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Comparative analysis of zinc-blende and wurtzite GaN for full-band polar
optical phonon scattering and negative differential conductivity
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Department of Electronic Systems Engineering, University of Essex, Colchester C04 3SQ, United Kingdom

N. A. Zakhleniuk
Caswell Technology, Marconi Caswell, Towcester, Northants, NN12 8EQ, United Kingdom

(Received 26 May 2000; accepted for publication 1 September)2000

For high-power electronics applications, GaN is a promising semiconductor. Under high electric
fields, electrons can reach very high energies where polar optical pH&@®B emission is the
dominant scattering mechanism. So, we undertake a full-band analysis of POP scattering of
conduction-band electrons based on an empirical pseudopotential band structure. To uncover the
directional variations, we compute POP emission rates along high-symmetry directions for the
zinc-blende(ZB) crystal phase of GaN. We also compare the results with those of the wurtzite
phase. In general, the POP scattering rates in the zinc-blende phase are lower than the wurtzite
phase. Our analysis also reveals appreciable directional dependence, Withlttdirection of ZB

GaN being least vulnerable to POP scattering, characterized by a scattering time of 11 fs. For both
crystal phases, we consider the negative differential conductivity possibilities driven by the negative
effective mass part of the band structure. According to our estimation, for the ZB phase the onset
of this effect requires fields abovel MV/cm. © 2000 American Institute of Physics.
[S0003-695(100)02743-7

The wide-band-gap IlI-nitride semiconductors are cur- 27 V

rently being considered for high-power and high-temperaturdVm(k) = == (27)32 f d*k" Ay (k' k)
applications. Among these Il nitrides, the most studied is m' etz
GaN which can be grown either in wurtzit®/Z) or zinc- X |Cpod @)|28(Em/ (K') —Em(K) +Ahw o), (1)
blende(ZB) phases depending on the choice of the substrate
and the growth conditions.The mounting interest in the
high-field applications of GaN, brings under demand a de
tailed knowledge of the transport properties, like the charac
terization of the dominant scattering mechanism. This, i
ﬁgr,\nl (;Zg;?:epg?(;n?gttgi ?:;;ﬁfﬁi;)hfgzr;egr?gl;sﬁs i:10e3i5- energy of the electron, anfdw, o is the longitudinal-optical

. ' . LO) phonon energy assumed to be dispersionless. The cubic
fcably requires a fuII-_band_ treatment as the carriers under th OP coupling constant is given by|Cpod@)|?
influence of such high fields move further away from the:zweztho(egl—egl)/(v q?), wheree, and e, are the

band edge where their scattering rate depends on the detallgyic and high-frequency dielectric constants. The cell-

of the band structure. _ periodic overlap parameter is given by n(k’,k)
In this letter, we present a full-band analysis of the POP_ 1(1/Q) f qu*, (DU (1) d3r|2, whereuy, ((r) is the cell-

. . m
scattering of conduction-ban(CB) electrons based on the eriggic part of the Bloch wave function afitlis the volume

empirical pseudopotential band structure. To shed light oRy the primitive cell. This overlap parameter is vital to ac-
the effects of the crystal phase, we consider both ZB and WZount for the restrictions brought by the symmetries of the
structures. We place more emphasis on the ZB phase, asparticipating wave functions to the scattering probabilities.
comprehensive discussion of the WZ case has been given Iisor the parameters of GaN, up to room temperature the ther-
us elsewheré.For the empirical pseudopotential band struc-ma| phonon occupation remains negligible, hence, @&j.
ture of ZB GaN, we use published form factérapwever, actually governs the overall scattering rate up to room tem-
for the case of WZ GaN we felt the necessity to develop ouperature.
own form factors due to the poor performance of the CB We compute the scattering rate in two alternative ways:
properties of the available ones. by direct integration over two spatial variables using the
Considering the ZB case, the scattering rate based odelta function or by means of the Lehmann—Taut BZ inte-
Fermi’s Golden Rule due to PO&missionof an electron at  gration techniqué. In the former, we prefer to work in
the bandm, with a wave vectok, is given by spherical coordinates and enclose the truncated-octahedron-
shaped first Brillouin zone(BZ) by a sphere of radius
dAuthor to whom correspondence should be addressed; present addreés‘/S/Z) (2/a), Wher_ea IS the Iatt|cg constant. The regions
Department of Physics, Bilkent University, 06533 Ankara, Turkey; Of the sphere that lie outside the first BZ are discarded by
electronic-mail: bulutay@fen.bilkent.edu.tr introducing a unit step function into the integrand. We em-

where the emitted phonon wave vector @&=—k’+k
mapped to first BZ, the primed indices represent final-state
electron labels over which a summation/integration is per-
r]formed,V is the total crystal volumeE,(k) is the band
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FIG. 2. Density of states per spin, per volume of the @&she¢l and WZ
b 1 (solid) phases of GaN for the lowest conduction-band energies. The zero
L e /' ST J level of the energy is set to valence-band maximum.
v r __/_’J, ‘kw_N./// \ ’ .
= R T B
= 'F NSl ﬂ»’v\;\ E hw 0=92.12meV, ¢,=9.28, ande,,=5.29. Aiming for a
F ,’-‘—M A\ - . . . .
= o/ 1] directional assessment, we start from the CB minimum at the
= L1 I' point, and trace the POP scattering rate of CB electrons
T ‘ =K iy along high-symmetry lines\, 3, A corresponding td" —X,
§ 01 £ ! E I'—K, andI'-L directions, respectively; see the inset in Fig.
§ ! ] 1. The effect of setting the cell-periodic overlap parameter to
n [ unity is indicated by the dashed lines in Fig. 1 for each
! direction; note the resultant overestimation in the scattering
001 ‘ ‘ ‘ ‘ rates away from the CB edge. The results indicate that the
0 02 04 08 08 1 I'-X (I'=L) direction has the highedlowes) scattering
r K K rate. This directional dependence can be attributed to the CB
satellite valley being located at the¢ point, which is the
major scattering destination at high energies, providing high
density of final states. As thE—L direction is further away
r—L from the X valley, it requires relatively larger phonon-wave
g b3 WJ/\”"“\\ B vectors, which leads to less electron—phonon coupling. Fur-
e o ~ ] thermore, the lowest CB along ttie-L directiorf does not
= / S ] enable an intravalley POP emission to theoint, which is
£ - AN the key factor behind the low scattering rate.
'3; I \ | TheI'-L directions of ZB GaN are related to thie-A
g andT'-U directions of WZ GaN. We further note that in
% S
3 o »
0 O.‘1 O.‘Z 0}3 0}4 0}5 O.‘S 0.7 0.8 f
r k L T‘\_n‘ 1.5E
FIG. 1. POP scattering rate vs wave vector units of 27r/a) along the F:?_,
directionsI'—X, I'=K, andI"—L. The dashed lines indicate the same rates & ; [
when the cell-periodic overlaps are taken to be unity. Inset in the upper & r
figure shows the high-symmetry points and directions in the ZB irreducible & E A
wedge. & ]
:,,‘g 0.5 : _/_'.:
ploy the linear tetrahedron interpolatfonf band energies X8 Lg ]
and store the CB energies by sampling the irreducible wedge : Isotropic Parabolic ]
of the BZ by 16 114 data points, giving more emphasis to the ot S EEE—

vicinity of the I" point. For the cell-periodic Bloch overlap 0 04 08 Eﬁergy o) 2 24 28
parameterd, ,,, we use a less dense sampling of the irre-

ducible wedge by 1604 final-state data points for each initiaFIG. 3. POP scattering rate vs energy, comparing the ZB rates with the WZ
electron state under consideration LO-like rates along several directions. To aid comparison, for both crystal

. . . . phases the energy reference is chosen to be at a same CB minimum. Cubic
To be consistent with our previous WZ GaN analf‘ss, isotropic parabolic POP rate calculated using the CB edge effective mass of

we use the following data for the cubic GaN phonons:the ZB phase is also included.
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N L B B field mobilities in Fig. 4, contrary to reality, are caused by
using the maximum scattering rate throughout the band, even
though this rate shows an isotropic character close to the CB
edge (cf. Fig. 1). The I'-L direction of ZB GaN has the
lowest onset field of 1 MV/cm for the observation of nega-
tive differential conductivityNDC), however, note the sen-
sitivity of the onset field to angular variatiorisf. Fig. 4).
There have already been several predictions of NDC in GaN
(Refs. 9-12 at field levels of around 150 kV/cm, all being
based on the transfer of electrons to upper valleys, whereas,
the NDC that we refer to here is caused by those carriers
reaching the negative effective mass part of the band struc-
Y R I I ture at high fields before undergoing a scattering event, an
0 : 2 3 4 5 ¢ ideainitially proposed by Knmer!® Recently, the possibility
Electric Field (MV/cm) of NDC based on this mechanism was advocHtéat cubic
FIG. 4. Comparison of drift velocity vs electric field for the ZB and WZ GaN beyo,nd a field of-50 kV/Cm_' This onset voltage is
phases along several directions. about 20 times lower than our estimate. Recent Monte Carlo
investigation®® along this line did not encounter any drastic
change up to fields-0.5 MV/cm with respect to a variation
of the energy of theX valley, which further contradicts this
previous predictior?

Drift Velocity (10 cmi/s)

WZ GaN, there exists a BZ folding along tleeaxis of the
crystal, therefore, for th€ —A (WZ) direction both the low-
est CB and its folded extension need to be consid&red. . N o

. In summary, to aid the high-field characterization of
general terms, the ZB phase has a smaller POP scattern&ga

rate than the WZ phase, which is essentially due to the lower N, we present a full-band POP scattering analysis of CB
: . 2 .__electrons, comparing the ZB and WZ crystal phases. In gen-

density of states in the former. The quantitative comparison . :
ral, the scattering rates in the ZB phase are lower than the

of the density of states for these two phases around the ef- . .
Sity o states se two p . Z phase due to the lower density of states in the former.

ergies relevant to our work is given in Fig. 2. However, the__ " - . )
. : . This suggests a possibility to have enhanbégh-field mo-
lower density of states in ZB GaN is shown to have one, ity in ZB GaN in comparison with WZ GaN. High-field

adverse consequence by leading to a lower breakdown volf-

age in the ZB phase due to easier heating of the CB electro gansport along thé L direction of ZB GaN characterized

under high fields, provoking impact ionizatidihe effect of y a scattering time of 11 fs has the lowest scattering rate, as
the M and X sat,ellite valleys E,,=1.87 eV éx:1-41 RY; the POP emission to tHe point is energetically not possible.

above the CB edgealong thel'—M (WZ) andI'—X (ZB) The observation of NDC driven by the negative effective

directions, respectively, are seen in Fig. 3. Just at these val s part of the band structure is predicted beyond a field of

ley energies theaveragescattering rate suddenly drops as (l?/l%gh:]yaieMV/cm for the ZB phase, and 2.3 Mv/cm for the
electrons at the bottom of this valley contribute very little to P '

the POP scattering rate, limited to intervalley scattering with  This work is supported by ONRContract No. N0O0014-

large phonon-wave vectors. However, when the energy i§9-1-0014 and EPSRGContract No. GR/L/56725
increased further to allow the electrons in these valleys to

have intravalley scattering, the rate rapidly rises. The

isotropic—parabolic band estimation for the POP rate is also,

shown to illustrate the validity range of this approximation as 21‘ Vé'a %gogn%“?wc'LT'cFo%’;On”' E&Z PFZZ?/' ';;62'211(513%%3 47 2991

compared to a full-band treatment; only upt®.4 eV above (1993, o ' o Y
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point, kp4(t) =eFt/%, for an electron originating from thE ~ 2B. E. Foutz, S. K. O’Leary, M. S. Shur, and L. F. Eastman, J. Appl. Phys.
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