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The valence band offsets of the CulnSe,/CdS and CulnSe,/ZnS (110) interfaces are obtained based on various
definitions using first-principles calculations in the framework of hybrid density functional theory. Both the
strained band offset and the unstrained, or natural, band offset are investigated, where the two phases share and
do not share in-plane lattice parameters perpendicular to the stacking direction, respectively. The valence band
offset is determined by first obtaining the difference between the reference levels of two phases in the regions far
from the interface and then adding the difference between the valence band maximum and the reference levels
of bulk for the two phases. The nonfaceted (110) interface and a number of (112)/(112) faceted interfaces, some
containing ordered point defects in the CulnSe, (CIS) region, are considered. The excess energies of CIS/CdS and
CIS/ZnS interfaces are lower when there are no ordered point defects, in contrast to the CIS surfaces that stabilize
with ordered defect formation. The valence band offset is not significantly dependent on the atomic configurations
at the interface as long as there are no charged layers. Surface calculations suggest that the reference level, which
is determined by the average electrostatic potential at the atomic site, is not strongly dependent on lattice strain.
A definition of the natural valence band offset that assumes a strain-invariant difference in the reference levels
of the two phases provides values almost independent of the in-plane lattice parameters used in the interface
calculation, which are about —1.2 and —1.3 eV with respect to CIS for the CIS/CdS and CIS/ZnS interfaces that
contain no charged layers, respectively. The ionization potential difference can differ from the natural valence
band offset by up to 0.3 eV without any consistent tendency to overestimate or underestimate, showing that the

ionization potential difference is not necessarily a reasonable measure of the natural valence band offset.

DOI: 10.1103/PhysRevB.88.035305

I. INTRODUCTION

The heterostructure of a CulnSe, (CIS) photoabsorber and
a CdS layer is a prototypical system for Culn;_,Ga,Se,
(CIGS) thin-film solar cells.'"® Understanding of the properties
of such model systems is essential because it provides the
fundamentals for design and development of CIGS cells. In
particular, the offsets of the valence and conduction bands
at heterointerfaces are important quantities that affect the
conversion efficiency.”® A number of experimental studies
have determined the band offsets at CIS/CdS interfaces, mostly
for the valence band, using ultraviolet>*%>10 and x-ray>*!!
photoelectron spectroscopy.

In general, the accurate determination of the valence and
conduction band offsets at heterointerfaces is an important
problem not only in solar cells but also in virtually all
electronic and optoelectronic devices using semiconductor
and/or insulator heterostructures. Therefore, this topic has
been discussed for decades.'> The band offset denotes the
discontinuity in the band edges at the interface between two
constituent semiconductors or insulators.'>'3> However, the
band edges cannot be exactly defined within a few atomic
layers near the interface because the electronic structure can
be substantially altered there. Thus, an appropriate approach is
to measure the band positions in a region sufficiently far from
the interface in the absence of band bending associated with
carrier redistribution.

The valence band offset at an interface can be estimated
by using the ionization potential (IP) of surfaces because the
valence band maximum (VBM) of any material can be aligned
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against the vacuum level by using the IP. Computationally, the
IP is obtained using models composed of slabs separated by
vacuum. There are many definitions of the IP; some definitions
explicitly include the effects of surface localized states'*!
while the “bulk-based” IP is defined as the difference between
the vacuum level and the VBM in the bulklike region far from
the surface.'> Most definitions, including the bulk-based IP,
are affected by the surface dipole in the thickness direction
that is induced by the relaxation of the atomic positions and
the electron charge distribution near the surface.

Direct calculations of interfaces are appealing because
there are no artificial surface effects included in the offset
evaluation. The problem here is that heterointerfaces in
semicoherent structures with misfit dislocations or incoherent
structures cannot be readily modeled in view of the variety
and complication in the atomic structure as well as the
high computational cost. In many cases, coherent interfaces,
where in-plane lattice parameters (ILPs) are the same in the
two constituent phases, are treated under three-dimensional
periodic boundary conditions. This approach is appropriate to
an actually coherent interface, such as the interface between
a substrate and an epitaxial film of a second phase that is
thinner than the critical thickness. However, some corrections
need to be made regarding the ILPs to obtain the offset between
unstrained constituent phases, which is called the “unstrained”
or “natural” band offset, where the ILPs of the two phases
are allowed to relax. One approach for evaluating the natural
band offset uses a coherent interface calculation to obtain
the difference between reference levels of two constituent
semiconductors, which are given by the electrostatic potential
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or core levels, and the absolute deformation potential'®'? to
correct the VBM of each semiconductor.?>?> The relative
shifts of the reference level as well as the VBM against an
external standard need to be considered for accurate evaluation
of the natural band offsets because both the reference level and
the VBM shift independently with deformation. Lany et al.?®
used an alternative approach, where the average electrostatic
potential at the atomic site was used as a reference to obtain the
strained band offsets between NiO, ZnO, and MgO, and then
IPs for strained and unstrained surfaces were used to remove
the influence of strain to predict the natural band offsets.
As mentioned above, many methods have been proposed
to calculate the band offset, but we are not aware of any
comprehensive study that evaluates, compares, and discusses
the differences in the band offset of the same system obtained
through various methods.

In this study, the stability and valence band offsets of the
interfaces between the chalcopyrite CIS (110) and zincblende
CdS or ZnS (110) are investigated using first-principles
calculations based on hybrid density functional theory. Various
methodologies using surface and/or coherent interface models
are considered for the evaluation of the band offsets. Formation
of (112) and (112) facets together with point defects has
been suggested to stabilize the CIS (110) surface,'>**2
and therefore a number of interface configurations including
nonfaceted and faceted structures with and without point
defects are investigated.

II. METHODOLOGY

A. Computational procedures

The calculations were performed in the framework of
the generalized Kohn-Sham scheme®® using the projector-
augmented wave (PAW) method”’ and the Heyd-Scuseria-
Ernzerhof (HSE06) hybrid functional®®*° as implemented
in the Vienna Ab initio Simulation Package (VASP).3'-3% A
plane-wave cutoff energy of 400 eV and PAW datasets with the
following valence electronic states and radial cutoffs®® were
used: 3d, 4s,4p, and 1.2 A for Cu; Ss, 5p, and 1.6 A for In; 4d,
5s,5p, and 1.2 A for Cd; 3d, 4s, 4p, and 1.2 A for Zn; 4s, 4p,
and 1.1 A for Se; and 3s, 3p,and 1.0 A forS. The HSE06 hybrid
functional has been applied to a variety of semiconductors
and shown to describe their atomic and electronic structures
much better than local and semilocal functionals.’***3° The
optimal amount of the Hartree-Fock exchange mixing in
hybrid functionals is system dependent,*>*! and the tuning
of the mixing has been made to better describe the electronic
structure of semiconductors.***>*3 In the present study, the
Hartree-Fock exchange mixing in the HSE06 functional was
set at a = 0.30 in addition to the standard value of a = 0.25,
as the former reproduces the band gap of CIS better.'>**

Four types of structures were considered for each of
CIS/CdS and CIS/ZnS (110) interfaces in this work. Previous
first-principles studies using the local density approximation
(LDA)** and HSE06 (¢ = 0.30)!° show that the CIS (110)
surface has low energy when there are (112) and (112) facets
and a high concentration of ordered point defects. There are
two sets of point defect orderings that result in low surface
energy. In the first set, the Cu atoms on the cation-terminated

PHYSICAL REVIEW B 88, 035305 (2013)

surface become vacancies (V) and half of the Cu atoms on
the anion-terminated surface become In antisites (Inc,). On
the other hand, in the second set, half of the In atoms on the
cation-terminated surface become Cu antisites (Cuy,) whereas
half of the Cu atoms on the anion terminated surface become
Incy. Therefore, the CIS side of the (110) interface can be
faceted, where we consider (2V¢, + Incy), which is the first set
of point defects with a V¢ :Ing, ratio of 2:1, (Cuy, + Ing,) that
is the second set of point defects, and no point defects (simply
denoted as faceted), or flat (nonfaceted). The corresponding
CdS or ZnS side of the interface is faceted for the first
three CIS terminations and nonfaceted for the nonfaceted CIS
termination.

The faceted and nonfaceted interfaces and surfaces were
treated using a supercell approach. The structure of the
supercells for the coherent (110) interfaces and the positions of
the point defects are shown in Fig. 1. The CIS, CdS, and ZnS
slabs are 11 to 13 layers thick for both interface and surface
models. The thickness of the vacuum region corresponds to
around nine layers (~20 A) for the surface models. Here,
I'-centered k-point meshes of 4 x2 x 1 and 4 x4 x 1 were
used for calculations with faceted and nonfaceted (110)
interfaces or surfaces, respectively, where the former has twice
as large an interface or a surface area in the supercell as
the latter. Spin polarization was allowed in all calculations.
In the interface and surface calculations, the atomic coordi-
nates were obtained using the Hubbard U correction to the
generalized gradient approximation (GGA + U) to density
functional theory because atomic relaxation using the HSE06
functional is computationally too demanding. The Perdew-
Burke-Ernzerhof functional®* and Dudarev’s approach*® with
U —J =5 eV on Cu 3d orbitals were used in the GGA + U
calculations. The ILPs were first fixed to the GGA + U bulk
values, and the atomic coordinates were fully relaxed using
the GGA 4 U. The cell dimension in the out-of-plane (slab
stacking or thickness) direction was relaxed for the interfaces
while fixed for the surfaces. The ILPs and the cell dimension
in the out-of-plane direction were then scaled using HSE06
bulk values with the fractional atomic coordinates fixed to the
GGA + U values, and HSEO06 calculations were conducted
without relaxation of atomic coordinates and cell dimensions.
The scaling of the cell dimension in the thickness direction in
an interface calculation L was carried out by first determining
the mixing m from the GGA + U relaxed cell dimension
Liga+v and the corresponding cell dimensions L s gga+y and
Ly goa+u for phases A and B when the entire cell consists of
only A or B, respectively:

Loca+v = mLagea+v + (1 —m)Ly goa+v- (1)

Next, the scaled HSEO6 cell dimension Lysg was obtained by
Lysg = mLausg + (1 —m)Lp HsE, (2)

where L usg and Lp sk are the corresponding HSE06 values.
An electrostatic potential averaged within a PAW sphere at
each atomic site was taken as the reference level in the
evaluation of interfacial band offsets and IPs. The 1:1:2 average
of Cu, In, and Se atoms was considered for the reference level
of CIS and the 1:1 average of Cd (Zn) and S was used for CdS
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FIG. 1. (Color online) Structure of (a) nonfaceted and (b) faceted CIS/CdS (110) interfaces and the positions of defects necessary to form

the (2V¢, + Ing,) and (Cuy, 4 Ing,) interfaces.

(ZnS). The vacuum level was determined by the local potential
in the vacuum region of the surface slab models.

B. Interfacial energy

The stability of interfaces can be evaluated using the
interfacial excess energy, which is given per interface supercell
as

Eexcess = Einterface — Z nili, 3)

1

where Eineerface 15 the total energy of an interface supercell, n;
is the number of atoms in the supercell, and y; is the chemical
potential of atom species i. In the single phase regions of
CIS, CdS, and ZnS in the Cu-In-Se ternary, Cd-S binary, and
Zn-S binary systems, respectively, the chemical potentials are
related as

Heu + Min + 2hse = IUCIS(bulk)s 4
Mcd + s = [LCdS(bulk)s (5)
Uzn + s = UZnS(bulk)s (6)

where ficispulk)s Hcdspulk), and Uznswulk) are the chemical
potentials for bulk CIS, CdS, and ZnS, corresponding to
the total energies per formula unit for these bulk phases.
Using Egs. (3)—(5), the excess energy can be rewritten for
the CIS/CdS interface as

nse

) JCIS(bulk) T 7S M CAS(bulk)

Eexcess = Einterface - (

+ Ancuptcu + An[n“ln)v @)

where Anc, and Any, are the number of the Cu and In atoms
in the interface supercell that are added to the stoichiometric
interface to form point defects, respectively. In the portion of
the (2Vcy + Ing,) interface, three Cu are removed from and one
In is added to the stoichiometric interface on one side, which
corresponds to Ancy, = —6 and Anyp, = 2 in the presence of
the two identical interfaces in the supercell. Here, Anc, and
Any, are zero for the other interfaces, hence only the excess
energy of the (2V¢y + Ingy) interface is chemical-potential
dependent among the interfaces considered in this work. The
range of pcy and puy, is constrained within the single phase
region of CIS in the Cu-In-Se ternary system reported in
Ref. 15, and the surface energy is the lowest when the surface

is (Cuy, 4 Incy) or (2Vey +Ingy) in this region. The CdS
component of all the interface configurations is stoichiometric
(ncq = ng); therefore, Eq. (7) can be described without pcqg
and g but by using fcaswuiky only through Eq. (5). The excess
energy for the CIS/ZnS interface is given in the same manner.
The ILPs for bulk CIS, CdS, and ZnS are set to be equal
to that of the interface model to exclude the contribution of
in-plane strain to the excess energy when evaluating fLcis(bulk)s
McdSbulk)> and Lzasbulk)-

III. RESULTS AND DISCUSSION

A. Fundamental properties of perfect crystals

The lattice constants a and c, the internal parameter for
the Se coordinates u, and the band gap for CIS together with
the lattice constants and band gaps for CdS and ZnS obtained
by GGA(4U) and HSEO6 are summarized in Table 1. Here,
GGA(+U) significantly underestimates the band gaps for all
of CIS, CdS, and ZnS. In particular, the band gap of CIS is
very small at around 0.1 eV, which makes it difficult to discuss
in-gap electronic states at the interface. A noticeable improve-
ment is found with HSE06 (a = 0.25), but underestimation still

TABLEI. Calculated and experimental structural parameters (the
lattice constants a and ¢ and the internal parameter u#) and band
gap (E,) for CIS with the chalcopyrite structure and for ZnS and CdS
with the zincblende structure. The GGA+U values are shown for CIS
while the GGA values for CdS and ZnS in the GGA(4+U) column.

HSEO06 HSEO06
GGA(HU) (a=0.25) (a=0.30) Experiment

CIS a(A) 5.878 5.845 5.837 5.784*

c(A) 11.828 11.756 11.730 11.616*

u 0.221 0.225 0.227 0.224*
E, (eV) 0.08 0.78 1.04 1.05°

cds  ad) 5.927 5.886 5.879 5.818°¢
E, (eV) 1.06 2.13 2.35 2.46¢

ZnS  ad) 5.444 5.423 5.419 5.409¢
E, (eV) 2.03 3.29 3.55 3.73¢

4Reference 53.
bReference 54.
‘Reference 55.
dReference 56.
°Reference 57.
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prevails for all the systems. The HSE06 (a = 0.30) reproduces
the band gap of CIS very well and, simultaneously, the band
gaps of CdS and ZnS become much closer to the experimental
values. In addition, the lattice constants are best described with
HSEO06 (a = 0.30) for all compounds, which is preferable for
the investigation of the strain effects on the band offsets. Only
the results with a = 0.30 are shown hereafter; calculations
were systematically performed with both @ = 0.25 and 0.30,
and the band offsets with a = 0.25 and 0.30 were found to
differ typically by less than 0.03 eV.

B. Critical thickness for the coherent to semicoherent
transition of the interface

The CIS/CdS and CIS/ZnS interfaces are expected to have
coherent structures or semicoherent structures with misfit
dislocations because of the similarity in crystal structures
between CIS and CdS or ZnS. The derivation by Matthews
and Blakeslee*’ based on mechanical equilibrium gives the
critical thickness /. of a strained thin film as

b ph.
phczﬁ[ln(b)+l], (®)

where b is the length of the Burgers vector and f is
the lattice misfit. The coefficients are p = 4 for a single
epitaxial film on a substrate of infinite thickness and g =
27 (1 4+ v)cos A/(1 — v? cos® ), where v is the Poisson ratio,
o is the angle between the dislocation line and its Burgers
vector, and A is the angle between the slip direction and
the direction in the film plane perpendicular to the line of
intersection of the slip plane and the interface. The solution to
Eq. (8) is given using Lambert’s W function as

hc -1 _fq)
=W , 9
b fpq < e ®

where e is Napier’s constant. Here, we consider an edge
(cosa = 0) dislocation with a Burgers vector of %(ITO) and
A =0, and a typical Poisson ratio of v = 1/3 is assumed.
The length of the Burgers vector (+/2a/2) is equal to
twice the thickness of a (110) monolayer (v/2a/4). In other
words, the thickness of a monolayer is b/2. Figure 2 shows
a plot of the critical thickness normalized by the (110)
monolayer thickness, h./(b/2), versus the lattice misfit f.

1000;— : : : e
= 500 ]
CIS/CdS ]

-
o O
o O

T T
| |

-
o
T T

CIS/ZnSE

[¢)]
—r T

Critical thickness (monolayer

L 1 L 1 L 1 : L 1 s
0.02 0.04 0.06 0.08 0.1
Lattice misfit

—
o T

FIG. 2. Critical thickness of a film epitaxially grown on the
(110) surface versus lattice misfit for chalcopyrite/zincblende systems
estimated using the formulation by Matthews and Blakeslee.*’
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Using the experimental lattice constants, the lattice misfit of
CdS against CIS averaged on the (110) plane is fcqs/cis =
|/2ad,s/(acisccis) — 1| = 0.004, and the corresponding mis-
fitof ZnS against CIS is fzns,cis = 0.067. The resultant critical
thickness for CIS/CdS is about 100 layers, whereas that of
CIS/ZnS is about two layers, which implies that the coherent
interface for CIS/ZnS does not commonly form. However, the
band offset of a coherent CIS/ZnS interface is considered as
well as that of a coherent CIS/CdS interface in this study to
systematically investigate the effects of lattice strain on the
band offset by calculating the interfaces with various ILPs,
that is, either those of CIS, ZnS, or CdS, or the average of CIS
and ZnS or CdS.

C. Interfacial energy

The excess energies excluding strain contributions for the
coherent CIS/CdS and CIS/ZnS interfaces with various ILPs
are listed in Table II. The energies are normalized to the values
per 1 A2 area of the (110) interface plane for both faceted
and nonfaceted interfaces. The range of the excess energies
for the (2V¢y + Ing,) interface corresponds to the chemical
potential range of Cu and In allowed in the CIS single phase
region in the Cu-In-Se ternary system.'> The excess energies
of the interfaces without point defects, namely the nonfaceted
and faceted interfaces, are 0.7-3.5 meV/A2, whereas those
for the 2V, 4+ Incy) and (Cuy, + Ingy) interfaces are 7.9—
30.9 meV/A? and 11.3-14.6 meV/A?, respectively. The
faceted interfaces without point defects show similar energies
to the nonfaceted interfaces despite the fact that the interfacial
area is increased by the formation of the facets from a
microscopic viewpoint. Furthermore, the existence of a high
concentration of ordered point defects at the interfaces is
clearly unfavorable irrespective of the ILPs and chemical
potentials, which contrasts with the tendency where the energy
is lowered by forming facets and point defects at the (110)
surface in CIS.!52* However, the interfaces with such ordered
point defects may form, for instance, when CdS or ZnS films
are deposited onto the stable CIS surfaces with ordered point
defects at low temperature. We therefore show the results for
the interfaces with ordered point defects as well as the stable
interfaces without point defects in the following sections on
the band offsets.

D. Electronic states near the interface

Figure 3 shows the site projected electronic density of states
(DOS) for each layer in CIS/CdS supercells with CIS ILPs.
The DOS per one layer of a faceted interface supercell, which
consists of eight atoms if there are no vacancies, is given.
Figure 3(a) shows the DOS for the nonfaceted interface. The
number of atoms in one layer of the nonfaceted interface
supercell is four and, therefore, the DOS are normalized
accordingly. There are no clear interface states in the CIS
region. On the other hand, in the CdS region, there are interface
states composed mainly of S 3 p orbitals at two layers from the
interface between about —1 to 0 eV from the highest occupied
state in the interface supercell (egps). These states result from
the hybridization with Cu 3d states that mainly constitute the
upper part of the valence band of CIS. Similar interface states
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TABLEII. Excess energies excluding strain contributions for coherent CIS/CdS and CIS/ZnS interfaces with various

ILPs. Energies in meV /A2,

CIS/CdS CIS/ZnS
CIS ILP Average ILP CdS ILP CIS ILP Average ILP ZnS ILP
Nonfaceted 24 24 24 2.1 2.0 33
Faceted 1.6 22 2.1 0.7 2.1 35
(2Veu + Ingy) 9.1-28.8 9.6-29.2 9.5-29.0 9.0-28.7 9.5-30.7 7.9-30.9
(Cuyy + Incy) 12.3 12.8 12.7 11.3 13.3 14.6

are visible in the faceted interface [Fig. 3(b)], implying that the
nonfaceted and faceted interfaces are very similar regarding
the electronic structure at the interface. The band offset is also
about the same in these two interfaces, as shown later.

In the DOS for the (2Vcy + Ingy) interface [Fig. 3(c)],
the highest occupied state of CIS at the interface has lower
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energy than the VBM given by the center of the CIS slab,
and there is an interface state in the CdS region localized at
one layer below the interface at about —0.8 eV from eygs. In
contrast, the DOS for the (Cuy, + Inc,) interface in Fig. 3(d)
has occupied interface states at the top of the valence band
of CIS that distribute up to approximately 0.4 eV above the
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FIG. 3. (Color online) Site-projected DOS for each layer of the CIS/CdS interface supercells with CIS ILPs from the center of the CIS slab
(top) to the center of the CdS slab (bottom). Interfaces are (a) nonfaceted, (b) faceted, (c) (2V¢, + Incy), and (d) (Cuy, + Ing,). Energies are
taken against the highest occupied state in each supercell. The DOS is per layer consisting of eight atoms unless otherwise shown, and one
notch corresponds to 1/eV /layer. The blue and red curves denote DOS for CIS and CdS, respectively.
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TABLE III. Strained valence band offsets for CIS/CdS and CIS/ZnS interfaces with various ILPs. Values with

respect to CIS are shown in eV.

CIS/CdS CIS/ZnS
CIS ILP Average ILP CdS ILP CIS ILP Average ILP ZnS ILP
Nonfaceted —1.16 —1.18 —1.20 —1.08 —1.40 —-1.75
Faceted —1.15 —1.17 —1.19 -1.07 —1.41 —-1.75
2Veu + Ingy) —-0.74 —0.76 —0.78 —0.64 —0.96 —1.28
(Cuyy + Incy) -1.20 —1.22 —1.23 —1.13 —1.45 —1.78

VBM determined by the bulklike region of the CIS side. These
states are formed by Cu 3d and Se 4 p orbitals and are mostly
localized on the second layer that includes Cuy, and Inc,. The
(112)/(112) faceted surface of CIS with ordered (Cuy, + Inc,)
defects has similar electronic states.!> In addition, there are
interface states in the CdS region, which are composed of S
3 p orbitals at the interface and two subsequent layers.

E. Valence band offsets

Different band offsets are appropriate in the following two
scenarios. The strained band offset is relevant when the ILPs
are the same in the two phases. A typical example is a coherent
interface formed when a thin film of a second phase below the
critical thickness is epitaxially grown on a thick substrate.
In contrast, the natural band offset is necessary when both
phases constituting the interface can relax to their ideal lattice
parameters, for instance by forming a semicoherent interface
with misfit dislocations or an incoherent interface. These two
band offsets both have physical meanings, which motivate
exploration of methods to calculate these quantities.

Three types of calculations can be used to obtain three types
of energy level differences. First, bulk calculations provide the
energy difference from areference level to the VBM for a phase
A with ILPs of phase X, ASCBM_Requ = ECBM’X — £ﬁef x- For
example, if we are interested in a thin film of CIS ‘below
critical thickness on a CdS substrate with a (110) interface, one
important quantity is A&Ugy ker,cas = EVBM.cas — ERef.Cas:
which is the energy difference in CIS (=A) with CdS (=X)
ILPs perpendicular to the [110] direction. Second, surface
calculations are used to obtain the energy difference from a
reference level near the center of a slab to the vacuum level for
a phase A with ILPs of phase X, Aeg,. rer x = Evac — ERet.x-
This is necessary to determine the absolute position of the
reference level because the reference level in an infinitely
extending bulk is ill-defined.*® Finally, interface calculations
give the difference between reference levels near the center of
slabs of two phases A and B, Aep Py = epsx — ERer.x- The
ILPs perpendicular to the thickness direction can be anything
(=X), but geometrically must be the same in phases A and B.
The strained and natural valence band offsets are obtained by
adding and subtracting these energy level differences.

1. Strained band offset

The strained band offset [Fig. 4(a)] uses one interface and
two bulk calculations. The ILPs are fixed to a common set X
in all calculations, and the other lattice parameters and internal

coordinates are optimized. The resulting offset is

A A-B,strained

LA A-B B
VBM,X = Agypmper,x T AERer,x — AEVBM-Ref X+

(10)

The I-shaped bars in Fig. 4(a) indicate energy level
differences from bulk calculations, and the difference in the
reference levels of two phases Aeg-Py is determined by a
coherent interface calculation. Note that the two phases need
not contain a common element because the reference levels
are independently taken in the respective phases.

The strained band offsets with respect to CIS are sum-
marized in Table III. The VBM of CdS and ZnS is lower
compared to that of CIS in all cases (negative values in
Table III). The strained band offset varies widely with the
ILPs when the lattice misfit is large; this quantity varies by
about 0.7 eV for the CIS/ZnS interface that has a large lattice
misfit (~7%). The decrease in the band offset, or relative
heightening of the ZnS VBM with respect to the CIS VBM,
when the ILPs are decreased from those of CIS to ZnS, is
accompanied by a broadening by about 0.5 eV of the Cu
3d band immediately below the VBM. The strained band
offsets are essentially independent of the structure of the
interface, with one exception of the (2V¢, + In¢,) interface
when compared within the same ILPs. The absolute value of
the strained band offset of the (2V¢, + Inc,) interface is about
0.4 eV smaller. This energy difference can be explained by the
dipole moment associated with charged layers at the interface
as discussed below.

The (2Vey + Ingy) interface is composed of InzSeq and
InSe, 4+ Cd,S; or InSe; +Zn,S; (110) layers as shown in
Fig. 1(b). Assuming the formal charges of 43 for In, 42 for
Cd and Zn, and —2 for Se and S, these layers have net charges
of +1 and —1, respectively, in a supercell with a cross-section
of A ~90 A2, All other layers are charge neutral. Analysis of
the DOS [Fig. 3(c)] shows that V¢, and In¢, compensate each
other as single acceptors in charge state —1 and double donors
in charge state +2, respectively. The electrostatic potential
at this interface can be modeled as a parallel-plate capacitor,
and the potential difference over the interface is estimated as
AV = ed/(ege, A), where e is the elementary positive charge
and gy is the permittivity of vacuum. The interlayer distance
d is about 2 A, and the static dielectric constant of CIS &,
is reported as 11.1,% 13.6,°° and 16.63,%° which results in a
potential difference of about 0.3 V over the interface. Thus, the
potential drop at the interface can be explained by the existence
of charged layers. In contrast, the (Cuy, + Inc,) interface has
formally neutral (110) layers only because Cuyp, and Ing,
located on the same layer compensate each other as double
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FIG. 4. (Color online) Alignment of energy levels to obtain the (a) strained and (b) natural valence band offset.

acceptors in charge state —2 and double donors in charge state
+2, respectively. The valence band offset at the (Cuy, + Incy)
interface is very similar to those of the nonfaceted and faceted
interfaces without point defects, although the ordered defects
cause significant deviations of the reference levels in their
vicinity as mentioned below.

Figure 5 shows the reference levels of the constituent
atoms in CIS/CdS interface models with CIS ILPs. The
reference levels with respect to the highest occupied level
enos for each atom ey ¢ o1 — €Hos = Ageppos.cis (= Cu,
In, Se) in CIS and &} s — €Hos = A&ferpos.cis ( = Cd,
S) in CdS are shifted by the relevant difference between the
VBM and the reference level for each atom in bulk CIS
or CdS Aeypgyper.cis O Aypyirer.crs With CIS ILPs. In

., . i l
other words, the quantities ASRef—HOS,CIS + ASVBM»Ref,CIS and

Aggernos.cis T AUpM.Rer.c1s are shown. The reference levels
of Cu, In, and Se ultimateiy converge to a fixed quantity far
from the interface. The interface regions, where the reference
levels of atoms clearly deviate from the converged values,
are about two layers for both CIS and CdS in the nonfaceted
[Fig. 5(a)] and faceted [Fig. 5(b)] interfaces, and four layers

for CIS and three layers for CdS in the (2V¢,+ Incy)
[Fig. 5(c)] and (Cuy, + Ing,) [Fig. 5(d)] interfaces. The zero
energy in Fig. 5 corresponds to the highest occupied state,
which is the VBM of CIS for the nonfaceted, faceted, and
(2Vey + Ingy) interfaces. The exception is the (Cuy, + Ingy)
interface [Fig. 5(d)], where the zero energy is at an interface
state. There are occupied interface states at the (Cuy, + Incy)
interface up to approximately 0.4 eV above the bulk CIS VBM
as shown in Fig. 3(d), which agrees with the shift of about
—0.4 eV in the bulk CIS VBM from eyos in Fig. 5(d).

An alternative method to estimate the strained band offset
is to use the strained IP difference between strained surfaces
defined as

AsA-B,strained

_ A A
IP,X = (AEVBM—Ref,X - A5Vac-Ref,x)

QY

A bulk calculation and a surface calculation of a unit cell
containing a slab of one phase and a vacuum region yield the
value in one bracket in Eq. (11), which is equal to the negative
of the IP. The IP values excluding the surface state effects as
much as possible are appropriate for interfacial band offset

B B
- (ASVBM-Ref,X - AgVac-Ref,X)'
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FIG. 5. (Color online) Reference levels of the constituent atoms in CIS/CdS interface models with CIS ILPs. The quantities Ag yos crs +

A& pypercs ¢ = Cu, In, Se) and Aeéef—HOS,CIS + Ae{}BM’Re&CIS (j = Cd, S) are shown for (a) nonfaceted, (b) faceted, (c) (2Vc, + Ingy),
and (d) (Cuy, + Inc,) interfaces. The zero energy corresponds to the highest occupied state. Legend: down-pointing blue filled triangles: Cu;
up-pointing green filled triangles: In; red circles: Se; brown filled diamonds: Cd; and black squares: S.

estimation purposes, and hence, we utilize the bulk-based IP
defined in Ref. 15. To make a comparison with strained band
offsets, three choices for ILP X to calculate the IPs of the
two phases are considered: that of phase A, phase B, and the
average of the two phases. Table IV shows the strained IP
differences. The strained band offsets (Table III) and strained
IP differences (Table 1V) differ by less than about 0.2 eV for
the nonfaceted and faceted interfaces without point defects, but
differ by a larger amount (up to 0.5 eV) in faceted interfaces
with defects. In general, relaxation of atoms and electron
charge differ between surfaces and interfaces, and, therefore,
the constant shifts in the electrostatic potential caused by the
interface and surface dipoles are different. The dipoles also
change with in-plane strain because of changes in the density

of atoms and electron charge. The band offset and the IP
difference become similar only when the difference in surface
dipoles between two phases is similar to the interface dipole.
This seems to hold for the nonfaceted and faceted interfaces
without point defects.

2. Natural band offset

The strained band offset is appropriate for a coherent
interface with lattice strain. However, ILPs relax if the film
thickness on one side of the interface exceeds a critical
thickness, and the effects from this relaxation should be taken
into account in this case. This correction may be made using
surface calculations, where the vacuum levels are aligned in

TABLE 1V. Strained IP differences obtained from CIS, CdS, and ZnS surfaces with various ILPs. Values
corresponding to the coherent interface valence band offsets with respect to CIS are shown in eV. The value for
the faceted CIS/ZnS interface with the ZnS ILP is excluded because the strained CIS surface used in the derivation had

an unreasonably small band gap.

CIS/CdS CIS/ZnS
CIS ILP Average ILP CdS ILP CIS ILP Average ILP ZnS ILP
Nonfaceted —1.05 —1.07 —1.08 —1.04 —1.35 —-1.76
Faceted —1.05 —1.07 —1.09 —1.01 —-1.32
(2Vey +1Ingy) —1.04 —1.05 —1.06 —1.01 —1.42 —1.84
(Cuy, + Ingy) —1.41 —1.43 —1.44 —1.38 —1.81 —-2.30

035305-8



BAND OFFSETS OF CulnSe,/CdS AND CulnSe . ..

PHYSICAL REVIEW B 88, 035305 (2013)

TABLE V. Natural valence band offsets for CIS/CdS and CIS/ZnS interfaces with various ILPs. Values with respect
to CIS are shown in eV. The offset of the faceted CIS/ZnS interface with the ZnS ILP is excluded because the strained
CIS surface used in the derivation had an unreasonably small band gap.

CIS/CdS CIS/ZnS
CIS ILP Average ILP CdS ILP CIS ILP Average ILP ZnS ILP
Nonfaceted —1.20 —1.20 —-1.20 —-1.27 —1.28 —-1.22
Faceted —1.18 —1.18 —-1.19 —1.28 —-1.32
2Veu +Ingy) —0.78 —-0.78 -0.79 —0.85 —0.76 —0.66
(Cup, + Incy) —1.23 —1.23 —1.24 —1.34 —1.23 —1.07
CIS-ZnS

two surface calculations with ILP X and A or B. Here, a total
of seven calculations, which include four surface calculations
to correct the ILPs, are employed to derive the natural band
offset as illustrated in Fig. 4(b). The natural band offset is
defined as

A-B,natural __ A A A
Aeypy = (A8VBM—Ref,A — Agyyepera T AgVac»Ref,X)
A-B B B
+ Aggerx — (A8VBM-Ref,B — AyucRef,B
B
+ Aty rerx)- (12)

This is similar to that used by Lany et al.?® in the sense that
the difference between IPs of the same phase with different
ILPs are used. The values for the natural band offsets are
shown in Table V. The natural band offset should, in principle,
be independent of the ILPs that were used for the interface
calculations. However, this is not the case for the CIS/ZnS
interface that has a large lattice misfit. The absolute value of
the natural band offset for the CIS/ZnS interface decreases
gradually when the ILPs are decreased from that of CIS to
ZnS, implying that the correction for the effects of ILPs on
the band offset using surface calculations includes this level
of ambiguity.

Figure 6 shows the relative positions of the VBM
(sign-inverted bulk-based IP: Aeng_Ref’X — As%f_Ref’X and
AeGi et x — Al perx) and the relative reference lev-
els [_AS%E-Ref,X - (_Asgig—Ref,CIS) and  — AS%’ZCS—Ref,X -
(—AE\Z,;‘CS_ Ref.zng)] 10 nonfaceted CIS and ZnS surfaces with
the CIS, ZnS, and average (=X) ILPs when the vacuum
level is aligned. The shift in the reference level versus
the vacuum level changes nonlinearly with respect to the
lattice parameter, which is particularly evident in CIS. The
reference level versus the vacuum level (—AECaC_Ref‘X) is
less dependent on the in-plane lattice parameter than the
VBM versus the vacuum level (A&ggyperx — A€vacref.x)
and the VBM versus the reference level (A& rer x)- The
variation in the reference level difference between CIS and
7nS, AeSif_Ref‘X — AS\Z,QE_ Rref. x> 18 Within 0.10 eV over a lattice
mismatch of about 7% between X = CIS and X = ZnS. This
quantity increases to 0.21 eV for (2V¢y + Ing,) and 0.29 eV for
(Cuyy + Ingy). Regarding the faceted surface, the CIS surface
with the ZnS ILP results in an unreasonably small band gap,
and therefore we cannot provide the corresponding value. The
difference between CIS and average ILPs of this surface is
less than 0.01 eV, which is as small as that of the nonfaceted
surface shown in Fig. 6. We found that the ILP dependence
of the reference level difference between CIS and ZnS in the

interface model Aeg ;%™ is even weaker, and the variation is
within 0.05,0.05, 0.0 l; and 0.03 eV for the nonfaceted, faceted,
(2Vey + Ingy), and (Cuyy, + Ingy ) interfaces, respectively.

The shift of the electrostatic potential or core level as a
reference level with respect to changes in lattice parameters
is considered important when using absolute deformation
potentials to correct for the changes in ILPs.?*-2? The reference
level shift may be larger when using absolute deformation
potentials because calculation of an abrupt homointerface at
fixed lattice parameters and internal coordinates is inevitable
in derivation of absolute deformation potentials, resulting in
an unnaturally strained state. In contrast, our bulk, surface, and
interface calculations allow relaxation of the cells along one
direction while fixing the ILPs, and all internal coordinates
are also allowed to relax. The weak ILP dependence of the
reference level difference suggests not carrying out the surface
calculations for the estimation of the reference level shift
because the use of surface calculations can be a source of error
by itself; the local dipole moments at the surfaces with different
ILPs cannot completely cancel out. The simplified natural band

(a) CIS (b) ZnS
4.5 6
cIs CIs ZnS ZnS
Ae VBM-Ref,X Ae Vac—Ref,X Ag VBM-Ref,X ~ Ae Vac-Ref X
S 51 < -6.51
) Ch
> > —
= = —_—
[} [}
= = —
w -551 w7
-6L -7.5-
cIs cIs ZnS ZnS
— A&y perx — (* A&y, percrs ) = A&y rerx — (* Agv:c—Ref,Zns)
of — — o+ _
ILPs  CIS Avg. ZnS ILPs  CIS Avg. ZnS

FIG. 6. (Color online) Alignment of energy levels for (a)
CIS and (b) ZnS when the in-plane lattice parameters (ILPs)
are either that of CIS, the average of CIS and ZnS, or
that of ZnS. The sign-inverted bulk-based IPs (Ae{y perx —
AeGlperx  and  Aelly popx — Aghorgx) and relative refer-
ence levels [—Aeyperx — (—AeGerercrs) and —Aeflperx —
(— A% ¢t 7ns)] are shown for nonfaceted surfaces. Only the relative
values are relevant for the reference level. One notch corresponds to
0.1eV.
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TABLE VI. Simplified natural valence band offsets for CIS/CdS and CIS/ZnS interfaces with various ILPs. Values

with respect to CIS are shown in eV.

CIS/CdS CIS/ZnS
CIS ILP Average ILP CdS ILP CIS ILP Average ILP ZnS ILP
Nonfaceted —-1.20 —1.20 —1.20 —1.31 —-1.33 —1.36
Faceted —1.18 —1.19 —1.19 —1.30 —1.34 —-1.35
2Veu + Ingy) —0.78 —0.78 —0.78 —0.87 —0.88 —0.88
(Cuyy + Incy) -1.23 —1.23 —1.23 —1.36 —-1.37 —1.39

offset is considered in this context, which is defined as
A-B,natural,simplified
A
_ A B A-B
= Atypmrer,A — AEvpMRerp T AlRerx,  (13)

where the terms from surface calculations are omitted from
Eq. (12). Table VI shows the simplified natural band offsets,
which are almost independent of the ILPs in the interface
calculations for both CIS/CdS and CIS/ZnS. The values in
Table VI are very close to the natural band offsets (Table V)
with any ILPs for the CIS/CdS interfaces, which is obvious
because of the small lattice misfit between CIS and CdS. The
simplified natural band offset of CIS/CdS for the nonfaceted
interface, which is —1.20 eV, is close to a value of —1.07 eV
obtained by Wei and Zunger®' based on a similar procedure
but using the LDA calculations. The simplified natural band
offsets for the CIS/ZnS interfaces (Table VI) are close to the
natural band offsets with CIS and average ILPs (Table V),
where the shift of the reference levels from their positions
with the bulk ILPs are small, as shown for the nonfaceted
surfaces in Fig. 6. The small ILP dependence of the simplified
natural band offset means that the surface calculations are
indeed causing the overcorrections, and the simplified natural
band offset may be more suitable for the prediction of the
natural band offset.

Ionization potentials can be used to estimate natural band
offsets as in the case of the strained band offsets, and the
relevant quantity is the natural IP difference defined as

A-B,natural __ A A
Agp = (A8VBM-Ref,A - A5Vac-Ref,A)

B B
- (ASVBM-Ref,B - AEVac—Ref,B)' (14)

This is simply the difference in the bulk-based IPs of two
phases, each with optimized lattice parameters and internal
coordinates. The bulk-based IP of CIS is 5.69 (nonfaceted),
5.79 (faceted), 5.79 2V ¢y + Ingy), and 5.42 eV (Cuy, + Ingy),
whereas that of CdS is 6.77 (nonfaceted) and 6.87 eV
(faceted) and that of ZnS is 6.92 (nonfaceted) and 7.01 eV
(faceted). The natural IP differences summarized in Table VII
differ significantly from the simplified natural band offsets
(Table VI) by up to 0.3 eV. Furthermore, there is no consistent
overestimation or underestimation of one over the other. Thus,
the prediction accuracy of the natural band offsets using IP
differences is limited as in the case of the strained band offsets.

3. Comparison with experimental valence band offsets

There are a number of experimental CIS/CdS band offsets
in the literature. However, the band offset varies widely
probably because of the difference in the interface structures,

in particular, the presence or absence of an interface phase
between the CIS and CdS phases. Loher et al.® reported that
the valence band offset with respect to CIS is —0.8 £ 0.1 eV
when there is a polycrystalline CdS overlayer on a p-CIS
(011) substrate. No interphase layer was observed in their room
temperature deposition experiment.> Nelson et al.® obtained
a CIS/CdS valence band offset of —0.9 0.1 eV; there was
no interface layer in their results. Schmit et al.* showed
a net p-CIS/CdS band offset of —1.08 eV when there is
an ordered defect chalcopyrite (ODC) layer between p-CIS
and n-CdS. The reported p-CIS/n-ODC and n-ODC/n-CdS
band offsets are —0.28 and —0.8 eV. This n-ODC/n-CdS
offset* coincides with Loher et al.’s CIS/CdS offset value.
An older work by Schmit et al.?> showed a net p-CIS/n-CdS
valence band offset of —1.41 eV when there is an ordered
vacancy compound (OVC) layer between p-CIS and n-CdS,
with p-CIS/n-OVC and n-OVC/n-CdS band offsets of —0.55
and —0.86 eV, respectively. In short, the CIS/CdS band offset
varies widely with the nature of the interface between the
two phases. Other CIS/CdS band offsets reported in the
literature, where the interface structure is unknown, include
—0.6 £ 0.1 eV for ultrahigh vacuum-cleaved CIS/vacuum
evaporated CdS'® and —1.18 £0.10 eV for cyanide-treated
CIS/CdS.!"" The range of CIS/CdS valence band offsets
calculated in this work, which is —1.25 to —0.74 eV, is a good
estimate of the experimentally observed values of —1.41 to
—0.6 eV.2+9-1

Schmit et al.® has also investigated the CIS/OVC/ZnS
interface, where the CIS/OVC and OVC/ZnS band offsets are
—0.55 and —0.62 eV, respectively, resulting in a net CIS/ZnS
offset of —1.17 eV. This is within the range of the CIS/ZnS
natural band offset of —1.34 to —0.66 eV (Table V) and the
simplified natural band offset of —1.39 to —0.87 eV (Table VI)
calculated in this work.

TABLE VII. Natural IP differences obtained from various CIS,
CdS, and ZnS surfaces. Values corresponding to the natural in-
terface valence band offsets with respect to CIS are shown in
eV.

CIS/CdS CIS/ZnS
Nonfaceted —1.08 —1.23
Faceted —1.08 —1.22
2Vey + Ingy) —1.07 —1.22
(Cuyy + Incy) —1.45 —1.59
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IV. CONCLUSIONS

We have investigated the valence band offset of the faceted
and nonfaceted CIS/CdS and CIS/ZnS (110) interfaces using
hybrid density functional theory calculations. The excess
energies of CIS/CdS and CIS/ZnS interfaces become low
when there are no ordered point defects, which is in contrast
with the surfaces of CIS that stabilize when such defects
form. Both the strained and natural band offsets are relatively
independent of the configurations of atoms at the interface,
even when there are ordered defects, as long as there are no
charged layers. Surface calculations suggest that the reference
level, which is given by the average electrostatic potential
at the atomic site, is not affected strongly by strain. The
simplified natural band offset is defined on the basis of this
observation and provides values almost independent of the
ILPs used in the interface calculation: —1.23 to —1.18 eV
and —1.39 to —1.30 eV for CIS/CdS and CIS/ZnS interfaces,
respectively, when there are no Cu vacancies at the interface.
The reference level alignment via surface calculations appears

PHYSICAL REVIEW B 88, 035305 (2013)

to cause slight overcorrections, and the simplified natural
band offset is therefore suggested to be more suitable for
the prediction of the natural band offset. The IP difference
cannot be used as a reasonable approximation of the natural
band offset because the discrepancy from the simplified natural
band offset can exceed 0.3 eV without any consistent tendency
to overestimate or underestimate. This discrepancy partly
arises because the IP difference neglects interfacial dipole
contributions and inevitably involves surface dipole effects
that cannot completely cancel out.
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