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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 Ala Hall mobility was never calculated, and other scattering
and In, have received much attention over the past fewnechanisms were included only approximately. Very re-
years because of several new applications, including blueently, Weimanret al. [14] employed P6doér's relaxation
light-emitting diodes (LEDSs), blue laser diodes (LDs) [1], rate (without any energy averaging) to obtain a mobility,
and high-power microwave transistors [2]. However, oneand then compared their results with detaifeds carrier
of the biggest problems to overcome has been the lackoncentratiom: data, at various values ofs;;. The qual-
of a lattice-matched substrate, since bulk GaN is verytative agreement was quite good, although quantitative
difficult to grow in large sizes. So far, the substrateagreement with hampered by the approximate nature of
of choice has been sapphif@l,0s;), which has a 14% the mobility calculation and the fact that different samples
lattice-size mismatch and a 34% mismatch in the thermalvere involved for each combination efand Ng;s. Also,
expansion coefficient. Thus, epitaxial growth of (0001)Ng et al. [15] have done an analysis @f vs T on one of
GaN on ALO; leads to high concentrations (typically the samples from this same group, but, again, they used a
10°-10"" cm™2) of threading edge and screw dislocationsvery approximate expression far. These efforts have
which traverse vertically from the Gall,Os interface  demonstrated, for the first time, that high dislocation densi-
to the GaN surface [3-5]. It is astounding to mostties can indeed directly affect mobility in GaN. However,
observers that optical devices such as LEDs and LDs wilthey lack the theoretical rigor necessary for a quantitative
work with such a high dislocation densit¥g;s) since, in  assessment. In this work, we begin with the Bonch-
GaAs-based LDs, a value of;; = 10* cm 2 is usually ~ Bruevich potential, and develop an accurate mobility
sufficient to prevent laser action [5]. The most commontheory, including all relevant scattering mechanisms,
explanation advanced to explain this phenomenon is thatithin the framework of the Boltzmann transport equa-
threading dislocations in GaN must not have electronidgion. We then apply this theory to temperature-dependent
states in the band gap, and, indeed, a recent theoretical and n data for two, well-characterized G#NI,O;
calculation of a full-core dislocation structure seems tosamples 4 and B) grown by a group at the University
bear out this fact [6]. However, other calculations indicateof Santa Barbara, and recently discussed in the literature
that dislocations may well be charged; e.g.,rftype  [3,10]. We obtain very good fits ta vs T and u vs T
GaN, Ga vacancies [7,8] in the core, or Ga vacanciefor both sampleswith no arbitrary parametersgxcept
complexed with oxygen [9], should have acceptor naturefor the bulk donor concentrations and energies, and the
Indeed, the existence of such acceptor states seerdsslocation densities. Moreover, our model predicts the
quite plausible, since many observers note an inverseame dislocation densities as those which were measured
correlation betweem andNg;s [10]. Thus, there is some earlier by transmission electron microscopy [3,10]. This
uncertainty over this issue. Recent scanning capacitantbeory also helps to resolve several other paradoxes in
microscopy imaging of threading dislocations shows thatGaN research: (1) A mobility decrease, instead of the
negative charge exists near the dislocations, which couldxpected increase, at low valuesmfl4—16]; (2) higher
indicate acceptorlike traps [11]. (instead of lower) mobility with higher Si doping [17];

Many years ago, Bonch-Bruevich and Glasko calculate@nd (3) generally lower mobilities in GaN layers grown
the potential due to a vertical line charge as seen by eledy molecular beam epitaxy (MBE) than in those grown
trons moving perpendicular to this line [12]. Later, P6d6rby metal-organic chemical vapor deposition (MOCVD) or
[13] calculated the momentum relaxation rate arisinghydride vapor phase epitaxy (HVPE).
from this potential, and obtained a mobility (apparently a The screened potential energy at a large distance from
“drift” mobility) after averaging over energy. However, a charged dislocation line was given by Bonch-Bruevich
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wheree is the electronic charge, is the lattice parameter where (277)? is the density of states in two-dimensional

along the (0001) directiong is the static dielectric & space,d; is the angle betweek, and %’l, E is the
constantk| is a zero-order modified Bessel function, andelectron energE = h%k>/2m*), and the factor(1 —

and Glasko [12] as

S(k) =

V(r) =

A is the screening parameter, given by cosf;) is an average ovef,, necessary to determine
ekgT\/2 the momentum relaxation rate. Tléefunction requires
A= ( 2 ) (2) thatk, = k|, so thatg®> = 2k7 (1 — cosfy), and also

_ . ~dk|, = K\ dbydk', = (m*/F?d6; dE. This integral can
Here, kg is Boltzmann’s constant, and is the effective  pe calculated exactly, and then can be inverted to give a
screening concentration, which may involve both freerg|axation time,

carriers, and bound catrriers, Be2c? (1 + 422k2 )2

Wo=n 4+ NO[L = (4 NO/ND]. (3) Tastk) = e A ®)

where Np 'and Ny are the bulk donor and _acceptor g jg precisely the result obtained by P6dor [13], who
concentrations (not involving acceptors on dlslocatlons)then carried out an unspecified average over energy
The dislocation acceptors will remove electrons from theand obtained a drift mobilityuag, = CT32/A. In his ’
. . . 1S .
donors, and thls fact must be included in the Charge\'/vork, Mdis was roughly combined with the lattice mobil-
balance gquatlon. If the acceptors are formed by Gﬁy by use of Matthiessen’s Ruléw ! = Mc?l n Ml—l)
ar‘][oms bﬁ";)g removed from trégvdlsilocatlon corz [7.8], the nd then compared with experiment (not inl\s/olvingatCtSaN)
there will be one Ga vacandyg,) per c-axis distance . . ) 5. :
(5.185 A in GaN). (Of course, Hg,-Oy complex [9], in Weimannet al. [14] evidently approximated in Eq. (8)

* 2 . = e Im*
place of each/g,, would hold equally as well.) If each by 2mkT /1%, 0 getrais(k), then Setugis = e7ais/m”,

Vo contains one neqative charge. then the charge balanagd finally applied Matthiessen’s Rule to obtain a satis-
Ga = Y 9¢, 9 ?actory fit to GaN literature data, at least qualitatively.
equation can be written as

Ng et al. [15] used P&dor's approximate drift mobility,
Np @ wais = CT*2/), and also employed Matthiessen’s Rule
1+ n/¢p’ to fit their data. The results of Weimaret al. and Ng

et al. clearly demonstrate that dislocation scattering must
where ¢ = [(go/g1)Nc expla /kg)1T3/> exp(—Ep /kT). (ﬁe included in mobility analysis whemNg, = 108 cm™2;

Here go and g; are the degeneracies of the unoccupied, g yever, their analyses are only semiquantitative, and the
and occupied donor states, respectivély, is the effec-

. ) ’ effects of the various approximations are not clear. For
tive condgctlpn-band density of states7at= 1 K, Eno example, the use of the drift mobility, instead of the Hall
Is the activation energy of the donor At=0, ande IS hjlity can cause a 70% error in sampite discussed
the temperature coefficient defined By = Epo — aT.  pejow, Also, the use of Matthiessen’s Rule can easily
The quantity Ny, is the arreal concentration(m=2) of

X ) . ; cause a factor of 2 error. Thus, a more rigorous analysis
threading edge dislocations, ard;/c is the volume ¢ y

. ¢ is required to prove the scattering power of dislocations
(m~3) concentration of the associated acceptors. If th(?-n qN P gp

acceptors have a charge larger than unity, then the fitted '
Nyis Will be larger than the actual dislocation density. 5x10"

n + Ny + Ngs/c =

The scattering due to dislocation-line charges is two di-
mensional, because only electrons moving perpendicular W
to the dislocation will be scattered. Thus, the relevant 2x10
scattering wave vector i§ = k', — k., wherek is the o
incoming wave vector and is the outgoing. The Fourier “e 10
transform of the scattering potential is %5x1016

s 2 62/\2 )

A(g) = f f Ko(x)e 1Axcs0 x4 dx , (5)

o Jo 2mec 2x10" 036 91215
where x = r/A. It turns out that, to an excellent " n (10" cm®)
approximation, %% 100 200 300

2)2 T(K
AQ =1 ©®) o
ec(l + g*A%) FIG. 1. Hall concentration vs temperature for sampleand

s o — . B. The solid lines are theoretical fits to the data. The inset
whereg® = |k, — k.| The scattering rate for electrons jjiystrates the dependence of mobility on carrier concentration
of wave vectork is then given by for the casaVg, = 2 X 10 cm™2.
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1250 band.) The values ofui, are given by the data at
the lowest temperature (11 K)u;, = 27 cm?/Vs for
1000 sampleA and 11 cn?/V's for sampleB. No distinction
N is made between Hall and drift mobilities for the impurity
2 750 band, since we are only roughly modeling this region
e anyway, and it is further assumed that these mobilities are
&lI 500 temperature independent, since the data of Fig. 2 clearly
< show this to be the case fat < 20 K, and the data of
250 Fig. 1 show that impurity-band conduction rapidly loses
importance forT > 50 K. Thus, althoughu;, probably
0 has a temperature dependence above 20 K, it does not
0 100 200 300 produce a critical effect on the overall fitting parameters,
which are mainly determined by the higher-temperature
T(K) data. The fits of Egs. (9) and (10) to tevs T and
FIG. 2. Hall mobility vs temperature for samplasand B. w vs T data fc_)r sampled and B are ShO_W” in FIg_S. 1_
The solid lines are theoretical fits to the data. and 2. The fits are very good, especially considering

that the only fitting parameters are the sample-dependent

In this work, we have used the Boltzmann transporf®™MS:Np, Ep, and Nais. Note thatN, is not a fitting

equation (BTE), solved by Rode’s iterative method [18],Parameter, since we have assumgd= ni,. The fitting
to obtain an accurate solution of the Hall mobility. Parameters are given in Table I Secondary ion mass

The BTE is solved at the magnetic field used in theSPectroscopy (SIMS) [22] data for sampleshows C at
1 X 107 cm™3 level and Si at a1-4) x 107 ¢cm™3

experiment (5 kG). The charge-balance equation, Eq. (4}, . . . ) .
must be solved simultaneously with the BTE sincés a evel. Thus, it IS quite pos_S|bIe that C is the residual
function of 2. The various scattering potentials included 2cCeptor and Si is the residual donor. (Unfortunately,
in the analysis are optical mode (polar), acoustical mod@ccurate SIMS data could not be obtained for sansple
(deformation and piezoelectric), and screened coulomBecause of a rough surface.) Also, the donor energies
(dislocations and point defects and impurities). All of 10F SamplesA and B are reasonable for their respective
the parameters for these terms come from the literaturEoncentrations. The values §f;s are dependent upon the
(see Ref. [19]) except for the obvious sample-dependeﬁype of screening assumed, ie., elt/her free carriers alone
parametersNp, Na, Ep, andNg;.. The data are presented (n) or both free and bound carriets’). An assumption

in Figs. 1 and 2. Impurity-band effects are obvious at thé?f freé carriers alone leads to almost exact agreement

lower temperatures, and are modeled by a simple, twoWith the values oiVy;; measured by transmission electron

band approximation [20] microscopy (TEM) [10], whereas an assumption of free-
’ plus-bound carriers gives somewhat higher values. Note,

2
Riwo-band = (npq + ”“"““’)2 , (9) however, that in either case, the rafi;;(B)/Nais(A) is
npapE + RipUip the same as the TEM-measured ratio. Thus, our theory is
2 in excellent agreement with independent TEM data, and
htvooband = npapH T+ NibMib 7 (10) clearly demonstrates that threading edge dislocations in

npq + Rip Rib GaN are charged.
where uy and u, are the conduction-band (cb) Hall A paradox explained by the model here is the obser-
and drift mobilities, respectivelyu;y is the impurity-  vation by many groups that mobilittecreasesas n de-
band (ib) mobility,n is the cb electron concentration, and creases below a concentration of abo0t’—10'8 cm™3;
niy, = N4. Here, the unoccupied levels (of approximatei.e., u vsn goes through a maximum [14—16], in contrast
concentrationN,) in the donor band may be thought to the behavior in most other semiconductors, in which
of as the carriers, following Mott [21], since the empty continues to rise as falls. The reason for this, as already
levels are far fewer than the filled levels, especiallypointed out by Weimanet al. [14] and by Nget al. [15],
at low temperatures where ib conduction is importantis that dislocation scattering is strongly screened, as may
(Note that the conduction vanishes in a totally filledbe noted from the\(n) variation in Eq. (8). Thus, below

TABLE |. Hall-effect fitting parameters for samplésand B compared with TEM results.

Sample Screening Np (cm™) Ny (cm™) Ep (meV) Ngis (cm™2) Ngis (TEM) (cm™?)
A n 3.1 X 10" 1.0 x 10" 12 42 % 108 4 % 108
n' 3.2 x 107 1.0 X 107 12 7.9 X 108
B n 13.5 x 10V 1.4 x 107 1 2.3 X 10'0 2 X 1010
n' 16.6 X 1077 1.4 x 10V 1 3.5 X 10

1239



VOLUME 82, NUMBER 6 PHYSICAL REVIEW LETTERS 8 EBRUARY 1999

a certainn, dislocation scattering dominates, while above [2] R.J. Trew, M. W. Shin, and V. Gatto, Solid State Electron.
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MOCVD and HVPE mobilities have been correlated with J.S. Speck, U. K. Mishra, and S. P. DenBaars, Appl. Phys.

low (<5 X 108 cm™2) Ngis, while some of the best MBE Lett. 68, 1525 (1996).

mobilities (300-400 cn/V s) [15] are from samples with 11} p_J. Hansen, Y.E. Strausser, A.N. Erickson, E.J. Tarsa,
Ngis > 5 X 10° cm 2. Thus, we believe that the most P. Kozodoy, E.G. Brazel, J.P. Ibbetson, U. Mishra, V.
likely reason that mobilities are typically lower in MBE Narayanamurti, S.P. DenBaars, and J.S. Speck, Appl.
GaN layers is thaNy;, is generally higher in those layers, Phys. Lett.72, 2247 (1998).

probably due to the lower growth temperatures used in thE2] V.L. Bonch-Bruevich and V.B. Glasko, Fiz. Tverd. Tela
MBE process. 3, 36 (1966).

In conclusion, we have developed an accurate moddf3] B. P6dor, Phys. Status Solidl6, K167 (1966). _
for charged dislocation scattering in GaN, and havdl4l N-G. Weimann, L.F. Eastman, D. Doppalapudi, H.M.
applied it to temperature-dependent mobility and electron[—ls] Hgl’vlanl?l T B : “SSUSZI;&E’ d\i]' éppsl.irfhhmés d65'|§ Iglgl?/lggﬁs-
concentration data for two samples, with low and high™™" .\ - l\%étef Repsp SCE)C éym'p P?ofész 507 (i998)'
dislocation densities, respectively. The model fits the |\ Ng, D. Do.ppala.pudi, T.D. Moustakas, N G.
data remarkably well over the full temperature range for  \yeimann, and L.F. Eastman, Appl. Phys. L&tg, 821
both samples, and thus appears to have general validity. (1998).
Furthermore, it can help to resolve several paradoxes i[16] C-Y. Hwang, M.J. Schurman, W.E. Mayo, Y-C. Lu,
the GaN literature. R.A. Stall, and T. Salagaj, J. Electron. Mat@6, 243
We thank J. Speck for many helpful discussions and  (1997).
suggestions, especially during the initial phases of thi$l7] I-H. Lee, I-H. Choi, C-R. Lee, S-J. Son, J-Y. Leem, and
work. We also thank D. Scales for preparation of the  S-K.Noh, J. Cryst. Growti182 314 (1997).
manuscript. D.C.L. was supported under U.S. Air Forcd18] D.L. Rode, Semicond. Semiméi0, 1 (1975).
Contract No. F33615-95-C-1619, and all of his work wasl!®l D:C. Look, J.R. Sizelove, S. Keller, Y.F. Wu, U.K.

performed at the Air Force Research Laboratory, Wright- g/l;h(rféga?r;d S.P. DenBaars, Solid State CommiG2,

Patterson Air Force Base, Ohio. Also, partial suppor 20] D.C. Look and R.J. Molnar, Appl. Phys. Le®0, 3377

was received from the Air Force Office of Scientific (1997).
Research. [21] N.F. Mott and W.D. Twose, Adv. Phys10, 107
(1961).

[22] Charles Evans and Associates, Redwood City, CA 94063.
[1] S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa[23] D.C. Look, D.C. Reynolds, J. W. Hemsky, J.R. Sizelove,
T. Yamada, T. Matsushita, H. Kiyoku, Y. Sugimoto, R.L. Jones, and R.J. Molnar, Phys. Rev. L&9, 2273
T. Kozaki, H. Umemoto, M. Sano, and K. Chocho, Appl. (1997).
Phys. Lett.72, 211 (1998).

1240



	Dislocation Scattering in GaN
	Repository Citation

	tmp.1350592596.pdf.P1P2f

