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Abstract
Using first-principles band structure calculations, weestigate the crystal-field splitting and spin-orbit
splitting at the valance band edge of ZnO, and their depaxeden the strain. Dierent from other conven-
tional semiconductors, the variation of the valance-bapiitting of ZnO shows a strong nonlinear depen-
dence on the strain and the slope of the crystal-field smiittis a function of strain can even change sign.
Our analysis shows that this unusual behavior in ZnO is dtleetstrong coupling between Zd 3tates and
oxygen 2 states. A mapping of the valence-band ordering in ZnO undiardnt strain levels is provided

which will be useful in designing ZnO based optoelectrorevides.

PACS numbers: 71.70.-d, 71.70.Fk, 71.15.Mb, 71.20.Nr



Strain can significantly modify the electronic band struesuof a material [1-3], thus it can
have strong#ects on the structural, electrical and optical properties@material [4—6]. Because
of this, it has been extensive studied both theoreticaltyeperimentally in the past decades and
has often been used in designing electronic devices to erttha device performance. There are
many diferent ways to apply strain, e.g., by applying external strieaving lattice andr crystal
structure mismatch between the epi-film and substrate [d¢tween the layers in a heterostructure
superlattice [7], or having reconstructions on a polarasef8].

ZnO has great potential for optoelectronic applicationshsas blue and ultra violet light
sources [9, 10], transparent electrodes in electroniaitg¢11], and solar cells [12]. Recently,
there were some attempts to tailor the electrical and dppicgperties of ZnO through strain
[13, 14]. Surprisingly, despite extensive experimental Hreoretical study on this material, the
dependence of the valence band splitting on the strain f@ Has not been clearly analyzed
yet. The knowledge of the electronic structure propertfed® is far from satisfactory, e.g., the
size and sign of the crystal-field{r) and spin-orbit Asp) split at the valence band maximum
(VBM), which determine the order of the VBM statd$ ), ['7ey andI'zqy, where the numbers
in the parentheses of the subscript are the single groupgeptations, i.e., in the absence of spin-
orbit coupling] has been a long standing controversy forertban 50 years (see, e.g., Ref. [15]
and references therein).

For most conventional tetrahedral bonded semicondudizedpwest state of the conduction
band minimum (CBM) iss-like, whereas the upmost states of the valence-band amyraaiion
p-like. Therefore, for these materials such as AIN, the bapiittieg follows the behavior fop
states and the electronic states shift almost linearly wsttain which can be described by the
deformation potentialb or d [16]. Consequently, the splittings, i.e. the energy levéiedence
between the VBM states, induced by the intra-band defoonaiotentials change quasi linearly
as functions of strain [17, 18]. However, in tetrahedi&) (symmetry the cation and anionp
states have the same symmetry representation, so they ople ¢o each other [19]. When the
p-d coupling become large in some of the materials such as Zr@hhnge of the VBM splitting
as a function of strain could be veryfidirent than the conventiongh semiconductors.

Here, using first principles band structure calculationimwestigated the electronic band struc-
ture of ZnO, especially the crystal-field splitting and spitit splitting at thd” point valance band
edge as functions of strain. We show that the variation of/il@ance-band splitting of ZnO with

strain is very diferent from other conventional semiconductor, i.e., it shaastrong nonlinear
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variations and the slope of the crystal-field splitting asiaction of strain can even change sign.
After analyzing the structural and electronic propertieZiwO under diferent strain condition,
we concluded that it is the stromgd coupling in ZnO that induces this abnormal behavior in the
valance-band splitting of ZnO.

In our study, all the structural optimizations and energydealculations are performed using
the density-functional theory in the generalized-gradegrproximation (GGA) [20]. The pro-
jected augmented wave method (PAW) [21] as implementedarV&SP (Refs. [22] and [23])
code is employed. The energy cfites set at 450 eV and an»88 x 8 k-point grid is used for
structural optimizations. All structures are fully relaxentil the force acting on each atom is less
than 0.02 eVYA.

In this letter, we focus on two types of strains which are treshtommonly used in experi-
ments: (1) uniaxial strain applied in the c-axis directi¢®y biaxial strain, i.e., epitaxial strain.
For the uniaxial strain case, we fix the lattice constaat different values, whereas the lattice
constant and the internal cell parameterare allowed to relax. In this case, strain is defined as
€ = €4 = (C— Cy)/Co. In the case of biaxial strairg is fixed at several values and theandu
parameters are allowed to relax. The strain is then definegl-as.« = ¢y = (a— ap)/a,. Here,
ap andcy are the theoretical equilibrium lattice constants for thettained structure.

Figure 1 shows the crystal-field splitting and spin-orbiitspg at the top of valence-band in
ZnO (triangle lines) under ffierent biaxial and uniaxial strain levels. The crystal-fisfditting
parameterdcr are calculated in the absence of spin-orbit interactdgr,= E(I's,) — E(I'yy). The
spin-orbit splitting parametersso are obtained by fitting the calculated top three energy $eael
I" to the quasi-cubic model of Hopfield [24] [with the centerlud bands shifted bygo + Acg)/6]

E(Toey) = 1/2(Aso + Ack) 0

E(T7awen) = £1/2[(Aso + Acr)? — 8/3AsoAcr] Y.
We can see that at equilibriunr is positive andAso is negative in the GGA calculation, indi-
cating the order of the valence bandigsy, I'gey, ['7¢1y, in decreasing energy. We first look at
the case of the system under uniaxial strain condition. Heggare 1, we can see that when we
have tensile strain, bothcr andAsp increase as the strain increases. These results are expecte
because for mostp semiconductors, th&cr increases with the/a ratio. However, the situation
becomes unusual when compressive uniaxial strain is @pplibe change of thAce becomes
slower and even changes sign akgk is always positive no matter how large the strain is. This

abnormal behavior is totally fierent from other more conventional materials such as AINctwvhi
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has the same wurtzite structure as for ZnO, see Fig. 1. Bedhesobvious dierence between
these two kinds of materials in their electronic structyres the diferent positions of the catiah
orbitals (Al 3 is extravalence states, whereas Zn @ is subvalence states), we may attribute these
phenomena to thp-d hybridization at the valance-band edge which are permitteetrahedron
environment, see Fig. 2-d coupling (through a matrix elemelty) mixesd character into the
wave function at the VBM, and makes somé#elience in energy to the states. One can estimate
the magnitude of thesdtects as\Eq ~ Vsd/(s";‘)—sg), in whiche? — &g means the state-energy dif-
ference, indicating that the-like states at the edge of the valence-band hatferént strength of
p-d coupling, i.e. diferentd component (e.gls, is a purep-d hybridized state but,, has mixed

in somes orbitals, and strain may redistribute ttheomponent in the relative states), and hence af-
fect the splitting energies. The negativg, also can be attributed to the lard@rbital component

at the top of the valence band, sirttstates contribute with opposite sign to the spin-orbitspa
(lowering it), as opposed tp orbitals (which raise it) [19]. The increase of the volumduees
the p-d coupling at the VBM as the strain increasing, which explauhy the Aso becomes less
negative. Similar but opposite trend is also observed wi@xd strain is applied. In this case,
even theAso is nonlinear under tensile strain. The opposite behavidiafial vs. uniaxial strain
can be understood by noticing that ZnO has positive Poissiom I.e., in the compressive biaxial
strain case, there is an elastic expansion of the lattigeepelicular to the strain direction, sgpa
increases, whereas for in-plane tensile straircflasdecrease, opposite to the uniaxial strain case.
The relationship between the strain along and perpendituthec direction ise, = —RBe, with

RB = 2C,,/Cs3 [18]. For simplicity and representative, in most parts af fetter we just present

the results of uniaxial strain case.

Because our calculated GGA valuesAgf andAso for equilibrium ZnO are 77 meV and -36
meV respectively, are much larger than the experimentalte§1.7 meV and -8.0 meV) [25],
one may question whether the density functional theory (D& &ble to describe this phenomena
correctly because it is known that DFT places the drband at a too high energy, thus overes-
timates thep-d hybridization and incorrectly describe the splitting a& MBM. To test this, we
use the so called LDAU method [26] to adjust the position of the Zul 8nergy levels to be
close to experimental values. Following Solovyev [27] aragkowski [28] we use a spherically
symmetric formulation of the LDAU approach and used thffectiveUgss = U — J = 7.8 eV.
The crystal-field splitting and spin-orbit splitting enig of ZnO as functions dils¢ as well as

the density of states resulting from the LBA calculations are presented in Figure 3. We find
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that both the magnitudes of crystal-fieddr and spin-orbit splitting\so decrease monotonically
and nearly linearly as a function of increasidg, i.e., decreasing in Zndorbital energy. For
Ueis = 7.8 €V, The calculated results.r = 31 meV andAso = —13 meV are in good agreement
with the experimental values. The results can be easilygtated by noticing that for wurtzite
structure thd'g, is a purep-d hybridized state buf,, has mixed in some orbitals, so thep-d
coupling for thel'y, state is larger than thEg,, state. Therefore, whep-d coupling decreases
with increasingUes+, the crystal field splitting\cg = E(I'ey) — E(I'1y) also decreases. Reducing
p-d coupling also reduces tllecomponent at the VBM, so the spin-orbit coupling also become
less negative. These analysis are consistent with thelatddudensity of states showing that at
Ueis = 7.8 eV thed character in the VBM states is considerably reduced as caadpa the pure
GGA calculations and the Znd3peak has moved down in energy with an average position of
about -7 eV, which agrees with the experimental value of ab®95 eV [29]. These results in-
dicate that using LDAU method would significantly improve the accuracy of the cittans of
valence-band splitting, so in the following analysis, b# results are obtained from the LBA

method.

Using the LDA+U approach, we calculated again the crystal-field splittimg)spin-orbit split-
ting of the ZnO under dierent uniaxial and biaxial strain conditions (only unidxiase is shown
in Figure 1). We find that the general trend is the same as i @A calculation, i.e., the nonlin-
ear variations still exist in the valence-band splittinglaes strain varies. As a function of strain,
the crystal-field splitting now can be negative under somgelatrain conditions. However, for
any reasonablbs ¢ parameter, at zero strain, the crystal field splitting isaglsvpositive and the
spin-orbit splitting is always negative because phacoupling in this system is significant and the
positive contribution of the spin-orbit coupling due to genp orbital is very small [19]. There-
fore, the band order at the VBM should bgsy, I'sey, I'7¢1y, IN decreasing energy, in agreement

with experiment results [25].

To unveil the underlying physics and understand more altmset nonlinear variations of the
valence-band splitting in ZnO, we examined the crysta@ifgglitting and spin-orbit splitting as
functions of the structural parameters: volurvg,(y = c/a ratio, and the internal structure pa-
rametenu independentlyy specifies the bond length = uc along thec axis, see the inset in Fig.
4(a)), as the structure of the wurtzite is defined by thesamaters. Figures 4(a)-(c) show the
three structure parametevsn andu as functions of uniaxial strain. We see that b@tand ratio

n decrease when the strain is more compressive. It is iniegetst see thati parameter increases
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under compressive strain. This is because to reduce theahsdrain, the system tends to preserve
the bond length. Therefore, when tbgarameter decreases, to preserve the bond length, the
parameter will increase. In general, the structural patareeshow the normal behavior of linear

dependence under strain.

Figures 4(d)-(f) give the crystal-field and spin-orbit fjptig energies vsV, n andu respec-
tively. It is clear that the crystal-field splitting is vergrssitive to the change of, while the
spin-orbit splitting is mainly influenced by the changeuofThe dependence of the-r andAso
show the quasi linear dependence as a functiovi of . WhenV decreases, the increaspdl
coupling enhances thi&-r but make the\so more negative, as discussed earlier. This is partially
canceled by thg@-p coupling between the oxygerpand Zn 4 orbitals. Whem; increases with
fixed V andu, the Coulomb potential induced splitting on tpheorbital makesAcr increase. In
this case, the bond length along théirection is larger than the bond lengths away from ¢he
direction, so the reducep-d coupling in thec direction and increasep-d coupling away from
thec direction also make th&cr increase. The additive nature is the origin wkye is sensitive
to the change ofy. Because there are three bonds away fromctdeection, whereas only one
bond along the direction, the spin-orbit splittindso decreases agincreases. Contrary to the
dependence ox andn, we find that for ZnO, the crystal field splittink-r has a strong non-liner
dependence oun. The slope changes sign at a critical palptand the curve is almost quadratic.
This is because whanincreases at fixe® andr, the bond length along thedirection increases
and the bonds away from thedirection decreases. Therefore, bgip and p-d coupling de-
creases along thedirection [associated with thg(I'y,)] but increases away from thedirection
[associated with th&([s,)]. However, the &ect of p-p and p-d coupling is opposite. For most
conventional semiconductqgy; p coupling is dominant, sacr will decrease as increases, but for
ZnO with largep-d coupling, for largeu, Acg increases. ThAso decreases with again because
there are more bonds away from thdirection than along the direction. Combine the changes
of the structural parameters and the dependence afgh@ndAso on the structural parameters,

we can explain the results observed in Fig. 1.

Our discussion above suggest that the nonlinear variatiamystal-field splittingAcg with
the strain can be attributed to the change of internal straggarameten, namely, internal strain
due to a competition between thep and p-d coupling caused by the structural change. To
further confirm this, we analyze the characters of partiargls at Zn mflin-tin site of thel,

andT’y, states (Table I). When increases, the bond lengtds (axial bond) prolongs and,
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(nonaxial bond) shrinks [inset in Fig. 4(a)]. As a resulg thd coupling in thexy-plane would
be strengthened, while in tlzdirection becomes weaker. FbOg, states, the totgb-d coupling is
getting stronger as increasing (Table I, + d,._,2 increasesgl,, + dy, decreases and the total of
them increases). This is consistent with our above analysis

Finally, Figure 5 shows the valence-band ordering of ZnOeurtiterent levels of uniaxial
strain calculated with LDAU. It shows that, at strain free condition, the upmost statspsses
I'; symmetry resulting in a level orderifig gy, ['yey andI'zqy, Which is in agreement with most
of theoretical calculations and experimental results. Adberossing mainly caused by crystal-
field splitting will occur at a certain compressive strainthaa consequence of the change of the
valence-band ordering froiyy — I'oey — I'7¢ayv 10 I'7ay — T'zew — oy IN @ddition, for not too
large strains, such as in our calculations from -8% to 8% #g state is always above thige),
state due to the negative spin-orbit splitting.

We have examined several other Zn chalcogenides, such aZAB8 and ZnTe, and obtained
similar results. However, as thed reduces as the anion size increases, the nonlinear redaipon
in the valence-band splitting of the zinc chalcogenides diminishes.

In summary, we have investigated the valence-band sglittirznO and its strain dependance
using first-principle calculation. We found that due to Eqgd coupling in ZnO, it exhibits
unusual behavior, i.e., the variations in valance-banittisyg vs. strain is strong nonlinear. Based
on our theoretical study, we presented the valence-bargtiogdin ZnO under dierent strain
conditions. The mechanism and the underlying physics lewen the present work provided
new insights on the understanding of semiconductor bandtsites and should be very useful in
applying strain to enhance the device performance by miogjfhe band structures in designing
electronic and optical devices.
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TABLE I. The projected wavefunction characters of Iy andI'y, states (electron numbers) at the Zn site.

band u Px + Py Pz Oy + dyo_y2 Oy + Oy, d,
Cev 0.356 0.012 0.000 0.108 0.080 0.000
0.368 0.016 0.000 0.124 0.071 0.000
0.379 0.022 0.000 0.140 0.061 0.000
0.390 0.028 0.000 0.158 0.053 0.000
0.402 0.034 0.000 0.175 0.044 0.000
[y 0.356 0.000 0.046 0.000 0.000 0.215
0.368 0.000 0.032 0.000 0.000 0.201
0.379 0.000 0.020 0.000 0.000 0.184
0.390 0.000 0.010 0.000 0.000 0.164
0.402 0.000 0.004 0.000 0.000 0.141
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FIG. 1. (Color online) Crystal-field splittingA\cr) and spin-orbit splitting4sp) energies of ZnO and AIN
under uniaxial §) and biaxial &) strain conditions as functions of the strains, calculatsidg GGA and

LDA +U with Ugs=7.8 eV.

FIG. 2. (Color online) Schematic plot of valance-band 8plitin wurtzite semiconductors, (a) withodt
and (b) withd. Agf denotes the crystal field splitting induced by Coulomb péérmA ,, andApg represent

the contributions fronmp-p coupling andp-d coupling, respectively.

FIG. 3. (Color online) (a) Crystal-field splitting\Er) and spin-orbit splitting Asp) energies of ZnO as
functions ofUg¢; (b) Density of states (DOS) of ZnO calculated with GGA andA-82J. The energy of

the VBM is set to be zero.

FIG. 4. (Color online) (a)-(c) The volum¥, ration = c/a, and the internal structure parameteas
functions of uniaxial strain; (d)-(f) Crystal-field splity (Acg) and spin-orbit splitting £so) as functions
of V, n, andu, independently, i.e., (dY varies,n andu are fixed at 1.633 and 0.375, respectively; 1fe)
varies,u is fixed at 0.375 an¥ is fixed at the value of strain free cad®, (f) u varies,n is fixed at 1.633

andV is fixed atV,.

FIG. 5. (Color online) The valence-band ordering of ZnO urdiferent levels of uniaxial strain. The

energies of 7y-band are set to be zero.
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