the high binding energy and
the medium equilibrium interfacial distance. Apparently, the
tunneling barrier is absent at the CdTe–Cu2Te contact, which
ensure the high efficiency of hole injection. The SBH for holes
can be extracted from the band structure by comparing the
Fermi level and the identiable band edge of CdTe at the CdTe–
Cu2Te contact. From Fig. 8c, Fh and Fe are 0.37 eV and 0.50 eV,
respectively. Using GW correction, Fh and Fe can be corrected
to 0.63 eV and 0.84 eV, respectively. Compared with the CdTe–
Cu contact, the hole SBH of the CdTe–Cu2Te contact is Fh ¼
0.63 eV, while Fh ¼ 0.84 eV at the CdTe–Cu contact, and the
tunneling probability TB of the CdTe–Cu2Te contact is 100%
while TB¼ 55.8% at the CdTe–Cu contact. So the diffusion of Cu
and formation of Cu2Te would obviously improve the perfor-
mance of the device. Recently, we used Cu9S5 as a buffer layer
between CdTe and Au lms, which shows a very high PCE
(11.3%).45 This is because Cu9S5 can form ohmic contact with
Au and produce a successive gradient-doping region by
controllable Cu diffusion, which greatly reduces the contact
Schottky barrier.
Conclusions

In summary, this work presented a systematic theoretical study
of the physical properties of CdTe–Al, Ag, Au, Cu and Ni inter-
faces. The adsorption level can be classied into three cate-
gories: weak chemisorption at CdTe and Al, Ag and Cu contacts,
medium chemisorption at the CdTe and Au contact, and strong
chemisorption at the CdTe and Ni contact. The band structure
of CdTe is destroyed in all cases due to the strong hybridization.
All metals form Schottky contacts with CdTe, and the p-type
SBHs decrease in the order of Al (1.35 eV) > Ag (1.21 eV) > Cu
(0.84 eV) > Ni (0.66 eV) > Au (0.44 eV). In contrast, the weak
bonding interfaces (Ag, Al and Cu) have an obvious tunneling
J. Mater. Chem. A, 2017, 5, 7118–7124 | 7123
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barrier, while the medium or strong bonding interfaces (Au and
Ni) have no tunneling barrier due to the strong orbital hybrid-
ization between Ni and CdTe, leading to the tunneling proba-
bility TB decreasing in the order Ni (100%) ¼ Au (100%) > Al
(56.7%) > Cu (55.8%) > Ag (49.0%). Finally, methods to optimize
the interface of the CdTe–metal contact to further decrease the
Schottky barrier at the CdTe–metal contact are discussed.
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