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For the first time, the present study proposes an ab initio-based methodology for the determination of
kinetic characteristics in wurtzite zinc oxide. The transport properties of material are analyzed within a
rigorously developed short-range interaction models, which account the electron scattering processes in-
duced by diverse types of crystal defects. Within the framework of density functional theory, the transition
probabilities for electron scattering on lattice defects were determined employing numerically derived ei-
genfunctions together with a self-consistent crystal potential. This approach enabled the elimination of fit-
ting parameters for six electron scattering mechanisms. The selection of zinc and oxygen pseudopotentials
ensuring improved agreement between theoretical and experimental kinetic characteristics of ZnO over
3+400 K is outlined. It has been proven that short-range models reproduce experimental results more ac-

curately than long-range models.
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1. INTRODUCTION

Zn0O is a semiconductor with broad applications in
device technologies. It is highly resistant to high-
energy radiation, which makes it well-suited for space
use [1]. It can also act as a substrate for the epitaxial
growth of GaN films [2] and shows strong potential for
spintronics applications [3]. While polycrystalline ma-
terial suffices for most applications, recent progress in
the growth of large-area single crystals has opened new
prospects for blue and UV light emitters as well as for
high-temperature, high-power transistors. Effective
optimization and development of ZnO-based devices
requires a detailed and correct description of the pa-
rameters of this material. References [1, 4-12] provide
experimental data on transport phenomena in wurtzite
ZnO as well as theoretical analyses carried out by dif-
ferent techniques. To analyze these data theoretically,
the relaxation time approximation [6, 7], the variation-
al method [11], and the Monte Carlo technique [12]
were employed. The aforementioned methods are based
on long-range scattering models, the limitations of
which have been addressed in the author’s previous
works [13-15]. These works introduced an alternative
framework for the description of transport phenomena,
based on applying the short-range principle to electron-
defect interactions in the crystal lattice. However, the
short-range scattering models proposed by the author
exhibit a limitation in that they require the use of fit-
ting parameters. This article presents an approach for
eliminating fitted parameters based on the electron
wave function and self-consistent potential in a wurtz-
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ite-structured crystal, calculated within the density
functional theory — generalized gradient approximation
(DFT-GGA) framework, suggested by Perdew, Burke
and Ernzerhof via the ABINIT code. The paper also
establishes criteria for selecting the initial pseudopo-
tentials of zinc and oxygen, which are used to calculate
the wave function and crystal potential and ensure
more better agreement between the theoretical and
experimental temperature dependences of ZnQ’s kinet-
ic coefficients.

2. ZINC AND OXYGEN PSEUDOPOTENTIALS
SELECTION

Using the AtomPAW v4.2.0.3 code, Zn and O pseu-
dopotentials were derived. During pseudopotential
creation, the valence states 4s24p%3d'° (Zn) and 2s22p*
(O) were included. The physical values of the radius of
the augmentation sphere Rpaw for zinc and oxygen
were established based on the following criteria: a) the
energy spectrum calculated using selected pseudopo-
tentials at a given Rpaw reproduces the bandgap in
agreement with experiment; b) determination of the
dependence of electron mobility versus temperature
using certain Rpaw values leads to agreement between
theory and experiment. The analysis shows that these
two criteria are satisfied by the radii value
Rpaw = 2.009 for zinc and Rpaw = 1.75 for oxygen. Thus,
these criteria enable the extraction of the physically
meaningful wave function and crystal potential from
among all mathematically possible ones.
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3. THE DEPENDENCE OF WAVE FUNCTION
AND CRYSTAL POTENTIAL VERSUS TEM-
PERATURE

The pseudopotentials, established in the previous sec-
tion, allow us to determine the characteristics of ZnO,
namely, the electron spectrum, its wave function, and the
crystal potential. According to the results of the author's
work [16], these characteristics of the semiconductor were
expressed by a combination of the Zn and O
pseudopotentials with the Hartree-Fock exchange
potential. In the ABINIT code formalism, this combina-
tion is defined by the variable "exchmix". Variation of this
parameter allows change the band gap value at the I
point in wurtzite ZnO. Hence, the “exchmix” parameter
can be chosen so that the theoretical band gap equals the
experimental one. The calculation was performed for
different types of supercells, while adjusting the exchmix
parameter to obtain values of Eg corresponding to
temperatures 0 and 300 K. As a result, the values ex-
chmix =0.95988 (0 K) and exchmix=0.94502 (300 K)
were obtained for the 1 x 1 x 1 supercell, and the values
exchmix = 0.88744 (0 K) and exchmix =0.86068 (300 K)
were obtained for the 2 x 2 x 1 supercell. For each super-
cell, distinct numerically defined electron wave functions
and crystal potentials are obtained at the specified tem-
peratures of 0 or 300 K. This implies that the aforemen-
tioned method can be applied to derive the temperature
dependence of these crystal properties, while ensuring
that the theoretical band gap of the crystal agrees with its
experimental value.

4. SHORT-RANGE ELECTRON SCATTERING
MODELS IN WURTZITE SEMICONDUCTOR

Because the unit cell of wurtzite ZnO consists of
four atoms (two Zn and two O), group theory allows the
vibrations of this crystal to be expressed by the sum of
irreducible representations: T'=2A1+ 2B1+ 2E1+ 2Fs.
The acoustic vibrations include a single A1 mode and
one doubly E:i mode. The optical branches of oscilla-
tions are the remaining irreducible representations
Topt=A1+ 2B1+ E1+ 2Es. The classification of these
branches is based on whether the atomic displacements
occur along the co-axis or in the perpendicular direc-
tion. It can be concluded that modes A1 and E; repre-
sent polar optical (PO) oscillations, while modes B1,
B1®, E2M and E2® represent nonpolar optical (NPO)
oscillations.

Ref. [16] reported, within an ab initio framework for a
sphalerite semiconductor and invoking the short-range
principle, that the electron-PO phonon scattering proba-
bility is proportional to the square of the quantity:

Apo = [ (R =123}y dr. (1)

R denotes the range of the spherically symmetric in-
teraction potential expressed in Cartesian coordinates.
Given that the wurtzite unit cell includes two ZnO di-
poles, formula (1) is applied to both. The integration
region is the dipole-containing volume, defined by the
zero-gradient condition of the crystal potential. The
integral is calculated by switching to an oblique coordi-
nate system using a known transition matrix. Thus,
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upon transformation the elementary cell becomes a unit
cube, with the atom-pair volumes defined as follows:
Zn1—Oi(region I) — triangular rectangular prism;
Zn2—Oq(region II) — square rectangular prism. The value
of R is determined by the average value of the radius of
the inscribed and circumscribed sphere for regions I and
IL. This gives Ri = 2.336 A and Ru = 2.1495 A.

Given the temperature dependence of the electron
wave function, the results for regions I and II inherit
the same dependence. Under the assumption of lineari-
ty with temperature, the electron-PO phonon scatter-
ing yields:

2 2.
Apo 0, +Apozn,0,

APO ?
@
APO

= (1.65+8.28x10° T) x10%m?,

Given the value of Apo, the expressions for electron
transition probabilities from state k to state k' under
interaction with a polar optical phonon associated with
the A1 and E1 modes can be derived.

The description of the electron-NPO interaction is
based on the optical deformation potential, which in the
case of the wurtzite ZnO is represented by different con-

stants for different NPO modes. In analogy with PO-
scattering, the model presumes sequential carrier interac-
tion with two dipoles d® =dj,n; +dGans» cONsistent
with the short-range principle. For each B:® and B:i®
modes (oscillation along the co-axis) we will get only z-
component, while for the E2Mand E2® modes (oscillation
perpendicular to co-axis) we will obtain the x- and y-
components of the optical deformation potential:

mode BiV— d, =1.45-1.48x10°TeV; (3a)
mode Bi®— d, =1.33-7.03x10°TeV; (3b)

mode B — d, =1.35+2.2x10°TeV; (3c)
mode Ex® — d, =1.69+2.81x10°TeV; (3d)
mode E2® — d, =3.43+4.4x10°TeV; (3e)
mode Ex® — d, =3.87+5.02x10°TeV. (3f)

On the basis of the d values, one can derive the an-
alytical expressions for electron transition probabilities
between quantum states under the interaction with
NPO phonons.

The scattering of electrons by acoustic (AC) phonons
is described through three constants (deformation
acoustic potentials), connected with two transverse and
one longitudinal branches of acoustic oscillations. In
regions I and II for these three branch of oscillations
we have:

E 0 =¢/a, x(0.1885colx +0.0628v3c, 1, + 0.1885%12}

E,ci, =0.09425¢, I, , E ), =0.09425¢, I ; (€]
I, = gt//*ny/ dr’; I, = JW*VyW dr';1, = gw*Vzt// dr',
1(m) 1(1) 1(11)

where the components V are defined elsewhere [16].
Because the wave function and the self-consistent crys-
tal potential are temperature depended, for the acous-
tic deformation constants one can obtain:
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E,q =152+2.88x10°T eV; (5a)
Ec1, =0.30+2.95x10° T eV ; (5b)
E,0., =0.66+8.15x10° T eV ; (50)

Zinc oxide possesses strong piezoelectric properties,
which can be represented by the tensor equation:

P =ey-S", ©)

where P,— crystal polarization vector, e, — piezoelec-

tric tensor, S’* — macroscopic deformation tensor. It is
established that, in crystals with a wurtzite structure,
the tensor e;;, assumes the following form:

0 0 0 0 e; O
er=| 0 0 0 ¢ 0 O] @)

e €3 ez 0 0 0
Employing Voigt’s notation [17], this expression can be

equivalently written in coordinate form as: e 5 = e;43;

€33 = €333; €15 = €3; Other components ¢ =0. It fol-

lows that only components R(z = 1,3) exist:
P =e;335% +26,,, 8" Py = €555 % ®

Using the approach of [15], it can be established that
the electron-piezoacoustic (PAC) phonon interaction is
described by relation (1). Then, this type of interaction
depends on temperature according to (2).

The ionized impurity scattering describe by the con-
stant:

Ap = [¥"¥Yx1/r dr, 9)
Q

and the corresponding temperature dependence has the
following form:

Ap=(0.63+1.93x107 T)x10“ m™ . (10)

Two more scattering mechanisms, neutral impurity sc-
attering (NI) and static strain center scattering (SS), are
independent of temperature and are described in [15].

5. ANALYSIS OF INTRINSIC DEFECT STRUC-
TURES IN ZINC OXIDE

At a given temperature, the structure of intrinsic
defects in ZnO was examined through a comparison
between the energy spectra of ideal supercells
(I1x1x1, 2x2x1) and those containing defects. For
the calculation of the energy spectra of defective super-
cells, the “exchmix” parameter was assigned the value
used for the respective ideal supercell. The method
outlined in [16] was employed to calculate the ioniza-
tion energy of defects. Given that the energy spectra of
ideal and defective supercells are calculable at 7= 0 K
and 7 = 300 K, the ionization energies of defects at
these temperatures can be derived. On the basis of a
linear approximation, the temperature dependence of
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defect ionization energies can be established. The donor
defect was selected on the grounds that its ionization
energy is the lowest, guaranteeing its prevailing im-
pact on charge transport in ZnO. An analysis of the
type of defects in 1x1x1 and 2x2x 1 supercells
shows that the defect that satisfies the above condition
is the 2 x 2 x 1 supercell defect, which has the following
structure:

Zngpg + Zng, + Zngg + Vo, + Vg - 11)

The results of the calculation demonstrate that the
relation between the defect ionization energy and tem-
perature is given by:

E,=0.0844+1.649x10" T eV. (12)

From this, for T=0 K and 7=300 K, we obtain, re-
spectively, for the ionization energy Eq¢ = 84.4 meV and
Eq=34.9 meV. These values of Eq are close to the val-
ues obtained in [6, 7] for two types of defects (deep and
shallow donors), the nature of which is unknown. In
our work, we propose an intrinsic defect, the energy
range of which overlaps with the values in [6, 7].

6. VALIDATION OF THEORY BY EXPERIMENT

Given the structure of intrinsic defects, the electro-
neutrality equation can be expressed as:

n-p=N,/{1+2exp|(F-E,)/(k;T)}, (13

where F denotes the Fermi level, and Nq represents the
impurity donor concentration. For the purpose of Fermi
level calculation, the subsequent characteristics of the
crystal defect structure were employed: Ng=1 x 107
cm~3, concentration of static strain center
Nss=1.4 x 1013 cm —3.

The electron mobility, as a key kinetic characteris-
tic of the semiconductor, was computed based on the
short-range scattering models introduced earlier, with-
in the framework of the exact analytical solution of
Boltzmann’s equation [18]. The zinc oxide parameters
employed in the calculations are reported in [15].

Theoretical predictions for the temperature depend-
ence of electron mobility, based on short-range scatter-
ing models (solid line in Fig. 1), were evaluated against
experimental data from [6, 7]. The experimental data
presented here relate to ZnO specimen exhibiting the
highest degree of perfection realized thus far. Fur-
thermore, Fig. 1 illustrates a comparison of two concep-
tual approaches to transport phenomena in semicon-
ductors: (a) the short-range scattering model and (b)
the long-range scattering model, the latter treated
within the relaxation-time approximation.

It is evident that the theoretical curve 1 provides a
satisfactory agreement with the experimental data. At
lower temperatures, theoretical curve 1 and the exper-
imental data diverge, with the difference appearing as
a shift along the temperature axis. A possible explana-
tion lies in the incompleteness of the SS-scattering
model, as it may need to account for the angular de-
pendence of the interaction potential. On Fig. 1, de-
pendences 2 and 3 are obtained within the relaxation
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Fig. 1 — The electron mobility-temperature relationships in ZnO
derived from two theoretical approaches

corresponds to the low-temperature regime, where the
inequality 7" << 6, (6, —Debye temperature for ZnO) is

satisfied, while curve 3 represents the high-te-mperature
regime, where the opposite inequality 7" >>#;, holds. It

is evident that curves 2 and 3 show both qualitative and
quantitative deviations from the experimental data.
From the literature, it is known that the Debye tempera-
ture for zinc oxide is approximately equal to
6, =400+440K [19, 20]. This indicates that for zinc

oxide, the low-temperature region corresponds to
Tiow < 40+44 K, while the high-temperature region is
defined by Thigh > 4000+4400 K, which is significantly
higher than its melting point, Tm =2247 K. Therefore,
curve 3 is not suitable for representing the transport
phenomena in a ZnO crystal in high-temperature region.
Moreover, curve 2 is not applicable at temperatures
above 40+44 K, because in this range the scattering of
optical phonons is no longer elastic. Conversely, short-
range scattering models make it possible to account for
the inelastic nature of electron-phonon interactions.
Thus, it may be concluded that short-range scattering
models provide a more accurate description of electron
scattering on defects within the zinc oxide crystal lattice.
The impact of different scattering mechanisms on
temperature dependence of electron mobility is depict-
ed in Fig. 2. At low temperatures (T < 40-44 K), SS-
scattering is observed to be the dominant scattering
mechanism in the ZnO sample. For temperatures above
10 K, NI and PAC scattering mechanisms start to con-
tribute. Above 80 K, the predominant scattering pro-
cess is PAC scattering, which reflects the strong pie
zoelectric behavior of zinc oxide. In the temperature
regime 7'>300 K, the PO scattering mechanism be-
comes comparable in significance to the PAC mecha-
nism. The contribution of the remaining scattering
mechanisms is insignificant.

The short-range scattering models under considera-
tion enable the determination of the temperature de-
pendence of the electron Hall factor, as illustrated in
Fig. 3. This dependence display minima, the positions
of which are governed by the defect concentration. This
behavior arises from the transition between the tem-
perature regime dominated by a single scattering
mechanism, specifically the SS mechanism, and the
regime where a combined scattering mechanism (PAC
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and PO) becomes significant.
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Fig. 2 — Contribution of individual scattering mechanisms to
electron mobility in ZnO. The solid line shows the combined
(mixed) mechanism. Curves 1 through 7 represent AC, ID,
NPO, PAC, PO, SS, and NI scattering, respectively.
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Fig. 3 — Variation of the electron Hall factor with temperature
in zinc oxide

7. CONCLUSIONS

Based on the findings of this study, the following
conclusions are established:
a) A procedure is suggested for choosing Zn and O
pseudopotentials that ensures close agreement between
theoretical predictions and experimental results.
b) A procedure is proposed for evaluating the tempera-
ture dependence of the electron wave function and
potential energy in wurtzite-structured ZnO.
¢) Seven models of short-range electron scattering on
lattice defects in wurtzite-structured ZnO are presented.
d) The structure of an intrinsic defect in wurtzite-
structured ZnO, which predominantly influences
charge transport, has been investigated, and the tem-
perature dependence of its ionization energy has been
determined.
e) A reasonably strong consistency has been demon-
strated between the theoretical temperature depend-
ence of electron mobility and the experimental observa-
tions for the ZnO sample with a wurtzite structure.
f) It has been shown that the author’s proposed method
for describing transport phenomena in ZnO provides a
more accurate representation of electron scattering by
crystal lattice defects than approaches based on long-
range scattering models.
g) The contributions of different scattering mechanisms
to electron mobility were identified in the temperature
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range of 3-400 K, and the temperature dependence of
the electron Hall factor within the same range was
calculated.

h) The suggested approach for evaluating kinetic char-
acteristics is applicable to other semiconductors pos-
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Ab initio 00YHCIIOBAJIBHA CXE€MA OJIA ONMHCY KiHeTUYHUX BJIACTHUBOCTEMH
BIOPTIIUTHOT'O OKCULY IIUHKY

O.I1. Mayux

Hauionanvruii ynieepcumem «/Ivsiscoka nonimexuixar, 290138 Jlvsis, Yrpaina

Y oMy JOCTIpKEHH] BITEpINe 3aIIpOIIOHOBAHO METOJI0JIOrII0, 3aCHOBAHY Ha mpuWHIMIIax ab initio, o
BU3HAYEHHS KIHETUYHUX XAPAKTEPUCTUE BIOPIIUTHOIO OKCUIY ITMHKY. TpaHCIOPTHI BJIAaCTHBOCTI MaTepiasy
AHAJN3YIOTHCSA 34 JIOTIOMOIOI0 PETEJTHHO PO3PO0JIeHUX OJIM3HKOIIIOUNX MOIEeJIed B3aeMoIil, STkl BpaxOBYIOTh
IpoIlecy PO3CIIOBAHHS eJIEKTPOHIB, BUKJINKAHUX PI3HUMY TUIIAMA KPUCTATIIYHUX nedekTiB. B pamrax Teopii
dyurmionany rycruan (DFT) fimoBipHOCTI ITepexo/iB A1 PO3CIIOBAHHS €JIEKTPOHIB Ha JedeKTax KPUCTai-
YHOI pelnTKy OyJIi BU3HAYEH] 3 BUKOPUCTAHHAM YKCEJIBbHO OTPUMAHUX BJIACHUX (DYHKIIIN pasoM i3 camoya-
TO/IPKEeHUM KPUCTAIYHUM TToTeHITiasoM. [ei miaxis J03BOJIMB BUKJIIOYNATH ITAPAMETPH MATOHKH IS IITeCTH
MeXaHi3MiB po3cioBaHHA eaeKTpoHiB. OKpecsieHo BHOIp IICEBIONOTEHINAIIB [IUHKY Ta KHUCHIO, 110 3a0ealre-
qye MOKPAIIEHY Y3TOMMKEHICTh MK TEOPEeTUYHMMHU Ta €KCIIEPHMEHTAJbHUMHA KIHeTUYHUMU XaPAKTEePUCTH-
kavu ZnO B miamasoni temmepatyp Bixg 3 mo 400 K. Byso moseneno, mo 61u3bKOAI0UI MOIEI BiATBOPIOOTE
eKCIIepUMEHTAJIbHI pe3yJIbTaTH TOYHIINe, HisK JaIeKOIII0Ul MOIe .

Kmiouosi cnosa: Boprurauit okcun muaky, XsuiaboBa QyHKIA DFT, Exexrponunit Tpancnopr, Touxosi

nederTu.

01011-5


https://doi.org/10.1063/1.124521
https://doi.org/10.1063/1.1690469
https://doi.org/10.1063/1.1690469
https://doi.org/10.1088/0268-1242/19/10/R01
https://doi.org/10.1016/0022-3697(59)90392-0
https://doi.org/10.1016/S0038-1098(97)10145-4
https://doi.org/10.1016/S0038-1098(97)10145-4
https://doi.org/10.1016/S0921-5107(00)00604-8
https://doi.org/10.1063/1.1558612
http://jjap.jsap.jp/cgi-bin/findarticle?journal=JJAP&author=K%2EMiyamoto
https://doi.org/10.1143/JJAP.42.2241
https://doi.org/10.1143/JJAP.42.2241
http://jjap.jsap.jp/cgi-bin/findarticle?journal=JJAP&author=T%2EYao
https://doi.org/10.1016/j.jcrysgro.2004.01.035
https://doi.org/10.1016/j.jcrysgro.2004.01.035
https://doi.org/10.1063/1.1991994
https://doi.org/10.1063/1.371764
https://doi.org/10.1016/j.commatsci.2004.12.052
https://doi.org/10.1016/j.physb.2009.08.216
https://doi.org/10.1139/cjp-2013-0075
https://doi.org/10.21272/jnep.14(5).05007
https://doi.org/10.1016/j.jallcom.2003.07.033
https://doi.org/10.1063/1.337455
https://doi.org/10.1016/0021-9614(89)90058-X
https://doi.org/10.1016/0021-9614(89)90058-X

