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Mobility in epitaxial GaN: Limitations of free-electron concentration due to dislocations
and compensation
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A detailed numerical description of the free-electron concentration and mobility due to charged dislocation
lines is presented. The scattering at dislocations is numerically analyzed in addition to the other scattering
mechanisms and the transverse mobility is calculated by the energy averaging technique. Furthermore, the
effect on mobility from an unintentional bulk acceptor concentration is calculated at room temperature. Spe-
cifically the calculated mobility is presented as a function of the combined effect from free electrons
(10°-10"° cm3), dislocations (5 10°—10'> cm™2), and bulk acceptors (18-10'° cm™3). Also compen-
sation from 0 to 100% is considered. Results are compared with experimental mobility data. Most mobility
results in epitaxially grown GaN layers intended for optical and electronic device structures are limited by
~10'° cm™? dislocations and a compensation which is typically 30%—60%.
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. INTRODUCTION phire (ALO;) and silicon carbidéSiC) have proven to be
important substrates because of the lack of lattice matched
Components of the group IlI nitride system and their ter-substrates. Layers grown on sapphire suffer from a biaxial
nary alloys are particular interesting due to their wide bandstrain due to the 14% lattice mismatch between GaN and
gaps, which make them promising materials for optoelecsapphir¢0001). This and the large difference in the thermal-
tronic and high-temperature electronic devices. Visible an@&xpansion coefficient, 34% for theaxis orientation, result
UV light emitters;” blue lasers, and UV detectofSare in high concentrations of threading-edge and screw disloca-
some examples. Recent progress in material growth and déions. On the atomic scale the lattice mismatch is balanced
vice fabrication has paved the way to produce high qualitypy inserted extra planes, which thus result in dislocation
GaN-based heterostructure field-effect transistbfer high  |ines along the growth direction threading from the substrate-
frequencies and power. The optimization of electronic depuffer interface to the surfad8.On a nanometer scale the
vices based on GaN requires a detailed knowledge of thetructure can be described as a columnar cell struCture
electronic properties of the epitaxial layers, especially conwhere the columns are slightly tilted and/or misorientes
cerning structural defects that are active and thus effectingateg relative to each other thus providing a mosaiclike
charge carriers. The mobility and free-carrier concentrationstructure, whose details may be related to the growth. The
are the key, easily measurable quantities that are importagffect on the final layer quality, and the mobility, has been
for device parameters. A good model which describes thetudied for various growth parametéfssuch as nitridation
electron scattering and the relation between dodiyg, and  time !’ substrate off-axis orientatioff,buffer layers:®?° the
free-electron concentration, based on the structural param- |11/V growth ratio,?* and the type of nitrogen supplyMuch
eters is indispensable for the material and device physics aspertise has been gained but there is no conclusive picture.
well as for the design of heterostructures and their devices. In addition to the common scattering processes in
In dislocation free bulk GaN the mobility at room semiconductofS and LO phonon, piezoelectric, and
temperaturéis usually below 1000 cAfVs for free-electron  deformation-potential acoustic-phonon scattering, the dislo-
concentrations of $6-10® cm 3 Record values of cations give rise to an extra scattering term. Already in 1954,
1245 cnf/Vs at 5x10'° cm 2 have been reportédPeak Reed published a statistical model for the charging of dislo-
values were 7386 cfiVs for n=2x10%cm 2 at 48 K.  cations in germaniurf* A few papers have analyzed the ef-
Most GaN material has native unintentional doping. Thisfect of scattering in bulk GaN in connection with
n-type conductivity may have its origin iN vacancie¥ or  dislocation$> 28 Reed's model was used to describe the
impurities such as silicon or oxygéhThe resulting energy electron scattering in GaN due to negatively charged dislo-
position of such native defects and substitutional impuritiescation lines?® Furthermore, using Matthiessen’s rule, the to-
have been calculatéd:*® tal drift mobility was calculated. The most pronounced effect
Most GaN material used for devices is epitaxially grown.of the dislocation density is to decrease the mobility with
The main epitaxial techniques are metal organic vapor phaseduced free-carrier concentratiott® It has even been sug-
epitaxy(MOVPE), plasma-assisted nitrogen molecular beamgested that the mobility may collapse due to the
epitaxy (MBE), or direct growth by MBE in ammonia. The dislocations’®® Moreover, in GaN layers there is often, at low
lower growth temperature for MBE is a significant differencetemperaturesT <30 K, an apparent reduction in carrier con-
between MBE and MOVPE but it is not clear if this has any centration with temperaturfé.This has been interpretated by
direct effect on free-carrier concentration or mobility. Sap-Look?"?**°and otherd"®? as an effect of a two-layer con-
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duction where the second-layer conductivity takes place ionds® Therefore, the dislocation can be treated as a row of
the interfacial region at the substrate. A description of theclosely spaced acceptor centers. These sites will become
temperature-dependent Hall-effect data has been made Wiyled by electrons, thus removing free electrons from the
solving the Boltzmann transport equatidhHowever, the conduction band, and the dislocation line will be negatively
dislocation filling factor described by Re€dvas not consid-  charged. In general, all sites are not filled which is described
ered. by the filling factor,f. If | is the spacing between occupied
Also other conduction mechanisms have been reported isites the fraction of charged sitesfis-c/l, wherec is the

highly resistive GaN layer§ For a high concentration of lattice spacing along the Gatl001) direction. The corre-
nitrogen vacancies there is a limited contribution from thesponding volume density of electrons which occupies these
scattering’* as well as contributions from silicdh and  sites is §/c)Ngis, Where Ny;s is the dislocation density.
oxygeri® donors. Another limitation may be the As in GaN, Therefore the bulk charge balance equation becohgs
since in many MBE systems there is an arsenic background- n+ N, +f-(Ngis/c), where N is the volume doping

due to previous growth of GaAs. The arsenic in GaN IS in-gensity andN, is the corresponding unintentional acceptor
corporated on the N site undertype conditiond’ and is, in  gensity. The negative charge in the dislocation line will be
this case, expected to contribute as a neutral impurity Scanmpensated by a cylindrical positive space-charge region,
terer. with radiusR, around the dislocation. Considering the line

It has been shown that the dislocation line is negativelyeparge neutrality condition per unit length in the vicinity of
chargea **and therefore acts as a line of Coulomb scattersne disiocation lineR is defined by

ing centers for conduction electrons. Using first-principles
calculations, Neugebauer and Van de Walkuggested that 1
a deep acceptor level, introduced by the Ga vacangy)( 7R3N —N,)= T
(or related complexgsis responsible for the yellow lumines-
cence. Recently Elsneetal® performed local-density- The free electrong are repelled from this space-charge re-
functional calculations on defects trapped at threading-edggion and thus do not contribute. We define a critical value of
dislocations in GaN. They interpreted the above state as afasf, through the minimum acceptable radius of the space-
oxygen complex{ Ve~ (On)i1® ™"~ (i= 0,1,0r2, witha  charge cylinder that is given by the basal lattice conszoft
deep energy state 1.0-1.2 eV above the valence-band edggaN. Then the relation betweenand f, can be written as
Such acceptor states are localized along the dislocation lineR=a(f/f,)2 When the conduction-band electrons fill the

_In this paper we have used Reed's métieeveloped for  empty, degenerate sites along the dislocation, the electro-
dislocations in Ge and rearranged it for wurtzite GaN, tOstatic energy of the system increases. The potential energy of
calculate the free-electron concentration and mobility withthese states rises and the total electrostatic energy increases
the n-doping, compensation, and dislocation concentrationgntil nothing is gained energywise by transferring further
as parameters. The paper is organized in the following waye|ectrons from the conduction band to the dislocation.
In Sec. Il the charge balance around the charged acceptor |n an approach to derive an analytical expression for the
cal calculation, a degenerate energy le¥sl=2.19 eV, as-  considered” First, the electron-electron interaction energy
sociated with the dislocation, below the conduction-bandyer electron per lengttE,, at the dislocation line is
minimum, was considereti.In calculating the drift and Hall
mobilities, the energy averaging technique was used. The
result is a strong effect on the free-carrier density not only Ee=Eof
from the doping density but also due to the dislocation den-
sity. In Sec. Il we show the mobility calculations and in S(EC.WhereEO is the energy of nearest-neighbor electron-electron
IV the experimental values of mobilities and free-carrier den-interaction at the dislocation lind&,=q%4mec. The value
sities at room temperature are described with dislocation and.577 is the Euler’s constant. The second contribution is the
acceptor concentrations as parameters. energy stored in the surrounding positive space-charge re-
gion.

In order to derive an expression for the interaction energy
of the positive charge in the space-charge region we solved
The charged nature of the dislocation free is the dominatthe Poisson’s equation around the dislocationrfeiR,

ing factor and will scatter any charge carriers traveling
through the system. Due to the long-range effects of the Cou- 1d ( dV)
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II. CHARGE BALANCE AROUND A DISLOCATION LINE
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lomb interaction, this effectively prevents direct interaction rar\"ar s A

between the charge carriers and the localized geometrical
disturbance at the dislocatiortassuming the expanded lat- which leads td/(rsR)z(eppMs)(Rg—rz), whereR, is a
tice in itself does not scatter electrons or hpldhe effect of  constant of integration, which is determined by the continu-
such scattering is to reduce the mobility. ity of the potential ar =R. Since forr=R the potential is

In n-type GaN, Ga vacancied/g,) or Ga vacancy com- the same as if all charges were concentrated along the axis of
plexes with oxygen Yg,—Oy), along the dislocation line, the cylinder, it may be convenient to use the integral form of
have an acceptorlike nature due to the unpaired danglinGauss’s law. In this case the potential is given\lfy =R)
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=(eR2pp/28)In(1/r). By equating these potentials at=R L v
and using the relatiorppR2=f/7-rc the potential term be- 2 [ =300 K 1
comes £ 10f N=0 R
g ; -7
Vr=R)= = |1-21nR - 4 £E oo -
= = - — . ~— Tk s 7 =
(r ) die n( ) ﬁz ( ) 3 g s N‘“s=1x101 % em _ - ”/ ]
. . . i 8% 08L - — - -~ -7 ]
The total interaction energy for a site due to positive space £ . +* Energy V) 1
charge, E,, can be written asE,=(1/2)lfgep,V(r<R) E%" ot Contucio
-27rrdr. Substituting the potential term from E) and E= b "&“ E
integrating, we get 2 e 12 "
S 0 - i =1x10% cm’ 2 02 _ R Valence
1 E r LS, band ]
E=Ef__|nR . 5 5L fownfl O § 50 Lo o il
p 0 [4 ( ) ( ) Ofols 1(I)l6 l(l)n 1(‘)]8 10'°
The third contribution is the interaction of electrons at the Free carrier concentration (cm™)

dislocation line and the positive space-charge region. The

interaction energy of the positive space charge and electrons FIG. 1. Fractional filling of electrons along a dislocation line as
at the dislocation line E,) equals the integral of afun_c_tion of free-cgrrier cphcer_ltration for two vall_Jes ofdislocat_ion
(1/2)eppVe(r,z) with respect to botl andz. However, this den5|t_|es. The fractional f||_||ng increases _the carrier concentrations
energy should be equal to the interaction energy of eIectron%nd Q|slocat|on concentration. The inset |IIustrOates t2he energy-band
at the dislocation line with the positive space chare,) be”gl'l‘g _(QOt to _Scal¢ 01f7°r MNajs=1x 10%cm?,  Np=3
provided by the conservation of energy. The interaction en-x.1 cm = anq Na=1x10"cm dug to a negatn\_/ely_chargegl
ergy of electrons and the positive space charg£é'§= Q|slocat|on line |nn-typ_e GaN. The radlus_of the' cylindrical posi-
~(1/2)eV(r=0). This energy is equal to the interaction en- tive space-charge region depends on dislocation charge and the

7 " compensation in the material. LevEl; represents the localized
ergy of the positive charges and electrons. From (@it is energy state of the dislocation within the band gap.
given by

1 a site. A degenerate energy leg} is associated to the sites
Eep=Epe=— 5Eof[1-2In(R)]. (6) localized along the dislocation line. The level is assumed to
2 be in the energy gap ang<Eg, whereEg is the Fermi

The total electrostatic energy per sitEg=Eq+E,+Eqp energy. If a dislocation hag number of electrons out qf

+Epe, is found from Egs.(2), (5), and (6). It can be ex- Number of possible sites, then the number of ways of arrang-

pressed as ing g electrons among sites ar_ep./(p—q).q. =PCq. The
free energy per site can be writterfas

2¢3
Es(f)=Eyf| 5In| =] —0.866. 7
(1) =Eofl 5 (szo) % " f-G(f)=f- ET—EF+ES(f)—%In(qu) ., (10
Electrostatic energy variation of the positive space charge as
a function of the distance from the dislocation foeR is,  where T is absolute temperature ang is the Boltzmann
using Eq.(4), constant. In the model we assumed that a site can have one
electron. Now at statistical and thermal equilibrium this free
2 energy should be minimized with respectftowhich in turn
R/ RZ| ®) depends on all parameters that contribute to the line charge.
Then by taking the derivative of E¢L0) with respect tof,

Atr=REq. (8) gives a nonzero value, which may produce atne fractional charge occupation in the dislocatidn, is
discontinuous conduction band near the dislocation. This cagiven by the familiar Fermi distributionlike function

be avoided by assuming zero potentialratR and the en-

E.(r<R)=E,f[1+21n

ergy for r>R as the conduction-band energy. The band 1
bending due to these negatively charged dislocation lines is f= ) (13)
. , ST E(f)—Eg
given by(see the inset in Fig.)1 1+ex T
r2
Er(r):Eof( 1— ﬁi) (9) where E(f) is an explicit function of f: E(f)=Ey

d I
In this consideration the total electrostatic interaction energy+ ﬁfES(f ). The derivative ofy(f) can be calculated by

is given by E¢(f )=E,f[In(f/c)—0.866], which is a good Eq. (7). In a first approximation we disregard any uninten-
approximation for a material with both high dislocation andtional acceptor doping and only consider filling the acceptor
doping densities. states along the dislocation line. The dislocation charge fill-
Next we find a mathematical description to the above pheing factor,f, is not an independent parameter but determined
nomenon by considering the formation energy per electron dty all concentrations of whiciNgs and space charge are
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important. With reference to E¢11), f is a function of free- 107
electron concentrationn, through Ex and space charge

(NS —Nj,) throughf,. The dislocation density dependence 10°
on f is from the bulk charge balance equation. The occupied £
fraction is small when the free-electron concentration, or dis- 10°L
location density, is low as shown in Fig. 1. The probability of E
occupying the dislocation acceptor centésge9 increases
with both free-carrier concentration and dislocation density,
respectively. At high carrier densitg>10' cm™3, or high I Lo 3 _
dislocation densityNgs>10'° cm™2, almost all dislocation Ndflx/m, SR

sites are occupied by electrons. As shown, the fractional oc- -7

cupation increases with dislocation density. The inset of Fig.

1 shows a calculated illustration of band bending due to the 100 il e
negatively charged dislocation lifesing Eq.(9)] for Nyis 1 10'¢ 10" 10'¢ 10" 10%°
=1x10%cm % Np=3x10"cm 3 and Na=1 Free carrier concentration (cm™)

X 10 cm™3. As a result a~40 nm radius space-charge cyl-
inder is formed around a dislocation line. Furthermore, the
acceptance of electrons from conduction band to the disloca
tion lines will result in negatively charged dislocation lines. S N
The effect on moveable electrons from these negatively [ h
charged lines is discussed in the next section.

T T VT T T T T T T T U7 T T T T T T T T
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IIl. MOBILITY DUE TO DISLOCATIONS

obility (cm?*/Vs)

Any electrons moving near a negatively charged disloca- 102
tion line will be scattered. This line charge acts as a Coulomb = E
scattering center where the corresponding relaxation time ha: E
been analytically solved by Tor,*° considering a continu- L
ously charged negative line screened by ionized impurities T L N R T
and free electrons. The relaxation time for electrons moving 10" 10'¢ 10" 10'® 10'?
perpendicular to a system of parallel dislocations is

T By - Ndis=1x1010 cm’?

T Ky - Ndis=1x1010 cm?

..... My - O dislocations

Free carrier concentration (cm'3)

3.2-2 21,2302

zﬁ © C* z (1+4)\4kL) ) (12 FIG. 2. (a) Calculated mobility component due to dislocation
f“Ngism*e A scattering as a function of free-carrier concentration. The mobility
increases for reduced dislocations and increases linearly with free
carriers lower than 2§ cm™3. In the degenerate region it increases
rapidly. (b) The calculated average transverse room-temperature
mobility as a function of free-carrier concentration for GaN with
Ngis=1x 10 cm™2 In the low carrier-concentration region the
(13 dislocations strongly reduce the mobility.

Tais(K) =

The screening parametaris given by =(ekgT/e?n’)2.
Heren’ is the effective screening concentration, which may
involve both free and bound carriers,

(n+Np)
The wave vector normal to the dislocation litke,, is found ~ Ed. (14). Figure 2a) clearly shows that the dislocation mo-

by E= (42/2m*)k? . The mobility component due to a time bility decreases with reduced free-carrier density, which is

relaxation, e.g., from dislocation scattering, can be calculate@PPOsite from the mobility in a pure and defect-free material.
by energy averaginfy; Since slope increases in the high carrier region, the scattering

effect from the dislocations is strongly reduced. Conse-
e(7gis) 4(kgT) %2 e (= o E quently other scattering mechanisms dominate here. In the
= J TaisE ex% - _)dE next section the effect of dislocations on the free-electron
(14) concentration and other parameters are presented for the dis-
location densities X 10° and 1x 10'° cm™?, i.e., in the typi-

The numerically calculated mobility component from the cal range for GaN materials simply assuming zero acceptor
dislocation scattering is shown in Fig(a® as a function of ~concentration.
the free-electron concentration. In general, according to Eq.

(12), the dislocation mobility is inversely proportional to the

f2Ngis. Sincef depends oM;s through the charge balance

equation, the effect on the mobility cannot be seen explicitly In order to calculate the total average mobility, the other
but is illustrated by Figs. 1 and 2. Equatiofi® and (11)  scattering mechanisms due to ionized impurities, acoustic
were solved forf with a given free-carrier concentration,  phonons(deformation and piezoelectjicand polar optical
and dislocation density. The value bfwas substituted into phonons were added to the dislocation scattering. All of the

n"=n+(n+Ny)|1—

m* - 371_1/2 m* B

IV. TOTAL MOBILITY
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FIG. 4. Calculatedlines) and measuretsymbolg Hall mobili-
ties in GaN as a function of the free-electron concentration. Results
from two sets of calculations are shown: variation of the dislocation
density and & 10*° cm™2 dislocation density with 0, 0.3, and 0.6
compensation ratios, respectively.

parameters needed were taken from Refs. 42 and 43. The
numerically calculated drift mobilitywp , and Hall mobility,

My, are shown in Fig. @). The Hall mobility is given by
un=e(m)/m*(7). As a reference, the dotted line in Fig.
2(b) represents the calculated Hall mobility without any dis-
locations.

The mobility variation with free-electron concentration
depends strongly not only on the dislocation density but also
on doping and acceptor concentrations. In order to under-
stand the relative importance of all parameters that govern
the mobility, we calculated the dependency, a few parameters
at a time, and illustrate this in a series of figures. First the net
Hall mobility as a function of dislocations and free-carrier
concentration for zero acceptors is shown in Fig).3For
any value of the dislocation density, the mobility variation
with carrier concentration has a maximum, which moves to-
wards higher carrier concentration with increasing disloca-
tion density. In general, increased dislocation concentration
provides lower mobility while the mobility passes a maxi-
mum when varying the free electrons for a given dislocation
density. By comparing an observed 300 K mobility of
~1000 cnt/Vs with our simulation, we conclude that such
materials have a dislocation density of the ordet®1n 2.

Next we introduce the effect of unintentional acceptors. In
Fig. 3(b) the mobility is shown as a function of dislocation
and acceptor concentrations for a typical constant value, 1
X 10 cm™3, of free carriers. For high dislocation density
the mobility is very low and independent of the acceptors.
Also at a high concentration of acceptors the mobility is only
slightly affected by the dislocations. To achieve high mobil-
ity the material should have low concentrations of both dis-
locations and acceptors. In Fig(c3 we show the mobility
variation with compensation and free-carrier concentration
for constant, & 10'9 cm™2, dislocations. At zero compensa-

: : - : " 7 om-3
location and free-electron concentrations for zero acceptor concedion the highest mobility occurs for 4610 cm* free
tration, (b) dislocation and acceptor concentrations for 1 carriers and the maximum mobility is reduced with compen-

x 10t cm™ 2 free electrons, an¢t) free-electron concentration and sation. Also that maximum is moved to the low carrier region

compensation for X 10 dislocations/crfi

with increasing compensation. Thus the overall effect of the
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compensation is to reduce the mobility. Finally, in Fig. 4 wewell represented by our model of a single line. Since both

show the calculated Hall mobility for selected parameterdlislocation density and acceptor concentration strongly affect

which describe experimental data. The upper line representae mobility, one of them can be determined from calcula-

an ultimate dislocation density since no such value has beetions if the other parameter is measured.

found for GaN on sapphire. Increasing the density to 2

x10° cm 2 describes very well the mobility with free-

electron concentration, for  best va!ues arou.nd V. CONCLUSION

1000 cn?/Vs.?! For higher electron concentration the mobil-

ity drops and the best description of experimental data is We have investigated in detail the effect of dislocation

obtain only forNgis=1x10"° cm 2 and after a compensa- charging on the electrical conduction in GaN. The free car-

tion of 0.3 to 0.6 is introduced. In particular, much of the riers are drained by the acceptor states along the dislocation

MOVPE datd’* and MBE dat® can be modeled for line. The reduction in free-carrier concentration and the ef-

10 cm2 dislocations at a compensation ratio of 0.3—0.4.fect of mobility due to dislocation scattering were calculated.

Many of the high mobility MBE-grown materidiStend to ~ Special efforts were devoted to investigate the effect on mo-

have a higher compensation ©f0.6, which is in agreement bility from the concentration of free electrons in the range

with previous finding4® 10"°-10" cm™2 when the semiconductor contained a dislo-
The calculations clearly demonstrate the capability of thecation concentration in the range10®—10'2 cm~2 and un-

simplified model to describe the mobility in high defect den-intentional bulk acceptors (38-10° cm™3). Usually the

sity Il nitrides. The model with a single dislocation line may mobility has a maximum depending on the above param-

be a generalization. In the complex structure with mosaiclikeeters. Calculated mobility values were compared to experi-

crystallites*® several dislocation lines are in close vicinity of mental data from GaN grown by MBE and MOVPE which

each other. In such a dislocation cluster, each dislocétion provided values of dislocation density and acceptor concen-

segment of dislocatigrhas a lower filling of electrons but is tration.
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