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Using first-principles calculations within many-body perturbation theory, we predict effects of
biaxial strain on electronic band gaps and band edges of wurtzite III-V and II-VI semiconductor
compounds. We find strain-induced changes in band gaps are large and highly nonlinear. Under both
compressive and tensile biaxial strains, II-VI chalcogenide band gaps are predicted to decrease by
as much as 0.6 eV for 10% strain; in contrast, III-V nitrides attain maximum gaps for compressive
strains near 4%. Whereas nitrides tend to preserve covalent bond angle, more ionic chalcogenides
tend to preserve bond length and volume, leading to qualitatively different trends in electronic
structure. © 2011 American Institute of Physics. [doi:10.1063/1.3578193]

Semiconductor heterojunctions, such as quantum wells'
and multicomponent nanostructures,” have attracted tremen-
dous attention over recent decades for their potential as ac-
tive components in electronic, optoelectronic, and light-
harvesting devices. In planar thin film and superlattice
geometries, large anisotropic strain (as much as 5% or
more’) can result from the often-significant lattice mismatch
between materials and/or the substrate. Similarly, heterojunc-
tions in semiconducting nanorods and core-shell nanopar-
ticles can 2potentially remain coherent at even larger lattice
mismatch.”* These large strains can have significant effects
on band gaps and related electronic properties, and in nano-
scale systems, the change in band gap induced by strain is of
similar magnitude to that induced by quantum confinement
effects.’ Traditionally, energies associated with near-gap
band structure have been described as linear functions of the
strain tensor.”™ At relatively small strain (e.g., =2%), strain-
induced shifts in energies and band gaps do behave linearly.8
At larger strain, prior first-principles calculations have pre-
dicted nonlinearities under biaxial and uniaxial strains for
several related cornpounds.9’10 However, a general under-
standing of the effect of anisotropic strain on electronic
structure of wurtzite compounds is still lacking.

In this letter, using density functional theory (DFT) and
many-body perturbation theory within the GW approxima-
tion, we show that both the trends in band gap and band edge
energies of wurtzite III-V and II-VI semiconductors are
highly nonlinear over a wide range of biaxial strain (up to
10%), with predicted reductions in gaps of up to 1.5 eV and
0.6 eV for III-V and II-VI materials, respectively. We pre-
dict that while the band gap of II-VI chalcogenides always
decreases with biaxial strain, the band gap of III-V nitrides
grows initially up to 4% compressive strain. Combined with
recent experimental strategies3’4 to achieve high strain in
semiconductor materials, our calculations will aid in the de-
sign lattice-mismatched heterojunctions with desirable opto-
electronic properties.

Throughout this letter, all lattice parameters are opti-
mized with DFT as implemented in the Vienna ab initio
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simulation package (vAsp) (Ref. 11) and the generalized-
gradient approximation of Perdew, Burke, and Ernzerhof
(PBE)."” We employ projector-augmented wave' potentials
and a 12X 12X 12 Monkhorst-Pack mesh for k-point
sampling.14 A plane-wave cutoff of 300 eV for II-VI chalco-
genides and 450 eV for III-V nitrides, respectively, results in
good convergence of all properties described here. The PBE
lattice constants for equilibrium CdSe (GaN) are ay=4.395
(3.216) A, and ¢y=7.178 (5.240) A, ~2% (1%) larger than
experiment. 15

To obtain reliable band gaps, we use many-body pertur-
bation theory within the GW approximation.16 In these cal-
culations, DFT Kohn-Sham eigenvalues are perturbatively
corrected by a GW self-energy, itself computed from a gen-
eralized Kohn—Sham system. Thus, GW self-energy correc-
tions depend on the initial Kohn—Sham system. For this
work, we explored wave functions and eigenvalues calcu-
lated with PBE, hybrid HSE03,"” and HSE06'® functionals
for bulk GaN and CdSe at experimental and computed equi-
librium lattice parameters. The details of the GW calcula-
tions are similar'® appear in [Ref. 20]. We find that at the
PBE lattice parameters, the band gaps from a one-shot GyW,
calculation on top of HSEO3 exhibit the best agreement with
experimental gaps15 (see Table SI in Ref. 21). This compari-
son is acceptable given that exciton binding energies are
<0.1 eV in these compounds. We find that the trends in gaps
under biaxial strain are similar from different levels of
calculations.”’ HSE03 +GyW, is used for band gaps for the
remainder of this study (and PBE+ G,W,, for band edges,
where G refers to an updated Green’s function).

We consider a wide range of biaxial strain (up to =10%)
perpendicular to the ¢ axis (and assuming epitaxial growth
along [0001]). We model strained films and junctions using
periodic bulk calculations in which the in-plane lattice pa-
rameter a is constrained while the normal axis ¢ and atomic
positions are fully relaxed, neglecting quantum confinement
effects associated with thin films that may provide an addi-
tional contribution to the band gap.5 In Fig. 1, we show the
strain-induced changes in the band gaps of five wurtzite
compounds. Under tensile strain, the gaps decrease with in-
creasing a. For II-VI chalcogenides, the gaps also decrease
with decreasing a [Fig. 1(b)], with a maximum near equilib-
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FIG. 1. (Color online) The energy band gaps of (a) III-V GaN and AIN, (b)
II-VI CdS, CdSe, and CdTe compounds as a function of biaxial strain in
(0001) plane calculated from HSE03+G,W,. The band gaps of AIN and
CdS from PBE are also shown for comparison.

rium. In contrast, the gaps of the nitrides first increase and
then decrease with decreasing a [Fig. 1(a)], exhibiting highly
nonlinear trends with biaxial strain. The maximum band gaps
are at —3.5% and —4.1% for GaN and AIN, respectively.

The trends in band gap with biaxial strain can be under-
stood by considering the band edges. We calculate the abso-
lute energies of the band edges with respect to the common
vacuum level, using the average potential as reference en-
ergy. We employ a two-step approach to define the vacuum
level. First, for a particular strained system we determine the
relative positions of the band edges with respect to the aver-
age potential (the reference energy) from a bulk calculation.
Second, we construct a thick slab with the same strain and
calculate the average potential in the center of the slab with
respect to the vacuum level. Then we reference the band
edges relative to the vacuum level which is a common en-
ergy zero in all calculations. This approach is necessary be-
cause the reference energy is not constant under strain and
serves only as an intermediate step to align the band edges
relative to the vacuum level. Previous approaches ignore the
deformation potential of the deep core levels and use them
as reference energy,9’10 which has been recognized as
problematic.22

The computed absolute energies of band edges of GaN
and CdSe are shown in Fig. 2. To avoid the computational
demands of a slab calculation with hybrid functionals, all
numbers are obtained with PBE+GW, approximation. The
conduction band minimum (CBM), an antibonding s-state at
I, decreases with increasing a, and the valence band maxi-
mum (VBM) changes its character under biaxial strain. At
equilibrium, the wurtzite structure is not perfectly tetrahedral
with nonideal ¢/a and u, and the VBM consists of near-
denegerate heavy hole (HH) and crystal-field-split hole (CH)
bands, with the CH band just below the HH band at the T’
point [Fig. 3(a)]. (Note that we neglect spin-orbit splitting of
the HH band.) The only exception is AIN where the CH is
above the HH band.”® Under compressive biaxial strain, the
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FIG. 2. (Color online) The absolute energies with respect to vacuum of
relevant energy bands (CBM, CH, and HH) of (a) GaN and (b) CdSe as a
function of biaxial strain in (0001) plane.
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FIG. 3. (Color online) The band structures along A-I-K near the Fermi
level of CdSe at (a) equilibrium, (b) biaxial compressive strain of —2.2%,
and (c) biaxial tensile strain of +2.4% in (0001) plane. The CH and HH
bands are highlighted for comparison. (d) The CH and HH states of wurtzite
CdSe at equilibrium.

CH band shifts downward, increasing the HH-CH splitting
[Fig. 3(b)]. Under tensile strain, the CH band shift upward
and becomes the VBM [Fig. 3(c)]. Note that under isotropic
strain, the energetic ordering of band edges is similar to equi-
librium, and the band gap and energy levels increase linearly
under compression, an effect well described by the volume
deformation potentials.6

The HH band is always at the I' point. At large tensile
biaxial strain, CH band maximum shifts slightly away from
the I" in the xy plane. We observe a direct-to-indirect transi-
tion at 5.7% and 3.5% tensile strain for CdS and CdSe, re-
spectively, and at a much higher (15%) tensile strain for
GaN. At extremely high tensile strains (e.g., 10% for CdSe),
there is a transition to a pseudographitic phase,24 where the
cations become coplanar with the anions. Associated with the
structural transition, the band maximum at H becomes the
VBM, resulting in a sudden decrease in the band gap. Since
this VBM state has different character, we will not consider
the pseudographitic phase further in our study.

To understand the trends in the band edges with strain,
we plot the wurtzite structural parameters in Fig. 4. In the
unstrained wurtzite primitive cell, each cation is coordinated
by four anion neighbors and vice versa. The two inequivalent
bond lengths d, (axial bond) and d, (nonaxial bond) between
neighbors are determined by the lattice parameters u and
c/a. Compressive biaxial strain results in increase in ¢ and
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FIG. 4. (Color online) The changes in (a) the volume of the unit cell and (b)
the internal parameter u as a function of biaxial strain in (0001) plane for
wurtzite CdSe and GaN. The inset in (a) shows the wurtzite unit cell and the
structural parameters. The Cd and Se atoms are represented by large and
small balls, respectively.
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d,, and a slight overall decrease in volume [Fig. 4(a)]. Con-
comitantly, the internal parameter u also decreases [Fig.
4(b)], reducing the difference between d; and d, (partially
restoring tetrahedral-like coordination), and we still have
d,>d, (Fig. S2 in Ref. 21). Under tensile strains, u, d;, and
d, all increase with increasing a, but d; <d,. Under isotropic
strain, u remains relatively unchanged, near-tetrahedral coor-
dination is maintained, and the energetic ordering and sym-
metry of the electronic structure is preserved.

Interestingly, the more covalent III-V nitrides respond to
strain differently from the more ionic II-VI chalcogenides.
III-V nitrides tend to preserve the direction of the covalent
bonds around each atom under strain, at the expense of
changes in bond length and volume. In contrast, the II-VI
chalcogenides tend to preserve bond length and volume and
are more flexible in the bond angles. Therefore, at a given
biaxial strain the u parameter in GaN is closer to the ideal
uy=3/8 compared to CdSe, and GaN exhibits a larger
change in volume (see Fig. 4). These detailed differences in
structure lead to different trends in the change in band gap
under biaxial strain between nitrides and chalcogenides as
we now discuss.

For both CdSe and GaN, the volume of the unit cell and
bond lengths grow with increasing a, leading to a reduced
energy for antibonding s states. Therefore, the CBM de-
creases under tensile strain, and initially increases under
compressive strain, as shown in Fig. 2. Since the CBM at-
tains p, character under these strains, bonding interactions
eventually reduce the energy of the CBM at large compres-
sive strain (larger than 3.5%). The p,-like CH band originat-
ing with out-of-plane coupling [Fig. 3(d)], and p,- and
py-like HH bands (in-plane coupling, [Fig. 3(d)], exhibit dif-
ferent trends. Under compressive strain, d, decreases faster
than d, (d,>d,), and the in-plane p,-p, coupling is en-
hanced relative to out-of-plane, resulting in a larger band
width and a higher energy of the HH band (relative to CH).
The opposite trend is found under tensile biaxial strain.

From Fig. 2, the details of the HH band edge evolution
are system-dependent. Under compressive strains, the HH
edge decreases in GaN, but increases in CdSe. The larger
decrease in bond angles induced by compressive strain in
CdSe increases the in-plane coupling and the HH band en-
ergy. The more covalent GaN, on the other hand, incurs a
larger change in volume with strain, reducing the average
energy of bonding bands. Therefore, the HH band energy in
CdSe increases under compressive strain, while in GaN it
exhibits the opposite trend although the change is small
(Fig. 2).

The trends in the band gaps of strained wurtzite com-
pounds (Fig. 1) can thus be understood as follows. Under
tensile biaxial strain, the gap always decreases, since the
CBM energy declines and the VBM (CH) energy rises. Un-
der compressive biaxial strain, the competition between the
CBM and VBM (HH) results in different trends in nitrides
and chalcogenides. For small-to-moderate compressive
strains (less than 3.5%), the CBM position increases and the
HH energy decreases slightly [Fig. 2(a)] in nitrides, resulting
in an increase in the gap. At larger compressive strains, the
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CBM energy decreases due to a growing p, bonding contri-
bution, and the GaN gap reaches a maximum and begins to
drop with compression. For CdSe, conversely, the CBM en-
ergy always increases more slowly than that of the HH [Fig.
2(b)], resulting in an overall decrease in the gap under com-
pression for all biaxial strains considered.

In summary, quantitative first-principles many-body per-
turbation theory calculations predict that wurtzite III-V and
II-VI semiconductor compounds exhibit highly nonlinear
trends in the band gaps and band edges under biaxial strain.
Our study improves the understanding of the electronic
structure of semiconductors and lattice-mismatched hetero-
junctions under large anisotropic strain, where linear re-
sponse theories and standard ground-state DFT are insuffi-
cient to describe the trends in energy levels.

This work was performed at the Molecular Foundry and
within the Helios Solar Energy Research Center, both sup-
ported by the Office of Science, Office of Basic Energy Sci-
ences, of the U.S. Department of Energy under Contract No.
DE-AC02-05CH11231. All calculations were performed on
the Nano and Vulcan compute clusters at LBNL and on Fran-
klin at NERSC.
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