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Dislocation Scattering in GaN

D. C. Look
Semiconductor Research Center, Wright State University, Dayton, Ohio 45435

J. R. Sizelove
Air Force Research Laboratory, Wright-Patterson Air Force Base, Dayton, Ohio 45433

(Received 4 September 1998)

A theory of charged-dislocation-line scattering is developed within the framework of the Boltzmann
transport equation. A fit of the theory to temperature-dependent Hall-effect data in GaN gives
dislocation densities which are in excellent agreement with those measured by transmission electron
microscopy. This work shows that threading edge dislocations in GaN indeed are electrically active, in
agreement with recent theoretical predictions. [S0031-9007(98)08378-1]

PACS numbers: 72.20.Fr, 61.72.Lk, 71.55.Eq

GaN, and its related ternary compounds involving Al
and In, have received much attention over the past few
years because of several new applications, including blue
light-emitting diodes (LEDs), blue laser diodes (LDs) [1],
and high-power microwave transistors [2]. However, one
of the biggest problems to overcome has been the lack
of a lattice-matched substrate, since bulk GaN is very
difficult to grow in large sizes. So far, the substrate
of choice has been sapphiresAl 2O3d, which has a 14%
lattice-size mismatch and a 34% mismatch in the thermal
expansion coefficient. Thus, epitaxial growth of (0001)
GaN on Al2O3 leads to high concentrations (typically
109 1011 cm22) of threading edge and screw dislocations
which traverse vertically from the GaNyAl 2O3 interface
to the GaN surface [3–5]. It is astounding to most
observers that optical devices such as LEDs and LDs will
work with such a high dislocation densitysNdisd since, in
GaAs-based LDs, a value ofNdis ­ 104 cm22 is usually
sufficient to prevent laser action [5]. The most common
explanation advanced to explain this phenomenon is that
threading dislocations in GaN must not have electronic
states in the band gap, and, indeed, a recent theoretical
calculation of a full-core dislocation structure seems to
bear out this fact [6]. However, other calculations indicate
that dislocations may well be charged; e.g., inn-type
GaN, Ga vacancies [7,8] in the core, or Ga vacancies
complexed with oxygen [9], should have acceptor nature.
Indeed, the existence of such acceptor states seems
quite plausible, since many observers note an inverse
correlation betweenm andNdis [10]. Thus, there is some
uncertainty over this issue. Recent scanning capacitance
microscopy imaging of threading dislocations shows that
negative charge exists near the dislocations, which could
indicate acceptorlike traps [11].

Many years ago, Bonch-Bruevich and Glasko calculated
the potential due to a vertical line charge as seen by elec-
trons moving perpendicular to this line [12]. Later, Pödör
[13] calculated the momentum relaxation rate arising
from this potential, and obtained a mobility (apparently a
“drift” mobility) after averaging over energy. However,

a Hall mobility was never calculated, and other scattering
mechanisms were included only approximately. Very re-
cently, Weimannet al. [14] employed Pödör’s relaxation
rate (without any energy averaging) to obtain a mobility,
and then compared their results with detailedm vs carrier
concentrationn data, at various values ofNdis. The qual-
itative agreement was quite good, although quantitative
agreement with hampered by the approximate nature of
the mobility calculation and the fact that different samples
were involved for each combination ofn andNdis. Also,
Ng et al. [15] have done an analysis ofm vs T on one of
the samples from this same group, but, again, they used a
very approximate expression form. These efforts have
demonstrated, for the first time, that high dislocation densi-
ties can indeed directly affect mobility in GaN. However,
they lack the theoretical rigor necessary for a quantitative
assessment. In this work, we begin with the Bonch-
Bruevich potential, and develop an accurate mobility
theory, including all relevant scattering mechanisms,
within the framework of the Boltzmann transport equa-
tion. We then apply this theory to temperature-dependent
m and n data for two, well-characterized GaNyAl 2O3
samples (A and B) grown by a group at the University
of Santa Barbara, and recently discussed in the literature
[3,10]. We obtain very good fits ton vs T and m vs T
for both sampleswith no arbitrary parameters,except
for the bulk donor concentrations and energies, and the
dislocation densities. Moreover, our model predicts the
same dislocation densities as those which were measured
earlier by transmission electron microscopy [3,10]. This
theory also helps to resolve several other paradoxes in
GaN research: (1) A mobility decrease, instead of the
expected increase, at low values ofn [14–16]; (2) higher
(instead of lower) mobility with higher Si doping [17];
and (3) generally lower mobilities in GaN layers grown
by molecular beam epitaxy (MBE) than in those grown
by metal-organic chemical vapor deposition (MOCVD) or
hydride vapor phase epitaxy (HVPE).

The screened potential energy at a large distance from
a charged dislocation line was given by Bonch-Bruevich
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and Glasko [12] as

V srd ­
e

2p´c
K0sryld , (1)

wheree is the electronic charge,c is the lattice parameter
along the (0001) direction,́ is the static dielectric
constant,K0 is a zero-order modified Bessel function, and
l is the screening parameter, given by

l ­

µ
´kBT
e2n0

∂1y2

. (2)

Here,kB is Boltzmann’s constant, andn0 is the effective
screening concentration, which may involve both free
carriers, and bound carriers,

n0 ­ n 1 sn 1 NAd f1 2 sn 1 NAdyNDg , (3)

where ND and NA are the bulk donor and acceptor
concentrations (not involving acceptors on dislocations).
The dislocation acceptors will remove electrons from the
donors, and this fact must be included in the charge-
balance equation. If the acceptors are formed by Ga
atoms being removed from the dislocation core [7,8], then
there will be one Ga vacancysVGad per c-axis distance
(5.185 Å in GaN). (Of course, aVGa-ON complex [9], in
place of eachVGa, would hold equally as well.) If each
VGa contains one negative charge, then the charge balance
equation can be written as

n 1 NA 1 Ndisyc ­
ND

1 1 nyf
, (4)

where f ­ fsg0yg1dN 0
C expsaykBdgT 3y2 exps2EDykT d.

Here g0 and g1 are the degeneracies of the unoccupied
and occupied donor states, respectively,N 0

C is the effec-
tive conduction-band density of states atT ­ 1 K, ED0
is the activation energy of the donor atT ­ 0, anda is
the temperature coefficient defined byED ­ ED0 2 aT .
The quantityNdis is the arreal concentrationsm22d of
threading edge dislocations, andNdisyc is the volume
sm23d concentration of the associated acceptors. If the
acceptors have a charge larger than unity, then the fitted
Ndis will be larger than the actual dislocation density.

The scattering due to dislocation-line charges is two di-
mensional, because only electrons moving perpendicular
to the dislocation will be scattered. Thus, the relevant
scattering wave vector isq ­ k

0
' 2 k', wherek is the

incoming wave vector andk
0
is the outgoing. The Fourier

transform of the scattering potential is

Asqd ­
Z `

0

Z 2p

0

e2l2

2p´c
K0sxde2iqlx cosux du dx , (5)

where x ­ ryl. It turns out that, to an excellent
approximation,

Asqd ­
e2l2

´cs1 1 q2l2d
, (6)

whereq2 ­ jk
0

' 2 k'j2. The scattering rate for electrons
of wave vectork is then given by

Sskd ­
1

s2pd2

2p

h̄

Z
A2sk, k

0d s1 2 cosukd

3 dsEk'
2 Ek

0

'
d dk

0
' , (7)

where s2pd2 is the density of states in two-dimensional
k space,uk is the angle betweenk' and k

0
', E is the

electron energysE ­ h̄2k2y2mpd, and the factors1 2

cosukd is an average overuk , necessary to determine
the momentum relaxation rate. Thed function requires
that k' ­ k0

', so thatq2 ­ 2k2
's1 2 cosukd, and also

dk
0

' ­ k0
' duk dk0

' ­ smpyh̄2dduk dE. This integral can
be calculated exactly, and then can be inverted to give a
relaxation time,

tdisskd ­
h̄3´2c2

Ndismpe4

s1 1 4l2k2
'd3y2

l4 . (8)

This is precisely the result obtained by Pödör [13], who
then carried out an unspecified average over energy,
and obtained a drift mobility,mdis ­ CT3y2yl. In his
work, mdis was roughly combined with the lattice mobil-
ity by use of Matthiessen’s Rulesm21 ­ m

21
dis 1 m

21
lattd

and then compared with experiment (not involving GaN).
Weimannet al. [14] evidently approximatedk2

' in Eq. (8)
by 2mpkTyh̄2, to get tdisskd, then setmdis ­ etdisymp,
and finally applied Matthiessen’s Rule to obtain a satis-
factory fit to GaN literature data, at least qualitatively.
Ng et al. [15] used Pödör’s approximate drift mobility,
mdis ­ CT3y2yl, and also employed Matthiessen’s Rule
to fit their data. The results of Weimannet al. and Ng
et al. clearly demonstrate that dislocation scattering must
be included in mobility analysis whenNdis * 108 cm22;
however, their analyses are only semiquantitative, and the
effects of the various approximations are not clear. For
example, the use of the drift mobility, instead of the Hall
mobility, can cause a 70% error in sampleB, discussed
below. Also, the use of Matthiessen’s Rule can easily
cause a factor of 2 error. Thus, a more rigorous analysis
is required to prove the scattering power of dislocations
in GaN.

FIG. 1. Hall concentration vs temperature for samplesA and
B. The solid lines are theoretical fits to the data. The inset
illustrates the dependence of mobility on carrier concentration
for the caseNdis ­ 2 3 1010 cm22.
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FIG. 2. Hall mobility vs temperature for samplesA and B.
The solid lines are theoretical fits to the data.

In this work, we have used the Boltzmann transport
equation (BTE), solved by Rode’s iterative method [18],
to obtain an accurate solution of the Hall mobility.
The BTE is solved at the magnetic field used in the
experiment (5 kG). The charge-balance equation, Eq. (4),
must be solved simultaneously with the BTE sincem is a
function of n. The various scattering potentials included
in the analysis are optical mode (polar), acoustical mode
(deformation and piezoelectric), and screened coulomb
(dislocations and point defects and impurities). All of
the parameters for these terms come from the literature
(see Ref. [19]) except for the obvious sample-dependent
parameters,ND , NA, ED , andNdis. The data are presented
in Figs. 1 and 2. Impurity-band effects are obvious at the
lower temperatures, and are modeled by a simple, two-
band approximation [20],

ntwo-band ­
snmd 1 nibmibd2

nmdmH 1 nibm
2
ib

, (9)

mtwo-band ­
nmdmH 1 nibm

2
ib

nmd 1 nibmib
, (10)

where mH and md are the conduction-band (cb) Hall
and drift mobilities, respectively,mib is the impurity-
band (ib) mobility,n is the cb electron concentration, and
nib ­ NA. Here, the unoccupied levels (of approximate
concentrationNA) in the donor band may be thought
of as the carriers, following Mott [21], since the empty
levels are far fewer than the filled levels, especially
at low temperatures where ib conduction is important.
(Note that the conduction vanishes in a totally filled

band.) The values ofmib are given by the data at
the lowest temperature (11 K);mib ­ 27 cm2yV s for
sampleA and 11 cm2yV s for sampleB. No distinction
is made between Hall and drift mobilities for the impurity
band, since we are only roughly modeling this region
anyway, and it is further assumed that these mobilities are
temperature independent, since the data of Fig. 2 clearly
show this to be the case forT , 20 K, and the data of
Fig. 1 show that impurity-band conduction rapidly loses
importance forT . 50 K. Thus, althoughmib probably
has a temperature dependence above 20 K, it does not
produce a critical effect on the overall fitting parameters,
which are mainly determined by the higher-temperature
data. The fits of Eqs. (9) and (10) to then vs T and
m vs T data for samplesA and B are shown in Figs. 1
and 2. The fits are very good, especially considering
that the only fitting parameters are the sample-dependent
terms: ND, ED , and Ndis. Note thatNA is not a fitting
parameter, since we have assumedNA ­ nib. The fitting
parameters are given in Table I. Secondary ion mass
spectroscopy (SIMS) [22] data for sampleA shows C at
a 1 3 1017 cm23 level and Si at as1 4d 3 1017 cm23

level. Thus, it is quite possible that C is the residual
acceptor and Si is the residual donor. (Unfortunately,
accurate SIMS data could not be obtained for sampleB,
because of a rough surface.) Also, the donor energies
for samplesA and B are reasonable for their respective
concentrations. The values ofNdis are dependent upon the
type of screening assumed, i.e., either free carriers alone
snd or both free and bound carrierssn0d. An assumption
of free carriers alone leads to almost exact agreement
with the values ofNdis measured by transmission electron
microscopy (TEM) [10], whereas an assumption of free-
plus-bound carriers gives somewhat higher values. Note,
however, that in either case, the ratioNdissBdyNdissAd is
the same as the TEM-measured ratio. Thus, our theory is
in excellent agreement with independent TEM data, and
clearly demonstrates that threading edge dislocations in
GaN are charged.

A paradox explained by the model here is the obser-
vation by many groups that mobilitydecreasesas n de-
creases below a concentration of about1017 1018 cm23;
i.e.,m vs n goes through a maximum [14–16], in contrast
to the behavior in most other semiconductors, in whichm

continues to rise asn falls. The reason for this, as already
pointed out by Weimannet al. [14] and by Nget al. [15],
is that dislocation scattering is strongly screened, as may
be noted from thelsnd variation in Eq. (8). Thus, below

TABLE I. Hall-effect fitting parameters for samplesA andB compared with TEM results.

Sample Screening ND scm23d NA scm23d ED (meV) Ndis scm22d Ndis sTEMd scm22d
A n 3.1 3 1017 1.0 3 1017 12 4.2 3 108 4 3 108

n0 3.2 3 1017 1.0 3 1017 12 7.9 3 108

B n 13.5 3 1017 1.4 3 1017 1 2.3 3 1010 2 3 1010

n0 16.6 3 1017 1.4 3 1017 1 3.5 3 1010
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a certainn, dislocation scattering dominates, while above
that value ofn, ionized-impurity (or defect) scattering
is more important. A related effect, also considered a
paradox, is that Si dopingincreasesm in low-m samples
[17]. Such phenomena are illustrated in the inset of Fig. 1
for a case in whichNdis ­ 2 3 1010 cm22, a typical
value for GaN grown by MBE [14,15]. Here,n is varied
in the model by changingND, as could be effected by Si
doping, andNA is set toNDy3, for purposes of illustration.
This curve well explains the data observed in Refs. [14–
16], and helps to resolve them vs n paradox.

Finally, we comment on the fact that mobilities in
MBE GaN are generally lower than those in MOCVD or
HPVE GaN. For example, there are very few reports of
ms300 Kd . 400 cm2yV s in MBE samples [15], whereas
values of 700 950 cm2yV s have been often reported
for MOCVD and HVPE layers [10,20,23]. These high
MOCVD and HVPE mobilities have been correlated with
low s,5 3 108 cm22d Ndis, while some of the best MBE
mobilitiess300 400 cm2yV sd [15] are from samples with
Ndis . 5 3 109 cm22. Thus, we believe that the most
likely reason that mobilities are typically lower in MBE
GaN layers is thatNdis is generally higher in those layers,
probably due to the lower growth temperatures used in the
MBE process.

In conclusion, we have developed an accurate model
for charged dislocation scattering in GaN, and have
applied it to temperature-dependent mobility and electron-
concentration data for two samples, with low and high
dislocation densities, respectively. The model fits the
data remarkably well over the full temperature range for
both samples, and thus appears to have general validity.
Furthermore, it can help to resolve several paradoxes in
the GaN literature.

We thank J. Speck for many helpful discussions and
suggestions, especially during the initial phases of this
work. We also thank D. Scales for preparation of the
manuscript. D. C. L. was supported under U.S. Air Force
Contract No. F33615-95-C-1619, and all of his work was
performed at the Air Force Research Laboratory, Wright-
Patterson Air Force Base, Ohio. Also, partial support
was received from the Air Force Office of Scientific
Research.
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