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first principles
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ABSTRACT

Using first-principles approach, we calculated the band gaps of wurtzite Be;_,CdyO ternary alloy
and the band offset of the lattice matched ZnO/Beg 44Cdo560[1 12 0] heterojunction, where the
modified Becke-Johnson semi-local exchange was used to determine the band gap and the coher-
ent potential approximation was applied to deal with doping effect in disordered alloys. The heterojunction; first
Zn0O/Beg.44Cdg 560 heterojunction was determined to have a type Il band alignment, with valence principles; semiconductor
and conduction band offset being 0.28 and 0.50 eV, respectively. The calculation approach and alloy

procedure demonstrated here can be used to predict the band offset of more lattice matched

semiconductor heterojunctions.
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IMPACT STATEMENT

The band offsets of lattice matched ZnO/Bey44Cdo 560 heterojunction were predicted from first
principles, where band gaps of semiconductors and configuration average of disorders were both
accurately and efficiently calculated.

1. Introduction technology Zn;_,Mg O ternary alloy [3,4] which has a

For the design of electronic devices, the band alignment
of heterostructure plays a vital role as the distribution
of carriers determine the optical characteristics of the
device [1,2]. If a semiconductor heterojunction A/B that
formed by two different semiconductor compounds A
and B has a type I band alignment, both electrons and
holes are confined in the narrower band gap semiconduc-
tor and may recombine with each other more efficiently.
Such heterojunctions are commonly used in LEDs or
laser diodes. For instance, in ZnO-based semiconductor

wider band gap than that of pure ZnO is usually con-
sidered as one of the barrier materials for forming type I
semiconductor heterojunction ZnO/Zn;_,Mg O [5,6].

Zinc oxide (ZnO), with a direct band gap of 3.37 eV
and a higher exciton binding energy of about 60 meV
at room temperature [7-9], is a popular and promis-
ing material in the field of photovoltaic devices and
optoelectronics, such as solar cells [10], light-emitting
diodes (LEDs) [11], nano-scale ultraviolet lasers [12].
However, for these photovoltaic devices, the charge
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separation of the electron and hole is a key step in
the generation of solar power. In nanometer architec-
ture photovoltaic device, the charge separation is often
facilitated by a heterojunction A/B with type II band
alignment. For instance, in ZnO-based semiconductor
technology, ZnO/ZnSe [13], ZnO/ZnS [14], ZnO/CdTe
[15], ZnO/ZnFe,04 [16] heterojunctions are all deter-
mined to have type II band alignment and have been
intensively investigated for solar cell applications. How-
ever, the lattice mismatch ratios in the above heterostruc-
tures are larger than 18%, and such a big lattice mismatch
ratio, in principle, induces larger crystal mosaics [17,18],
higher residual carrier concentration [19], and threading
dislocations [20], which greatly hinder the optical per-
formance of the photovoltaic devices. It is therefore very
important to grow lattice matched heterostructures, and
doping one part or both parts of the heterostructure is an
effective way.

Considering that the lattice constant of a semicon-
ductor can be simply adjusted by doping, it is clearly
possible to form lattice matched heterojunction using
pure ZnO and a ternary semiconductor alloy. Because
the concentration of each composition is both sensitive
to the lattice constant of the semiconductor alloy and
the band alignment of the heterojunction, it is there-
fore very important and useful to develop a theoretical
method which can predict the band alignment between
semiconductor alloys, so that the composition of the
semiconductor species and the corresponding concen-
tration can be determined in advance to avoid costly
and tedious experimental explorations. First-principles
approaches are obviously the most promising method
to make these predictions, whereas, the calculations of
the band offset of semiconductor alloys from first princi-
ples have always been a serious challenge [21-24]. Firstly,
the traditional first-principles methods usually underes-
timate the band gap of semiconductors within a reason-
able calculation cost, resulting in the failure to predict
the conduction band offset of the heterojunction. Some
advanced methods such as GW [25] and hybrid func-
tional [26] can yield correct band gap but require huge
calculation cost which are hard to calculate heterojunc-
tions involving around hundred atoms or more. Next,
the calculations of semiconductor with impurities [27]
also increase the calculation cost, especially when the
concentration of one species is very small, because one
needs to compute systems with a large number of host
atoms to accommodate the impurities and to take con-
figuration average over many calculations to obtain a
more reliable physical result. Thirdly, transport property
is crucial for heterojunction and related devices. One
of the most widely used and standard methods to cal-
culate the transport properties of mesoscopic systems
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from first principles is the so-called NEGF-DFT method
which combines the non-equilibrium Green’s function
(NEGF) and density functional theory (DFT) to deal
with the non-equilibrium statistics [28,29]. To calcu-
late using NEGF-DFT method, only localized basis sets
such as LMTO and linear combination of atomic orbitals
(LCAO) are suitable, because plane-wave basis set will
generate dense matrix which needs huge time to inverse
when constructing the Green’s function. To overcome the
calculation challenges and further study the transport
properties, we have proposed a theoretical method to
calculate the composition dependent band offset of semi-
conductor heterojunctions [5,30], which uses modified
Becke-Johnson (MB]) semi-local exchange functional
[31] to obtain accurate band gaps for semiconductors
within reasonable calculation cost [32] and the coherent
potential approximation (CPA) [33] to deal with the dop-
ing effect for semiconductor alloys and to overcome the
prohibitively large computation required for performing
configuration average. Previously, the method has been
used to calculate the composition dependent band gaps
and band offsets for group III-V [30,34], group IV [35],
group II-VT [5] semiconductor alloys and their hetero-
junctions, and quantitative comparisons to the existing
experimental data are made.

In this work, we carried out first-principles calcula-
tions within the CPA-MB]J approach to predict the band
alignment of ZnO/Be;_,Cd,O (x = 0.56) heterojunc-
tion, where the Be; _,Cd,O alloy and ZnO have matched
lattice constant. It is well accepted that the theoretical pre-
dictions are of great fundamental interest as well as prac-
tical relevance. In particular, as nanoelectronic devices
are reaching the sub-10 nm scale, atomistic first-principle
prediction of band parameters of semiconductor het-
erostructures is becoming very important to design of
new device architecture and select of new electronic
materials that have desired properties for the next genera-
tion devices. The rest of the paper is organized as follows.
In the next section, the calculation method and details
are briefly discussed. Section 3 presents the results and
Section 4 is a short summary.

2. Calculation methods and details

Our first-principles calculations are based on density
functional theory (DFT), where the linear muffin-tin
orbital (LMTO) is used with the atomic sphere approx-
imation (ASA) [36], as implemented in Nanodsim soft-
ware package [37]. In our calculations, the primitive cell
of the wurtzite structure was used to calculate the band
structures and band gaps (Eg) of the semiconductor com-
pounds. The lattice constants of these pure hexagonal
wurtzite structures are adopted from Refs. [38-40] and
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Table 1. Lattice parameters for wurtzite ZnO, BeO and CdO
crystals.

Crystal a®) ch u

Zn0 [38] 3.2495 5.2069 0.382
BeO [39] 2.718 4,409 0.378
CdO [40] 3.660 5.856 0.350

are listed in Table 1. For the ternary alloy Be; _,Cd,O, the
lattice constants are determined by the Vegard law [41] as

agecdo(x) = xacdo + (1 — x)apeo; (1)

CBecdo(X) = xccdo + (1 — X)cBeos (2)

where x is the concentration Cd in Cd-doped wurtzite
BeO. To calculate the band offset of ZnO and the ternary
alloy, ZnO/BeCdO heterojunction with the lattice con-
stant of pure ZnO is used to determine the potential pro-
file across the interface. Clearly, the lattice constant of the
Be.44Cd 560 ternary alloy equals to the lattice constant
of the pure ZnO according to the Vegard law. Although
CdO usually forms rock-salt structure, the wurtzite CdO
is calculated to be an additional local minimum, and
the total energy of both CdO structures are the same
within the precision of the first-principles calculations
[40]. Moreover, experiments also show that CdO can
form wurtzite ternary alloys in a wide range of CdO con-
centration from 0 to 69% [42]. Therefore, in all the calcu-
lations of this work, we only consider wurtzite structure
for the studied semiconductors.

For ASA, empty spheres were placed at appropriate
locations for space filling. The wurtzite structure can be
made nearly close packed by adding two types of vacancy
sites [Figure 1(d)]. For technical details of the atomic
sphere positions and radii, we refer interested readers
to Ref. [34]. The MB] semi-local exchange functional
is used to accurately determine the band gap of semi-
conductors. Following the original paper [31], the MB]
semi-local exchange potential has the following form:

V(1) = ol () + (3¢ —2)— \/7

where subscript o denotes spin, and p, the electron den-
sity for spin channel a The quantity ¢, is the kinetic
energy density, and v2® (r) the Becke-Roussel potential.
The above MBJ potentlal has two terms whose relative
weight is given by a parameter ¢’. It was shown in Ref. [31]
that the value of ¢ depends linearly on the square root
of the average of Vp/p. The parameter ¢’ can be deter-
mined self-consistently as discussed in Refs. [31,43]. In
our calculations the ¢’ values are ‘local’, namely, differ-
ent ¢’ values are used for different real atom and vacancy

2ty (1)
Po (7’

Energy E-Ef (eV)
Energy E-Ef (eV)
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Figure 1. (Color online) Band structure for wurtzite (a) ZnO, (b)
BeO, and (c) CdO with the calculated band gap of 3.37, 10.60 and
2.30 eV, respectively. (d) The real atoms and vacancy spheres for
the ASA of the wurtzite ZnO, gray, red, blue and yellow balls show
Zn, O, and two different vacancy spheres to fill the space for ASA,
respectively.

spheres in ASA, and these values are pre-determined by
fitting the accurate band gap of pure ZnO and BeO [44].
The ¢’ parameter of Cd is the same as that of Be. During
the self-consistent iterations, Zn and Cd 3d electrons are
treated as valence electrons. The band gap of semicon-
ductor alloy can be obtained from the spectral function
calculations. To more intuitively read the band gap infor-
mation, we plot the spectral function as a function of both
momentum k and energy E as

D(E, k) = —%ImTrGr(E, 5, (4)

where G"(E, k) is the disorder average of retarded Green’s
function, which can be carried out analytically in disor-
dered bulk materials. In this way, the spectral function
can trace like the band structure of the pure semiconduc-
tor as shown in the following section.

3. Results and discussions

The calculated band structures of wurtzite ZnO, BeO and
CdO with band gap of 3.37, 10.60 and 2.30 eV, respec-
tively, are shown in Figure 1. Compared with the band
gaps from the local density approximation (LDA), and
generalized gradient approximation (GGA), the open-
ing of band gap is evident as listed in the Table 2,
and our calculated MBJ band gaps are in good agree-
ment with the existing experimental values. Further-
more, using the LMTO-CPA-MBJ method, we calcu-
lated band gap across the entire concentration range for
wurtzite Be;_,Cd,O alloy as plotted in Figure 2. Note
that when BeO crystal is doped with impurity atoms



Table 2. Theoretical and experimental fundamental band gaps of
Zn0, BeO and CdO (in the unit of eV).

Crystal LDA GGA MBJ Expt.
Zn0 0.73 [45] 0.77 [46] 3.37 3.37[7]
BeO 7.36 [47] 7.66 [48] 10.60 10.60 [49]
Cdo 0.9* [50] 0.00083 [51] 230 -

Notes: Note that the band gap value of CdO indicated by the star sign was
obtained from the LDA+U method. MBJ values were calculated in this work.
We note that the parameter ¢’ is tuned to make the MBJ calculated band
gaps match the experimental values.
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Figure 2. (Color online) Band gap of Be;_,Cd,O versus x for
wurtzite crystal structure by the MBJ-CPA approach. Black stars:
the calculated data, solid lines: the fitted curve. Inset: the calcu-
lated spectral function for the Beg44Cdo 560 alloy in logarithmic
scale as a function of momentum k and energy £ with the band
gap of 3.59eV.

at random sites, translational symmetry is broken and
momentum k is no-longer a good quantum number
such that Bloch’s theorem no longer exists. With includ-
ing CPA in calculations, we can construct an effective
medium by completing configurational average over the
random disorder that restores the translational invari-
ance. Our results show that the band gap of Be;_,Cd, O
continuously decreases from 10.60 to 2.30eV as x is
increased from 0 to 1. As x increases, Eg(x) drops sharply
when x < 0.1, then decreases slower when x > 0.1. By fit-
ting the calculated results, we obtained that the band gaps
of the Be;_,Cd,O alloys scale as a linear function of
E; = 10.63——35.68x at low impurity concentration
x < 0.1 and a quadratic function of E; = 7.45——9.11x +
4.03x*> when x>0.1 as shown by the solid lines in
Figure 2. The reduction of band gap can be attributed to
the contributions of the hybridization of Be-2s and Cd-
5s, the enhancement of p-d repulsion: the valence band
maximum of the alloy is contributed from O-2p electrons
and the conduction band minimum is from Cd-5s and
Be-2s states. With the increasing of Cd concentration in
Be;_xCdO alloy, the repulsion effect between Cd-4d and

MATER. RES. LETT. 235

O-2p is enhanced and, therefore, the valence band max-
imum is risen. The energy of the Cd-5s is less than the
energy of Be-2s, therefore, doping Cd in BeO will signifi-
cantly reduce the conduction band minimum [51]. More-
over, from the inset of Figure 2, we can read that the band
gap of the Be 44Cdp 560 alloy is 3.59 eV, which is much
lower than that of the pure BeO of 10.60eV. Our cal-
culated gap of Bep 44Cdg 560 (3.59 eV) agrees reasonably
well with the results of Ref. [51], where they calculated
the band gap of BeCdO alloy with the scissors-corrected
GGA method.

Having correctly determined the band gaps of ZnO
and Beg 44Cdg 560 alloy, we further calculated the band
offsets of the lattice matched ZnO/Be 44Cdy 560 hetero-
junction. The valence band offset (VBO) and conduction
band offset (CBO) of a heterojunction are defined as the
difference between the energy values of the top of the
valence bands and the bottom of the conduction bands
of the two semiconductors forming the junction, respec-
tively. To calculate the band offsets, we consider the het-
erojunction A/B which is formed by two lattice matched
semiconductors A and B. In an individual calculation for
each semiconductor A or B, the valence band edge E, (A)
or E,(B) can be obtained with respect to the average of
the electrostatic potential E,(A) or Es(B) in each bulk
material. However, because the calculations on the two
materials A and B are carried out independently, namely,
the energies in A or B are not referred to the same refer-
ence point in energy, the energy relation between the two
calculations are ill-defined. Therefore, the manipulation
of adding or subtracting energies between A and B is of
no any physical meaning.

To calculate the band offset of heterojunction A/B, we
further carried out a calculation on the heterojunction
A/B where each part A and B are long enough so that
the electrostatic potential E,(A)" or E.(B)’ in the center
regions of both A and B are not affected by the inter-
face. Because the energies in A or B in the heterojunction
are referred to the same reference point in the calcula-
tion, we can obtain the valence band offset (VBO) from
the difference between the valence band edge E, (A)" and
E,(B)’ inside the heterojunction. To calculate the VBO
as defined by VBO = E,(A)’ — E,(B)’, we start from the
following relationship:

E, (A) - Ees(A) =E, (A)/ - Ees(A)/’ (5)
Ey(B) — Exs(B) = Ey(B)’ — Es(B)'. (6)

The physical meaning of the above equations is that the
difference between the energy edge and the average elec-
trostatic potential of a bulk material keeps unchanged.
We can easily obtain from the above equations as
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follows:

Ey(A) — Ey(B)

[Ev(A) — Ees(A)] — [Ev(B) — Ecs(B)]
+ [Ees(A) — Ees(B)']. (7)

The difference of the first two square brackets correspond
to the energy difference AE, of the valence band edges for
the two bulk semiconductors A and B that form the het-
erojunction, and the items in the third square brackets
give the lineup of the potential AV through the het-
erojunction. For the conduction band offset, the same
calculation procedure can be applied. Therefore, the band
offset can be calculated as [52-54]

VBO(CBO) = AE, + AV, 8)

where AE, (AE,) is defined as the difference between the
top (bottom) of the valence (conduction) bands of the
two independent bulk materials that form the hetero-
junction, AV is the lineup of the potential through the
heterojunction. In this paper, to determine the band off-
set values of ZnO/BeCdO, a superlattice containing nine
unit cells of pure ZnO and nine unit cells of Be 44Cdg 560
was used to calculate the potential profile through the
heterojunction. The interface calculation is performed
for a nonpolar [1120] surface. This is accomplished if
a bulk-like region in the center of each layer can be iden-
tified, allowing for a proper determination of the average
of the electrostatic potential far from the interface. The
experimental lattice constants of hexagonal wurtzite ZnO
[38], a = 3.2495A, ¢/a = 1.602, and u=0.382c, were
used in our calculations for pure ZnO and all the BeCdO
alloys. A 12 x 12 x 2 k-mesh were used to sample the
Brillouin Zone of the heterojunctions.

Our calculated band offsets and the corresponding
atomic structure of the heterojunction are shown in
Figure 3, the band alignment of ZnO/Bej 44Cdg 560 het-
erojunction is type II with CBO = 0.50eV and VBO =
0.28eV. We note that the CPA does not include local
relaxations so that the interface stays rigid in our cal-
culations. How the microscopic details affect the band
offset still needs a further study. To understand why
type II band offset in ZnO/Bey44Cdy 560 heterojunc-
tion was achieved, it must to recall the band alignment
of ZnO/BeO heterojunction, in which the valence band
maximum of BeO is of lower energy than that of ZnO,
while the conduction band minimum of BeO is of higher
energy than that of ZnO [55]. A type I energy alignment
was formed. This is because the p-d (p orbital of O and
d orbital of Zn) repulsion pushes up the valence band
maximum, whereas Be have no active d electrons [51]. As
Cd is doped in BeO, the valence band maxima of BeCdO
shift upwards due to the repulsion effect between Cd-4d
and O-2p, and with the increasing of Cd concentration in

' 0O ©Zn o CdorBe
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[1120]
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Figure 3. (Color online) Schematic plot of the calculated band
alignment of Zn0O/Be 44Cd 560 heterojunction. A type Il hetero-
junction is aligned in the staggered arrangement.
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Figure 4. (Color online) Local projected density of states of
Zn0/Be.44Cdg 560 heterojunction. The blue region indicates the
band gap, and type Il band alignment can be observed.

Be;_,Cd,O alloy, the repulsion effect between Cd-4d and
O-2p is enhanced. Especially, for x = 0.56, in our model
the valence band maximum of Beg 44Cdg 560 will higher
than that of ZnO. As a result, a type II energy alignment
was formed in ZnO/Beg 44Cdy 560 heterojunction. From
the analysis, we can find that the band offsets of the het-
erojunction are strongly dependent on Cd composition,
just as reported in the ZnO/ZnCdO heterojunction [5].

Besides using the above calculation method to accu-
rately determine the band offset values, a more intuitive
way to obtain the band alignment is to calculate the local
projected density of states (LPDOS) of the heterojunc-
tion [56-58], through which we can obtain the band
alignment of the heterojunction directly, and an intrin-
sic staggered band offset (type II band alignment) can
be observed as shown in Figure 4. Clearly, the LPDOS
indicated band offsets qualitatively agree well with our
accurately determined band offset values.



4. Summary

We have predicted the band gaps across the entire con-
centration range for Be;_,Cd,O and band offset of lat-
tice matched ZnO/Be44Cdo 560 heterojunction using
from first principles under LMTO scheme with CPA-MB]
approach. Our calculated results show that the hetero-
junction has a type II band alignment with the CBO
and VBO being 0.50 and 0.28 eV, respectively. It can be
expected that this approach can be used to predict more
band information for semiconductor alloys and hetero-
junction.
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