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Full-band polar optical phonon scattering analysis and negative differential conductivity
in wurtzite GaN
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GaN has promising features for high-field electronics applications. To scrutinize these transport-related
properties, primarily the dominant scattering mechanism in this material needs to be well characterized. In the
quest for Bloch oscillations in bulk GaN, our aim is to conduct a full-band scattering analysis requiring very
high energies where parabolic approximation is far from applicable. For this purpose, we first obtain an
accurate band structure for the conduction band of wurtzite GaN based on the empirical pseudopotential
method, using the most recent experimental data as the input. We compute the scattering rate, relevant up to
room temperatures, due to longitudinal-optical-like and transverse-optical-like polar phonon modes along
several~high-symmetry! directions, from the conduction band minimum at the zone center to the half of the
reciprocal lattice vector in each direction. We observe that the location and the symmetry of the neighboring
valleys to the route play a decisive role on the scattering rates. The observation of Bloch oscillations in bulk
wurtzite GaN is doomed by the very large value of the polar scattering rate. However, there exists the
possibility of a negative differential conductivity driven by the negative effective mass part of the band
structure for fields above 2.3 MV/cm for wurtzite GaN.
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I. INTRODUCTION

In the last decade GaN and other related III nitrides h
been a subject of intensive research, initiated by their o
standing optoelectronic prospects, such as light emitting
odes, and lasers in the visible spectrum.1 The fact that these
III nitrides are wide bandgap materials, also make them v
attractive for electronic applications, especially for hig
power and high-temperature purposes. The ability of th
III nitrides to withstand very high electric fields on the ord
of few MV/cm, brings new possibilities, not within reach o
the traditional semiconductors such as Si and GaAs. O
intriguing possibility is to observe the elusive Wannier-Sta
resonances and the associated Bloch oscillations in abulk
semiconductor, such as GaN.2,3 Such a study requires a de
tailed knowledge of the transport properties in these w
bandgap materials, primarily the characterization of
dominant scattering mechanism. This, in GaN is the po
optical phonon scattering due to its high degree of ionic4

and hence large electron-phonon coupling constant.
The aim of this paper is to quantitatively analyze the f

conduction band electron scattering rates due to polar op
phonon~POP! emission. We obtain these scattering rates
several different directions in the reciprocal lattice, from t
conduction band minimum to the half of the reciprocal latt
vector in that direction. This comparative study also p
duces a valuable output for the likelihood of the Wanni
Stark resonances in bulk wurtzite~WZ! GaN. For the accu-
racy of our results we base our analysis on realistic mod
for both electrons and phonons in WZ GaN.
PRB 620163-1829/2000/62~23!/15754~10!/$15.00
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The full-band scattering rate requires a reliable band
ergy and wave function knowledge. Empirical pseudopot
tial method ~EPM!5 is widely used for such purposes an
several results for GaN have already been published.6–10 We
have analyzed these proposed band structures and f
them to be unsatisfactory for the conduction band propert
such as the conduction band effective mass and also in
agreement to the more recently released experimental da
the conduction band energies.11,12 As this point is of central
importance in our work, we have also performed an EP
study for WZ GaN, demanding a close fit to these conduct
band properties. Based on this band structure, as a
product we present the energy levels and effective mass
rameters of the conduction band satellite valleys, which p
important role in high-field electronic transport properties

Formally, the electron-phonon coupling in WZ GaN
different from the well-known cubic case, bringing in long
tudinal optical ~LO!-like and transverse optical~TO!-like
modes,13 rather than a single LO mode as in a zinc blen
crystal having an isotropic phonon spectrum. We anal
both of these modes and observe the TO-like scattering
to be more than two orders of magnitude lower than
LO-like modes. Furthermore, we find the LO scattering r
in the cubic approximation to be in very good agreem
with the LO-like case, regardless of the chosen point in
Brillouin zone ~BZ!.

The symmetry of the initial- and final-state electron wa
functions plays an important role in the correct assessmen
the scattering rates. Indeed, we observe that above the en
of the lowest satellite valleyU3,min the rates are significantly
15 754 ©2000 The American Physical Society
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overestimated if the cell-periodic overlap is taken as un
which actually works well only in the vicinity of the conduc
tion band minimum. Based on these directional scatter
rates we investigate the high-field negative differential c
ductivity possibilities.

In the next section, we present our guidelines and res
for the band structure fitting, concentrating on the conduct
band properties. In Sec. III the formulation for the POP sc
tering for the WZ crystal is given. Our results are contain
in Sec. IV, followed by a discussion in Sec. V on the imp
cations of these results in connection to Bloch oscillatio
and negative differential conductivity. A brief summary
given in Sec. VI. The Appendix discusses two differe
implementations of computing the scattering rate over
BZ.

II. BAND STRUCTURE FITTING FOR THE CONDUCTION
BAND

EPM admirably suits to our purpose of computing t
scattering rate, as it provides with reasonable effort an
pirically tailored band profile at the same time yielding t
pseudowave functions necessary for the rigorous treatm
of the transition matrix elements. Several groups have
ready obtained the band structure of WZ GaN us
EPM,6–10 reporting their form factors as well, which enabl
other researchers to circumvent the task of fitting to the
perimental values. Apparently, the emphasis in these fit
procedures has been on the valence band~VB! structure,
predominantly due to its importance in optoelectronic o
ented applications. As for the conduction band~CB!, the
fitted EPM band structure reported by these groups7–10 have
important drawbacks; notably, the CB minimum effecti
mass comes out to be 0.15m0 or less, whereas the exper
mentally measured14 value for WZ GaN~after subtracting
the polaronic contribution! is 0.2m0, with m0 being the free
electron mass. This discrepancy is quite significant for
low-field electronic transport properties and has even m
drastic consequences for higher energies. Furthermore,
have been two very recent experimental reports regarding
band structure of the CB which were not available at the ti
the previous EPM works were carried out. First, Vallaet al.
have measured the CB structure of WZ GaN along theG-A
direction in the BZ using the inverse photoemissi
techniques.11 Secondly, Sunet al.12 analyzing the ultrafas
electron dynamics inn-doped GaN have reported the ener
separation between the lowest satellite valleyU3,min along
the U symmetry line and the CB minimum~as 1.34 eV!. In
the lack of any further verification of these results, we co
ply with these experiments and use them in our fitting p
cedure. Table I lists the chosen target values and the co
sponding attained values by the optimization which w
based on the Metropolis algorithm.17

The fact that we have favored the CB properties, lead
some discrepancy in the VB structure and more significa
the bandgap value comes out 1 eV higher. This stems f
the requirement of a heavier CB effective mass to meet
experimental value that results in pushing the VB and
apart. As a matter of fact, Kolnı´k et al. have also encoun
tered this problem in their EPM fitting to the CB, which the
remedied by rigidly shifting the CB, so that the true expe
,
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mental band gap of 3.5 eV was restored.18 We apply the
same correction here. Figure 1 displays our resultant b
structure; for comparison, the lowest two CB of the ba
structure due to Yeoet al.8 are also shown. There is a sig
nificant disagreement between the two, which we believe
be in favor of our results, based on our emphasis on the
and fitting to more recent experimental results.11,12Using this
band structure, in Table II we report the energy levels of
several satellite valleys in the CB as well as their effect
mass parameters. These values are yet to confront ex
ment, however, qualitatively it can be noted that compared
the CB minimum (G1 valley!, the effective masses ar
heavier in all these satellites and anisotropic, futhermore
L point turns out to be a saddle point rather than a vall
therefore diminishing its significance in scattering process
In Fig. 2 we show the associated density of states~DOS! per
spin, which directly comes into play in the deformation p
tential phonon scattering. The sudden increase in CB DO
4.84 eV is due to theU3,min satellite valley, signaling its
importance in the electronic transport properties.

TABLE I. Target values based on the quoted references and
attained values by our optimization. All energies are given in e
The lineup from top to bottom crudely represents the emphasis
used in the optimization of the parameters, the last items be
poorly included to the overall cost function. For the bandgap va
Eg we do not use the attained value~4.52 eV!, but rather, the targe
value ~3.5 eV! by rigidly shifting all CB with respect to VB.

Target Attained

mc'* /m0 , mcz* /m0 0.2, 0.2~Ref. 14! 0.200, 0.196
G3

c2G1
c 2.13 ~Ref. 11! 2.14

A1,3
c 2G1

c 3.0 ~Ref. 11! 2.52
U3,min

c 2G1
c 1.34 ~Ref. 12! 1.34

Eg 3.50 ~Ref. 16! 4.52→3.50
G6

v2G3
v 6.0 ~Ref. 15! 6.0

G6
v2G5

v 1.0 ~Ref. 15! 0.74
G6

v2G1
v 0.015~Ref. 16! -0.025

FIG. 1. Energy band structure for WZ GaN based on EP
fitted to recent experimental CB data. For comparison purposes
lowest two CB reproduced from the form factors of Yeoet al. ~Ref.
8! are also included~dashed lines!. Several important points are
labeled and the inset shows the irreducible part of the BZ~not
drawn to scale!.



tia

m

an
d
n,

te

rin

tron

of
n
n

n,

inor
all

. In

th
e

ru

n-

rs.

15 756 PRB 62C. BULUTAY, B. K. RIDLEY, AND N. A. ZAKHLENIUK
The key ingredients in EPM are the fitted pseudopoten
form factors, for which we use the following forms:

Vs~q!5~s1q31s2q21s3!exp~2s4qs5!, ~1!

Va~q!5~a1q21a2q1a3!exp~2a4qa5!, ~2!

whereVs andVa are the symmetric and antisymmetric for
factors5 in Rydbergs,q is the wave number in units of 2p/a
with a being the lattice constant in the hexagonal plane,
si ,ai ( i 51, . . . ,5) are thefitting parameters which are liste
in Table III. We do not include the spin-orbit interactio
having small effect on the CB due to dominants symmetry
of the corresponding wave functions. The other parame
of the EPM are also given in Table III.

III. EXPRESSIONS FOR THE POP SCATTERING RATE
IN A UNIAXIAL CRYSTAL

Based on Fermi’s golden rule, the one-phonon scatte
rate of an electron at the bandm, with a wave vectork,
having an energyEm(k), is given by

Wm, j
6 ~k!5 (

m8,k8

2p

\
u^m8,k8;nj ,q61uHe-ph

j um,k;nj ,q&u2

3d@Em8~k8!2Em~k!6\v j ,q#, ~3!

TABLE II. The energy and the effective mass parameters of
CB minimum and the other satellite valleys. The energy referenc
taken as that of the CB minimum.mGM , mGK , andmGA represent
the effective masses along theG-M , G-K, and G-A directions,
respectively.

EX~eV! mGM /m0 mGK /m0 mGA /m0

G1 0.00 0.200 0.200 0.196
U3,min 1.34 0.879 0.337 0.293
K2 1.59 0.547 0.547 0.347
L1,3 1.75 0.865 0.297 -0.018
M1 1.87 0.887 0.189 1.078
G3 2.14 0.247 0.247 1.390

FIG. 2. Density of states per spin associated with the band st
ture shown in Fig. 1.
l

d

rs

g

where the primed indices represent the final-state elec
labels over which a summation is performed,q is the phonon
wave vector having an energy\v j ,q ; the indexj labels the
particular phonon branch taking part in scattering andnj ,q is
the thermal population of this specific phonon. In the case
double signs, upper~lower! sign refers to phonon emissio
~absorption! process.He-ph

j is the electron-phonon interactio
operator, given by

He-ph
j 5

1

VEV
d3r (

m2 ,k2

e2 ik2•rum2 ,k2
* ~r !bm2 ,k2

† (
q

Cj~q!

3@aj ,qe
iq•r2aj ,q

† e2 iq•r# (
m1 ,k1

eik1•rum1 ,k1
~r !bm1 ,k1

,

~4!

here, V is the total crystal volume,Cj (q) is the electron-
phonon coupling coefficient,bm,k andaj ,q are, respectively,
the electron and phonon annihilation operators.um,k(r ) de-
notes the cell-periodic part of the electron wave functio
which in the EPM has the expansion

um,k~r !5(
l

al~m,k!eiGl•r, ~5!

whereGl ’s are the reciprocal lattice vectors. Equation~4! in
Eq. ~3! yields

Wm, j
6 ~k!5

2p

\ (
m8,k8

Dm8,m~k8,k!uCj~q!u2S nj ,q1
1

2
6

1

2D
3d@Em8~k8!2Em~k!6\v j ,q#, ~6!

with the constraintq57(k82k) mapped to first BZ, which
applies if we discard umklapp processes as they have m
role in POP scattering; note that in the rest of the paper
wave vectors lie in the first BZ, i.e., reduced wave vectors
Eq. ~6! Dm8,m(k8,k) is defined as

Dm8,m~k8,k!5U 1

VE um8,k8
* ~r !um,k~r !d3rU2

, ~7!

e
is

c-

TABLE III. Fitted values for the constants in the pseudopote
tial form factorsVs andVa ; see Eqs.~1! and~2!. Other parameters
used in the EPM are also listed, wherea and c are the lattice
constants in the hexagonal plane and along thec axis, respectively,
u is the WZ internal structural parameter, andEmax denotes the
radius of the energy sphere used for the reciprocal lattice vecto

s150.1575 a1520.1300
s250.0763 a250.4177
s3521.1286 a350.2638
s451.1471 a450.6206
s550.9462 a551.7105

a53.1879 Å
c55.1851 Å
u50.3760
Emax515 Ry
V
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where the integration is over the primitive cell volume,V.
Using Eq.~5!, the above integration turns into a summati
over the reciprocal lattice vectors as

Dm8,m~k8,k!5U(
l

al* ~m8,k8!al~m,k!U2

, ~8!

with the al ’s readily computed by EPM.
As the WZ structure belongs to the class of uniaxial cr

tals, the electron-polar optical phonon coupling coefficien
formally different from the well-known cubic~Fröhlich!
form.20 For the case of aweaklyanisotropic uniaxial crystal
Lee and co-workers21 have obtained the following approx
mate forms for the coupling coefficients of the longitudin
optical ~LO!-like and transverse-optical~TO!-like modes

uCq
LO-likeu2.

2pe2\

Vq2VL~uq!

3F sin2uq

S 1

e'
`

2
1

e'
0 D v'L

2

1
cos2uq

S 1

ez
`

2
1

ez
0D vzL

2 G 21

,

~9!

uCq
TO-likeu2

5
2pe2\

Vq2VT~uq!

~v'
2 2vz

2!2 sin2uq cos2uq

~e'
0 2e'

`!v'
2 cos2uq1~ez

02ez
`!vz

2 sin2uq

,

~10!

whereuq is the angle phonon wave vector,q makes with the
crystalc axis,v' (vz) is the TO phonon frequency perpe
dicular to ~along! the c axis, v'L (vzL) is the LO phonon
frequency perpendicular to~along! the c axis,e'

` (ez
`) is the

high frequency dielectric constant perpendicular to~along!
the c axis. The corresponding static dielectric constants
given by e'

0 5e'
`v'L

2 /v'
2 and ez

05ez
`vzL

2 /vz
2 . The phonon

frequency,v j ,q , in Eq. ~6! is now replaced for the LO-like
and TO-like modes byVL(uq) and VT(uq), respectively,
given by13

VL~uq!5AvzL
2 cos2uq1v'L

2 sin2uq, ~11!

VT~uq!5Avz
2 sin2uq1v'

2 cos2uq. ~12!

The nonzero TO-like coupling coefficient is due to the L
ingredient in this mode; its contribution vanishes for the is
tropic case whenv'5vz and v'L5vzL , where the cubic
form is restored.

The quantity,Wm(k) gives the rate for an electron tha
belongs to bandm, with a wave vectork; for brevity, here
we suppress some of the subscripts and superscripts. We
also introduce the following quantity that replaces themag-
nitudeof k with the energy, while retaining the band index
and the direction in the BZ, as
-
s

re

-

can

W̃m
k̂ ~E!5

( pWm~p!d~ k̂•p̂21!d@E2Em~p!#

( pd~ k̂•p̂21!d@E2Em~p!#

, ~13!

wherep̂ andk̂ represent unit vectors in the direction ofp and
k, respectively. The denominator equals the number
crossings22 of the valueE by the constant energy surface
the bandm along the vectork̂. The explicit energy depen
dence offered byW̃ is sometimes more illuminating, and i
our case it also enables direct comparison of the rates a
different directions in the BZ.

IV. DIRECTIONAL POP SCATTERING RATES

Based on the acceleration theorem,19 carriers in a band
under an electric fieldF obey the relationeF5\ k̇. That is,
carriers follow the trajectory along the field direction in th
reciprocal space until a scattering event takes place,
dominant one being POP scattering in GaN due to its h
ionicity.4 Note that, the scattering rate formulation in th
previous section does not address an electric field. Ind
Bardeen and Shockley23 have asserted that, acceleration
electrons by a uniform applied field, and scattering by latt
vibrations or imperfections are independent processes
showing that although the details of the transition may
altered by the electric field, the final expressions for the sc
tering rate are independent of the field.24,25 Accordingly, we
trace the POP scattering rate of CB electrons along the h
symmetry directions, starting from CB minimum (G1) until
half of the corresponding reciprocal lattice vector~RLV!
along the linesG-M , G-K, and G-A, as well as along the
G-U3,min direction as this route connects the lowest tw
minima in the CB.26 The trajectories alongG-K and
G-U3,min require longer RLVs and extend beyond the fi
BZ boundary. Another technical detail here is that EPM
bels the bands by sorting their energies at eachk point, re-
gardless of the actual continuation of the bands beyond
band crossings.27 This point is particularly important for the
band along theG-K direction. For such crossing bands, w
compare the values of the overlap parameterDm8,m , given
by Eqs.~7!, ~8! and determine which way the band actua
continues. Further details about the implementation of
computation are given in the Appendix. A rewarding use
the overlap test is along theG-A direction, which reveals tha
there is actually a BZ folding at theA point. This is due to
four-layer stacking of the gallium and nitrogen atoms alo
the c axis.29 So, an electron from thelower CB reaching the
BZ boundary (k5 ẑp/c) continues, in the reduced ban
scheme, to theupper band, starting from the point2 ẑp/c.
The Bloch oscillation cycle and the BZ folding effect a
illustrated in Fig. 3. Hence, in tracing the scattering ra
along this direction, we take this fact into account and follo
the extended trajectoryG1-A2G3, corresponding to seg
ments 122 in Fig. 3. The presence of the BZ folding mod
fies the POP scattering rates as the valley along theG-A
direction is now mapped back toG point ~i.e., G3 valley!,
which somewhat increases the scattering rate to this va
from directions such asG-M , due to a smaller required pho
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non wave vector compared to an unfolded-BZ case, enh
ing the electron-phonon coupling@see Eqs.~9!, ~10!#.

We use the following data for the GaN phonons:28,21

\vz566.08 meV, \vzL591.13 meV, \v'569.55 meV,

FIG. 3. Illustration of the BZ folding along theG-A direction,
showing the lowest ‘‘two’’ CB. The Bloch oscillation cycle follow
ing the sequence 1-2-3-4 in the folded BZ, corresponds to
28-38-4 in the unfolded case.
c-

\v'L592.12 meV. As the LO-like optical phonon energi
are more than 3.5 times the thermal energy at room temp
ture (;25 meV!, the corresponding phonon occupatio
probability, nj ,q becomes negligible up to room temper
tures; by the same token, POP absorption processes wi
quite insignificant. So, we can essentially setnj ,q[0 in Eq.
~6! and drop the temperature parameter from our anal
and focus on POP emission only. Also, we usee'

`5ez
`

55.29; these high-frequency dielectric permittivities are d
to electronic polarization and for GaN they are usually
sumed to be isotropic,28,21unlike the anisotropicstaticcoun-
terparts having the ionic contributions as well. Figure 4 d
plays the LO-like and TO-like POP scattering rates along
chosen directions. The TO-like polar scattering branch i
hallmark of the WZ structure, but was not studied thoroug
over the full BZ. Here, we observe for WZ GaN that th
TO-like rate is more than two orders of magnitude wea
than the LO-like mode over the whole extend of the BZ a
for all four directions considered. It was recently sugges
within low-energy effective mass approximation that thecu-
bic POP coupling constant is highly sufficient for the W
GaN.21 We have verified this by settingvz→v' and vzL
→v'L and the deviation from the LO-like results~not
shown! was found to be typically less than 5% througho

-

overlaps

FIG. 4. Scattering rate versus wave vector~in units of 2p/a) along the directionsG-M , G-K, G1-A-G3 , G-U3,min computed till half of

the corresponding RLV; results apply up to room temperature. The dashed lines indicate the LO-like rates when the cell-periodic
are taken to be unity.
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the considered directions in Fig. 4; the deviation is somew
higher around the CB edge for theG-A direction.

To see the effects of the symmetry~i.e., cell-periodic parts
of the participating wave functions!, we have repeated th
same computation by setting the overlap parameterDm8,m to
unity, the results being shown in Fig. 4 by the dashed lin
Note that around the vicinity of the CB minimum this a
proximation can be employed, however, remarkable de
tion takes place as soon as the energy level reachesU3,min
valley, leading to overestimation of the scattering to this v
ley. To further illustrate this point, in Fig. 5~a! we compare
the overlap parameter between theU3,min point and any point
along theG-A andG-M directions. The primary purpose o
this figure is to show that the actual overlap withU3,min point

FIG. 5. The overlap parameterDm8,m , variation with the final-
state point fixed at theU3,min point. ~a! The horizontal axis repre
sents the initial-state points belonging to lowest CB lying along
G-M and G1-A-G3 directions. The interval between the dash
lines corresponds to energies where POP scattering toU3,min valley
is not allowed.~b! Three-dimensional plot of the overlap parame
variation, with the final-state point again chosen at theU3,min point.
The spherical angles of each data point correspond to those o
initial-state wave vector, and the radial distance gives the resu
overlap square.
at

s.

-

l-

is much less than unity. The interval between the das
lines corresponds to energies where POP scattering toU3,min

valley is not allowed. Still retaining the final electron state
the U3,min point, we now scan over all initial electron state
that can be scattered toU3,min point via an LO-like POP
emission process. Figure 5~b! shows the resultant overla
parameter variation over the spherical angles defining
initial state of the electron. It is seen that the overlap para
eter and hence the scattering rate toU3,min point from G-M
direction is about 1.5 times higher than that of theG-A di-
rection.

From an alternative perspective, Fig. 6 displays the s
tering rate expressions versus energy using Eq.~13!. When
the energy of theM1 satellite valley is reached at 1.87 eV
theaveragescattering rate suddenly drops as electrons at
bottom of this valley contribute very little to POP scatterin
rate, limited to intervalley scattering with large phonon wa
vectors. However, when the energy is increased furthe
allow the electrons inM1 valley to haveintravalley scatter-
ing, the rate rapidly rises. Also note that the carriers in
M1 valley do not undergo an intervalley scattering to t
U3,min valley due to symmetry reasons, as displayed on
far left part of Fig. 5~a!. In Fig. 6, we also show the POP
scattering rate based on the isotropic parabolic band mo
which only agrees well within;0.4 eV range of the CB
minimum.

For comparison purposes, we further include an estim
for the nonpolar LO deformation potential scattering ra
given at zero-temperature by2 W(E)5pDLO

2 N(E
2\vLO)/rvLO , wherer is the mass density~taken as 6.1
g/cm3) andDLO is the LO deformation potential field.N() is
the single-spin DOS pervolumewhich can be obtained from
that given in Fig. 2 by noting that the corresponding ‘‘vo
ume’’ of an atom isa2cA3/8. We also ignore the nonpola
scattering due to other phonon polarizations and branc
and use anoverall value for the deformation potential as 109

eV/cm, which applies to GaAs intervalley transitions. T
resultant nonpolar rate is seen to be well below the POP

e

r

he
nt

FIG. 6. Scattering rate versus energy, comparing the LO-
POP rates with the nonpolar deformation potential scattering;
sults apply up to room temperature. The energy reference is ch
to be at the CB minimum. The dashed lines correspond to the
like rates when the cell-periodic overlaps are taken to be unity.
dotted line shows the cubic isotropic parabolic POP rate.
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over a great portion of the energies of the lowest CB. Ho
ever, a strict quantitative comparison is not very reliab
given the gross uncertainity in the deformation potential fi
values for GaN and the simplistic treatment used here for
deformation potential scattering.

V. IMPLICATIONS ON BLOCH OSCILLATIONS AND
NEGATIVE DIFFERENTIAL CONDUCTIVITY

A. Bloch oscillations

Our investigation of the full-band directional scatterin
analysis in GaN leads to some implications about the Bl
oscillations and the negative differential conductivit
Though, in superlattices these Bloch oscillations were
served through optical experiments~for a review see, e.g.
Ref. 30!, it is yet to be seen in transport experiments31 and in
bulk semiconductors. The existence of Bloch oscillations
possible in a window of electric fields, limited from belo
by the scattering mechanisms, breaking the phase memo
the participating electrons, and from above by the escap
the electron to other bands or the breakdown of the mate
by Zener or impact ionization mechanisms. Our work h
can only address the lower limit set on the electric field
the dominant scattering mechanism, this being the L
phonon emission up to room temperatures. As for the bre
down voltage, wide bandgap semiconductors, such as III
trides ~such as GaN! presumably offer higher breakdow
values, tempting further research in this direction.3

Bloch oscillation corresponds to the traversal of an el
tron along a RLV from one reciprocal lattice point to anoth
forming a repetitive motion. Strictly speaking this regim
requires the applied electric field direction to coincide with
RLV. Under these circumstances, if the magnitude of
shortest RLV along the field direction isuGu, then the Bloch
angular frequency simply follows from the acceleration the
rem asvB52peF/\uGu. For the case of the WZ crystal, th
two shortest RLVs are alongG-M andG-A directions with
the magnitudes 4p/aA3 and 2p/c, respectively. However
for the G-A direction, twice this value~hence 4p/c) needs
to be considered due to BZ folding effect~see Fig. 3!.

The criterion for the observation of Bloch oscillation
shows some variation over the literature.19,30,32–36A common
expression19,30,32is vBt.1, which is based on the fact tha
the associated Wannier-Stark level spacing\vB being
greater than the level broadening,\/t due to scattering,
wheret is the ~maximum! scattering time within the band
Instead, von Plessenet al.33 suggest\/t to be replaced by
Ghom52\/t, which is the homogeneous linewidth related
scattering timet. A rather more strict criterion put forward
by Esaki and Tsu isvBt.2p, which requires the electron t
complete one cycle in the BZ before undergoing a scatte
event.34 If we adopt this last criterion by Esaki and Tsu, th
the threshold field for the onset of the the Bloch oscillatio
turns out to be well above 10 MV/cm, which cannot be
tained due to the dielectric breakdown of the material.

B. Negative differential conductivity

A precursor of Bloch oscillations is the negative differe
tial conductivity ~NDC! at lower fields. There have alread
-
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been several predictions of NDC in GaN~Refs. 37–
39,18,40! at field levels of around 150 kV/cm, all bein
based on the transfer of electrons to upper valleys, wh
was also experimentally verified with reasonab
agreement.41 On the other hand, the NDC that here we re
to, is driven by the band structure’s negative effective m
part beyond the inflection point of its dispersion curve,
idea that goes back to Kro¨mer.42 Esaki and Tsu have late
discussed this mechanism of NDC for the case
superlattices.34 For this reason, it can be distinguished as t
Krömer-Esaki-Tsu NDC. Recently, the possibility of th
mechanism over the valley transfer one was advocated
the case ofcubic GaN.43

The dependence of drift velocity on the applied elect
field can easily be estimated by the simple approach use
Esaki and Tsu for superlattices.34 Hence, the average drif
velocity assuming a constant scattering timet is given by

vd5eF\22E
0

`]2EFld

]kFld
2

e2t/tdt, ~14!

where]2EFld /]kFld
2 is the curvature of the energy band di

gram along the applied field’s directionF, sampled at thek
point,kFld(t)5eFt/\, for an electron originating from theG
point. For the scattering timet in this equation, we use the
value given by themaximumscattering rate in Fig. 4 in eac
direction. Figure 7 shows the corresponding drift veloc
dependence on the electric field. The different low-field m
bilities are the artifact of using the maximum scattering r
of each direction throughout the band. Actually, this lo
field part of the drift velocity is governed by the momentu
relaxation time, and of course, it is not described correctly
the Esaki-Tsu formula Eq.~14!. However, the concept o
momentum relaxation time refers to a distribution of pa
ticles and is not relevant in the present context of high-fi
transport which is to do with the probability of avoidin
collision and hence with the bare scattering time. With t
reservation, Esaki-Tsu formula results are plotted for all
fields and therefore, only the high-field regime, above;1
MV/cm part should be considered. It is seen that the ND
has a significant dependence on the chosen direction of tr
port and needs high electric fields, above 2.3 MV/cm. A ve

FIG. 7. High-field drift velocity dependence along four differe
directions. TheG-M andG-A curves almost coincide.



ty
s

s
dr
e
h-
w

t
M
x

ha
ur
er

va
ns
er
g
th
.

ri-
ra-
the
n
Z
ex-

e
ut-

the

r
so-

PRB 62 15 761FULL-BAND POLAR OPTICAL PHONON SCATTERING . . .
recent experiment,44 measuring the steady-state drift veloci
in GaN has gone up to an electric field of 350 kV/cm. E
sentially a constant drift velocity of 23107 cm/s for fields
above 200 kV/cm has been extracted. Our preliminary e
mations in Fig. 7 suggest a substantial increase in the
velocity at field levels about a few MV/cm. This may hav
an important practical implication for GaN-based hig
power devices, so further experiments at such high fields
be very valuable to investigate this possibility.

VI. SUMMARY

In summary, we have obtained the band structure and
associated Bloch wave functions of WZ GaN using EP
paying due attention to CB properties in light of recent e
periments. The merits and flaws of this band structure can
assessed experimentally by verifying our resultant data c
acterizing the CB satellite valleys. Using this band struct
we analyzed the full-band LO-like and TO-like POP scatt
ing rates along several important directions in the BZ. W
have demonstrated the key roles played by the satellite
leys and the symmetry of the participating wave functio
More elaborate high-field transport calculations and exp
ments for bulk GaN will be very useful in further explorin
the NDC possibilities. Our rough estimation suggests
threshold field for NDC in WZ GaN to be about 2.3 MV/cm
th
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APPENDIX: COMPUTATION OF THE FULL-BAND
SCATTERING RATE

1. By direct integration

We compute the scattering rate given by Eq.~6! in two
alternative ways which agree with each other within nume
cal accuracy. The first approach is to follow a direct integ
tion of the rate expression. As the initial standard step,
summation ((k8) in this equation is converted to integratio
@V/(2p)3*d3k8#, the integration domain being the first B
which is hexagonal in WZ structures. We enclose this h
agonal BZ by a cylindrical box with radius 4p/3a and height
2p/c, and work in cylindrical coordinates for all the wav
vectors. We discard the regions of the cylinder that lies o
side the hexagonal BZ by inserting a functionQBZ , in the
integrand~see the expressions below!. In the rest of this sub-
section, we normalize all energies to atomic Rydbergs,
component of wave vectors in the hexagonal plane to 2p/a
and the component along thec axis ~which we choose to be
along thez axis! to 2p/c. With these manipulations and afte
applying the delta function property together with the as
ciated coupling coefficients@Eqs.~9!, ~10!#, Eq. ~6! becomes
Wm, LO-like
6 ~k!5

2aB

c E
0

2p

df8E
21/2

1/2

dkz8(
i

k' i8

q' i
2 1S a

cD 2

qzi
2
S nL,qi

1
1

2
6

1

2DQS 2

3
2k' i8 D

U ] f L

]k' i8
U QBZ~k' i8 ,f8!

Dm8,m~k i8 ,k!

VL~uqi
!

3F sin2uqi

S 1

e'
`

2
1

e'
0 D v'L

2

1
cos2uqi

S 1

ez
`

2
1

ez
0D vzL

2 G 21

, ~A1!

Wm,TO-like
6 ~k!5

2aB

c E
0

2p

df8E
21/2

1/2

dkz8(
i

k' i8

q' i
2 1S a

cD 2

qzi
2
S nT,qi

1
1

2
6

1

2DQS 2

3
2k' i8 D

U ] f T

]k' i8
U QBZ~k' i8 ,f8!

3
Dm8,m~k i8 ,k!~v'

2 2vz
2!2 sin2uqi

cos2uqi

VT~uqi
!@~e'

0 2e'
`!v'

2 cos2uqi
1~ez

02ez
`!vz

2 sin2uqi
#
, ~A2!
of
n

ity
n

whereaB is the atomic Bohr radius,k i8 with the correspond-
ing cylindrical components (k' i8 ,f8,kz8) is thei th zero of the
function f L,T5Em8(k8)2Em(k)6\VL,T and qi57(k i8
2k) mapped to first BZ;Q is the step~Heaviside! function
and QBZ is the function that yields 1~0! if k' i8 lies inside
~outside! the first hexagonal BZ. For the special cases of
initial-state electron wave vectork, we have certain simpli-
fications due to symmetry: ifkz[0, then *21/2

1/2 dkz8
e

→2*0
1/2dkz8 , and if k[ ẑkz , then*0

2pdf8→12*0
p/6df8.

The computational bottleneck lies in finding the zeros
the function f L,T . Here, we employ the linear tetrahedro
interpolation of the band energies.45 For this purpose, we
store the CB energies by sampling the irreducible BZ~IBZ!
with 22 050 data points, giving more emphasis to the vicin
of the G point. The cell-periodic Bloch overlap functio
Dm8,m is smoother~see Fig. 5!, and a 910-point final-state
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sampling over the IBZ is used. Note thatDm8,m does not
require the phase information of the final state and only I
is sufficient for tabulating this function, whereas in Mon
Carlo simulations the correct phase in other portions of
BZ needs to be generated to trace each particle.46,27 Finally,
we include the lowest four CB for the summation over t
final-state bandsm8 in Eq. ~6!. Actually only two bands are
sufficient for all the considered directions but theG-K direc-
tion, which goes up in energy after a band crossing~see Fig.
1!.

2. By the Lehmann-Taut technique

The first approach utilizes the division of the IBZ in
small tetrahedra simply for the interpolation of the ener
and overlap parameters. Alternatively, using this infrastr
ture, the tetrahedron integration technique of Lehmann
Taut45 can be applied for the overall computation of the sc
tering rate. For this purpose, Eq.~6! can be put into the form

Wj ,m
6 ~k!5(

m8
E

S
dS

Ŵj ,m8
6

~k8!

u¹k8Em8k8u
, ~A3!
o
-

in
,

an

p

g,

la

.

.

d

B

e

y
-
d
-

where

Ŵj ,m8
6

~k8!5
2p

\

V

~2p!3
Dm8,m~k8,k!uCj~q!u2S nj ,q1

1

2
6

1

2D .

~A4!

The integration is over the surfaceSdescribed by the energ
conservation relation of one-phonon-emission–absorp
process,Em8(k8)5Em(k)7\v j ,q . Equation~A3! is in the
form for which Lehmann-Taut algorithm45 is directly appli-
cable. Accordingly, the IBZ is divided into fine tetrahedr
the grid sizes for the storage of energy and overlap par
eters are given in the previous subsection. However,

quantityŴj ,m8
6 (k8) needs much finer tetrahedra~about half a

million! but need not be stored in the memory as it can
very easily calculated in real time. We have observed
Lehmann-Taut technique to be much more robust and c
putationally efficient than the previously explained direct
tegration approach.
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