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The electron scattering processes in sphalerite gallium nitride on the different lattice point defects are
considered. The short-range principle is taken into account in all the calculations. The transition matrix
elements have been evaluated by using the self-consistent wave function and potential obtained within the
ab initio density functional theory. This approach avoids the problem of using the fitting parameters for the six elec-
tron scattering mechanisms. The temperature dependences of electron mobility in the range 30-300 K are cal-
culated. The results obtained with short-range scattering models reveal a better agreement with experi-
ment than with the long-range scattering ones. For the first time the electron transport properties have
been obtained here on base of the short-range scattering models, with derived by projector augmented
waves self-consistent eigenfunctions and potentials, calculated from the first principles.
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1. INTRODUCTION

Usually the description of the charge carrier scat-
tering process on the point lattice defects in II-VI and
III-V compounds was carried out by relaxation time
approximation, variational method and Monte Carlo
approach. The common feature of these methods is the
using of the long-range charge carrier scattering mod-
els for the description of the transport phenomena in
these semiconductors. On the other hand in the series
of papers [1, 2] it was shown the disadvantages of these
models and it was proposed a new approach for descrip-
tion of the transport phenomena on the base of the
short-range principle. However in the proposed ap-
proach the one disadvantage remains, namely the pres-
ence of some numerical fitting parameters which re-
quire the availability of experimental data to select
their numerical values. At present paper a new method
is proposed that enables to eliminate the majority of
the fitting parameters. In this method the calculation
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of the charge carrier transition probabilities was car-
ried out on the base of wave function and self-
consistent potential which were determined from the
first principles using the projector augmented waves
(PAW), as implemented in the ABINIT code [3].

2. CALCULATION OF THE ELECTRON WAVE
FUNCTION

Calculation of the kinetic coefficients in a crystal is
based on the transition matrix elements. The latter are
evaluated on the all-electron wave functions. Therefore,
the all-electron eigenfunctions found on base of the
PAW are appropriate for this purpose.

The PAW approach has been suggested by Blochl
[4]. In the PAW formalism all-electron wavefunction

Y, is defined as a linear transformation from a smooth

pesudo-wave function ¥, via

W ()= B, (0)+ X< 5 1, > el -R,)- 30— R,) (1)

The transformation is chosen in such a way that
the all-electron wavefunction ¥,, is the sum of the
pseudo one ‘Y’nk and an additive contribution centered

on each atom [4]. The electron density is given by equa-
tion

)|+ 2ol @), (0)- G ()F0). @

n a,ij

where f, and pf are the occupation number and occu-

pation matrix.
In the augmentation regions, i.e. inside the spheres
centered on each atom, the three type of functions are
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defined: (1) the all-electron basis function ¢i“(r—Ra),
(2) the smoth pseudo-function gzi“(r—Ra), (3) the pro-
jector function ﬁf(r) Here R, denotes the center of

augmentation spheres and n enumerates the quantum
numbers. The wave vector kis confined to the first
Brillouin zone. The basis functions are defined by the
following condition:

¢Ti“ (r) =g (r), r>r,, 3)

i.e. they are matching outside the augmentation sphere
of radius 7, . The projector functions vanish outside the

augmentation sphere and inside the latter they are
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orthogonal to pseudo-functions:
<Prlge >. )

The all-electron expectation value for any operator
A can now be written as

<WL AW, >=<¥, AV, >+><¥, |p¢ >
aij (5)
x< BTy > g 1A 147 > —<gr 14197 5].

The eigenfunctions needed in equation (5) can be
evaluated from the Schrédinger equation:

H|Y, >=E,; |¥Yy >, (6)

where H is the Hamiltonian operator, ¥, is the ei-
genfunction, E,, is the energy eigenvalue. From (1) we
can obtain the equation

wnk&):[uz(mf(r»—|aia(r>>)<za;z |j|@nk ..
Introducing the operator
r=1+ (g0 ()> - 16()>)< B¢ ®)

we obtain the equation connecting the true all-electron
function and pseudowave one:

\Pnk(r): z-q}nk(r)' (9)

Now the definition (9) is substituted into (6), and the
eigenvalue problem is reformulated as follows:

T He |V, >=t'7|¥,, > E, (10)

where " is the Hermitian conjugate operator for the
transformation r. Comparison the linear system of
equations (10) and Schrodinger equation (6) shows that
transformation (9) conserves the electron energy band
spectrum E, .

Calculating pseudo-functions ‘I’nk from equations

(10) we find then true wave functions ¥,, from equa-

tion (9) needed for evaluating the transition matrix
elements. The transformation operator r (8) is defined

on the basis functions ¢°, ¢%and p¢ that are calcu-

lated by means of the AtomPAW code [5,6]. The PAW
basis functions have been generated for the following
valence states: 3s23p4s24p13d1° for Ga and 2s22p3 for
N. The radii of the augmentation spheres r, have the

following values: 1.8 and 1. a.u. for Ga and N, respec-
tively. The exchange and correlation effects have been
taken into account within the generalized gradient ap-
proximation (GGA) formalism suggested by Perdew,
Burke and Ernzerhof (PBE) [7], particularly in the
form of hybrid PBE functional with Hartree-Fock ex-
change, PBEO [8]. The program AtomPAW provides the
full set of data that are input parameters for the ABIN-
IT code [3, 9] initialization.
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The wave functions and electron energies of the
GaN crystal have been obtained by means of the ABIN-
IT code. The experimental value of the lattice parame-
ter ap = 4.5 A was used in the calculation. The number

of the plane waves for the pseudowave function ¥,
expansion was defined by the maximum value of ener-
gy E,,,=64Ry. The electronic density and crystal Cou-
lomb potential were calculated on the more dense grid
defined by limiting energy 128 Ry. Integration over the

Brillouin zone was carried out on the Monkhorst-
Pack 8 x 8 x 8 grid [10].

3. SHORT-RANGE SCATTERING MODELS

In the electron-polar optical phonon  short-range
scattering model the potential energy of the electron-
polar optical phonon interaction has spherical sym-
metry [1]. The wave function of the system “electron +
phonons” was chosen in the form:

‘Pzgo(r)d)(xl,xz..xn) , (11)

where @(x;,x;..x,)— wave function of the system of

independent harmonic oscillators; (p(r)—electron wave

function at the I point of the Brillouin zone which was
obtained from the ABINIT code [7, 13]. After that on
the base of the method described in [1] the expression
for the transition probability can be defined:

542 4
Wk k') = T Azpose Mg, + My 5
16 g'a,° G Mg, My

x{ 1 [N, o6(E' - E - harp)+ (Npo +1)x

Do (12)

< S(E' = E + hoyy |+ —2—[NyoS(E' - E - haoyy )+
@ro

+ (NTO + 1)5(E' -E+ tho)]}’

where G — a number of unit cells in a crystal volume;
Mg , Mn — atomic masses; NLo; N7o — the number of
longitudinal (LO) and transverse (TO) phonons with a
frequency w;, and wj;, respectively; &,— dielectric

constant and such notation is introduced:
2 I §
Apo = J¢7*(R —3)40031'- (13)
Q

The integral Ap,over the volume of the unit cell is

divided into several parts each of which were calculated
on the base of Simpson method by breaking the inte-
gration intervals into 44 parts. The calculation of the

values of coordinates and function ¢‘¢p in the knots of

Simpson method was made using the transformations
from polar coordinate system to the oblique coordinate

system. The values of the function ¢'p at respective

points in the oblique coordinate system were obtained
using the ABINIT code. On the base of three-
dimensional B-spline interpolation [11] the values of

the function ¢’ at the points corresponding to the
knots of Simpson method can be calculated. The func-
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tion ¢"p is a scalar therefore its values in the oblique
coordinate system can be put into compliance to the
values in the knots of Simpson method in the initial
polar coordinate system. Using such approach the val-
ue of the integral (13) can be obtained:
Apy =14.59x10"m? .

According to short-range scattering model of the elec-
tron-nonpolar optical phonon interaction in sphalerite
semiconductor the transition probability looks like [1]:

3 72
W(k,k/)z 4 d02 MGa+MN x
1152 a,° G Mg, My

1 C
x{wLO[NLod(E E—hayo)+ (N +1)x (14)
¥l '—E+ha)w)]+wi[NTO5(E'—E—thO)+
TO

+ (NTO + 1)5(E' -E+ tho)]}’

where do=1.31 eV- the optical deformation potential
constant

The value do was calculated on the base of three-
dimensional B-spline interpolation [11] and taking into
account the longitudinal and the transverse branches of
the optical vibrations

From the short-range scattering model of the elec-
tron- acoustic phonon interaction in sphalerite semi-
conductor [2] one can obtain the expression for electron
transition probability in a form:

7°kpT E3c

kk')=
Wik 1) 576 G (Mg, + My)

C C,

(i N i} S(E'~ E)(15)

where E,.— the acoustic deformation potential con-
stant; ¢, and ¢, — the longitudinal and transverse

sound velocity respectively and the elastic character of
scattering is taken into account.

The value E,. was calculated on the base of three-

dimensional B-spline interpolation [11] and equal

E,.=0218¢V.

In the frameworks of the short-range scattering
model the potential energy of the electron- piezoelectric
phonon interaction has spherical symmetry [1]. As the
coordinate dependence of the perturbation energy is
similar to a case of PO —scattering therefore the inte-
gration over the unit cell is carried out by the method
described for this case. This yield to
Apz=Apo =14.59 x 10-20m2. Then using the procedure
described in [1] we obtained the transition probabilities
for the electron scattering on piezoacoustic (PAC) and
piezooptic (POP) phonons:

B e’ Ap, kyT N
1287 G elal [Mg, + My]
2
x[i+3] 5 (E'-E);

c ¢

Wpac (k. X')

(16)
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72 2 2
w'e“e Ap, Mg, + My N

Wop(k, k') =
ror(l. ) 400 g’al G Mg, My

1
x{ [NLoS(E - E ~nhayo)+ (Npo +1)x 17
@ro

< S(E' = E + hogy ||+ —2—[NyoS(E' - E - haoyy ) +
Do

+(Nyo +1)8(E' - E + haoyy )]

In the frameworks of the short-range scattering
model the potential energy of the electron- ionized
impurity interaction is spherically symmetric [1].
Therefore the calculation of the transition probability
can be done by the method similar for the case of PO-
scattering. As a result the transition probability for this
scattering mechanism looks like:

Wik, k'
(1) 512¢7 hV

(E-E), (9

where N — the concentration of ionized impurities;
A, =0.693x10"m™; Zi— the multiplicity ionization of

impurity.

The transition probability for electron interaction
with the short-range potential of static strain centre was
calculated by one of the authors in [2] and looks like:

2°3* 2C%a e’ " Ngg 1

Wl )= Veoh @
0

5(E'-E), (19)

where C=0.1; Ngg — concentration of the static strain
centers. In (19) Ngg is the only one adjustable param-

eter which is remained. However up to our knowledge
the method of calculation the value of the concentration
of the static strain centers remain unknown.

4. COMPARISON OF THEORY AND
EXPERIMENT

The comparison of theoretical calculation was made
with experimental data presented in [12] for zinc
blende GaN epilayers. Four samples were examined:
unintentionally doped sample (sample A), intentionally
doped samples 1, 3, 5 (samples B, C, D respectively). It
was assumed that impurity conductivity occurs due to
ionization of the donor impurity. Calculation of Fermi
level was held from the expression n = nexp = 1/Rexp, Rexp
— experimental value of Hall coefficient. Parameters of
GaN used in calculation are presented in Table I. The
theoretical and experimental temperature dependences
of the electron mobility (7T) are presented on Fig. 2a-d.
Solid curve 1 was obtained on the base of the short-
range scattering models within the framework of the
exact solution of the Boltzmann kinetic equation [23]
The adjustable parameter Nss for these curves has next
numerical value: sample A — Nss = 1.6x104 cm —3; sam-
ple B — Nss=4.0x104cm-3; sample C -
Nss=3.0 x 1015 cm —3; sample D — Nss = 3.5x1016 cm -3,
Dashed curves 2 and 3 were calculated on the base of
the long-range scattering models within the framework
of relaxation time approximation: curve 2 corresponds
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Table 1 — Parameters of GaN (sphalerite) used in calculations

J. NANO- ELECTRON. PHYS. 9, 06007 (2017)

Material parameter Value
Lattice constant, ao (m) 4.5x10-10
Energy gap, Eg 3.299-5.93x10-4 T2/(T+600) 2 b.c
Energy equivalent of the matrix element, E, (eV) 25 d, e
Spin-orbit splitting, A, (eV) 0.017"
Density, po (kg m-3) 6.15x103f ¢
Optical deformation potential, do (€V) 1.31h
Acoustic deformation potential, Eac (eV) 0.218h

Transverse optical phonon frequency, w;, (rad s-1)

1.045x1014 i

Longitudinal optical phonon frequency, w;, (rads-1)

1.398x1014 i

Elastic constants (x10-1, N-m - 2):

Ci1 29.3i
Ci2 15.9
Cuys 15.50
Piezoelectric tensor component, e14 (C-m-2) 0.4k

a—[13];P—[14];c—[15]; 4—[16]; ¢ —[17]; f— [18]; & — [19]; b Present article; i —[20];] —[21]; k—[22].
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Fig. 1 - The temperature dependences of electron mobility in n-GaN (sphalerite). 1 — short-range scattering models;

range scattering models (relaxation time approximation)

to the case of low temperatures (ha) >> kBT) whereas

curve 3 corresponds to the case of high temperatures
(ha) << kBT). Comparison of theoretical curves ob-

tained in the two approaches with experimental data
shows that the short-range scattering models demon-
strate much better qualitative and quantitative
agreement with experiment compared with long-
range scattering models. This indicates that the
short-range models more adequately describe the
charge carrier scattering processes than the long-
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2, 3 —long-

range models. To estimate the role of the different
scattering mechanisms on Fig. 3a-b the dashed
curves represent the corresponding mobility for the
samples with minimum and maximum value of de-
fect concentration. It is seen that at low tempera-
tures the main scattering mechanisms are the static
strain scattering (curve 7) and piezoacoustic scatter-
ing (curve 4). For the sample with maximum impuri-
ty concentration the ionized-impurity scattering
(curve 2) plays a prominent role too at this tempera-
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ture interval. At high temperature region the piezo-
acoustic scattering play the main role. However, at
this temperature range the polar optical phonon scat-
tering (curve 5) plays the significant role too and it is

J. NANO- ELECTRON. PHYS. 9, 06007 (2017)

probable that at T > 300K this scattering mecha-
nism becomes dominant. Other scattering mecha-
nisms — AC-, NPO-, POP- scattering mechanisms —
give negligibly small contributions.
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Fig. 3. — The contribution of different scattering modes into electron mobility in n-GaN. Solid line - mixed scattering mechanism,;
1,2,3,4,5,6,7 — AC-, II-, NPO-, PAC-, PO-, POP-, SS- scattering mechanism respectively

5. CONCLUSION

Using the short-range principle the electron scatter-
ing processes on the various types of crystal defects in
n-GaN are considered. The calculation of the electron
transition probabilities was made using the all-electron
wave function and a crystal potential, evaluated within
the projector augmented waves. The GGA formalism
has been used, and the self-interaction effects of Ga 3 d
electrons were taken into account in the form of PBEO,
as implemented in the ABINIT code. The use of ex-
change-correlation potential in the form PBEO allowed
getting the value of the band gap close to the experi-
mentally measured value. It is very important for eval-
uation of realistic matrix elements needed to calculate
the kinetic coefficients. We see two components of the

success of the theory developed in this paper. The first
one covers the realistic self-consistent electronic energy
band structure, including the band gap, the all-electron
wave functions and crystalline potential GaN, enabled
us for the first time to get a good comparison of the
theoretical and experimental kinetic coefficients over a
wide temperature range. And the second one includes
the short-range models of the electron scattering pro-
cesses. It was found that the results obtained within
the short-range models are in much better agreement
with the experimental values, than those calculated on
base of the long-range models. As can be seen from
Figures 2-3 we find nearly perfect agreement between
theory and experiment.

Paccesanue a1eKTpOHOB Ha GJIM3KOAEHCTBYIONIEM IOTEHIIHAIEe TOYeuHbIX gedexTos B GaN co
CTPYKTYPOMH cajiepuT: pacueTr U3 MePBbIX IIPUHIUIIOB

O.I1. Mauseix, C.B. CeipoTiok

Hauuonanvrwiii ynusepcumem «/Ibo6ckas nosumexnukan, kagheopa nosiynposooHUK080Tl 31eKMPOHUKU,
yn. Banoepot, 12, 79013 Jlveos, YVipauna

PaccmoTrpens! TIpoiiecchl paccessHUs 3JIEKTPOHOB HA PA3JIMYHBIX TOYEUYHBIX Jed)eKTax PeIleTKHd HUTPUIa
raJlJIdsi co CTPYKTYpoil cdasiepura. Bo Bcex pacuerax NpuUHUMAaeTCs BO BHHMAHHE HPUHIIUII OJIM3KOIEH-
CTBUA. JJIeMEHThl MATPUIIHl IIepexoia OBbLIN OIEHEHBI C HCIIOJb30BAHMEM CAMOCOTJIACOBAHHBIX BOJIHOBOM
YHKIMHU U IIOTEHIIUAJA, II0JIyYeHHBIX B PAMKAX TEOPUHU (PyHKITMOHAJIA dJIEKTPOHHOM IMJIOTHOCTH U3 IIePBBIX
OpuHITUIIOB. Tako# MOAX0[ IM03BOJIAET M30eKaTh MCIIOJH30BAHMS ITApaMeTPOB IIOATOHKH JJIA IIeCTH MexXa-
HHU3MOB pacCCesTHUs 2JIEKTPOHOB. PaccumTaHbl TeMIlepaTypHBIE 3aBUCHUMOCTH IIOABUKHOCTH JJIEKTPOHOB B
nuamasone 30-300 K. PesysibraTsl, mojydeHHBIE C IIOMOIIBI0 OJIM3KOIEMCTBYIOIIUX MOJEJIeN pPacCesHus,
JIy4Ille COTJIACYIOTCS C 9KCIIEPHUMEHTOM, YeM B CJIyuae MCII0JIb30BAHUA JAJIBHOIEHCTBYIOIINX Moesiei. Boep-
BBI€ II0JIyYeHbl CBOMCTBA IEPEeHO0Cca JJIEKTPOHOB C MCIIOJIh30BAHMUEM OJIM3KOIeHCTBYIOIINAX MOJIeJIel, B OCHOBE
KOTOPBIX JIEKAT PACCYUTAHHBIE M3 IEePBBIX IPUHIUAIIOB C MOMOIIBI0 MPOEKIIMOHHBIX IPUCOETUHEHHBIX BOJIH
€caMOCOTJIACOBAHHBIE COOCTBEHHBIE (DYHKIIUH U IIOTEHITHUAIIBI.

Knrouessie cnosa: Qmekrponssiil TpancuopT. Toueunsie medextsr. DFT pacuer.
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PoacisuHsa enekTpoHIiB HA O/IM3bKOAiI0Y0OMY moTeHmiaxi Toukosux gedexris B GaN 3i
CTPYKTYPOIO ChajiepuT: po3paxyHOK 3 MEePIINX IPUHIUIIIB

O.I1. Masnk, C.B. Cupotiok

Hauioranvruii ynisepcumem «JIvgigcvika nonimexrika», Kagheopa HANI8NPo8iOHUKOBOL eleKMPOHIKLL,
eys.Bandepu, 12, 79013 Jlveis, Yrpaina

PosrasimanoThes mMpoIecu poacissHHS eJIeKTPOHIB Ha PISHUX TOYKOBUX JMedeKTax TPaTKU B HITPHILY TAJI0
31 cTpyKTYypoIo chasepury. ¥ BCIX po3paxyHKax GepeThes 10 yBAru MPUHIUN Osusbromdii. Eirementu matpu-
111 TTepexo Ty OyJIu OIiHeH] 3 BUKOPHUCTAHHIM CAMOY3TOKeHUX XBUJIHOBOI (DYHKIIII 1 ITOTEHITIALY, OTPUMAHUX
B paMKax Teopil yHKIIOHAA eJIEKTPOHHOI TYCTUHHY 3 MePITUX IPUHITAINB. TaKkuil maxis J03BoJIsge YHUK-
HYTH BUKOPUCTAHHS MIJMHHUX MapaMeTpiB JJIs EeCTH MeXaHI3MIB PO3CIIOBAHHS eJeKTPOoHIB. PospaxoBano
TeMIIepaTypHi 3aJIesKHOCTI PYyXJIMBOCTI eJIeKTpoHiB B miamadoni 30-300 K. PeaysbraTu, orpumani 3a momomo-
o0 OJIM3BLKOJIIIOYUX MOJIeJIeH PO3CIAHHSA Kpalle Y3roPKYIThCA 3 €KCIIEPUMEHTOM, HI3K y BUIMTAIKY BUKOPHC-
TaHHSA JAJIEKOIII0YNX Mojesieil. Briepie orpuMaHi BIIACTHBOCTI MEPEHOCY €JIEKTPOHIB 3 BUKOPHWCTAHHSIM
OJIM3BKO/IIIOUNX MOJIeJIeil, B OCHOBI SIKHX JIeKaTh PO3PAXOBAHI 3 IepIINX IPUHITUINB 3a JOIOMOIOK IIPOEK-
IIAHUX MPUETHAHUX XBUJIb CAMOY3TO/PKeH] BJIacHl PyHKIII 1 TOTEHITIaIu KpUcTaIa

Knrouosi ciosa: Enexrpounuit tparcmopr. Tourosi gedextu. DFT pospaxymok.
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