JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 5 1 MARCH 2001

Microstructural contributions to hole transport in p-type GaN:Mg
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We present an analysis of hole transporpitype Mg-doped GaN grown on sapphire substrates by
metalorganic chemical vapor deposition. We find that the experimental Hall mobility cannot be
described by numerically solving the Boltzmann transport equation. We attribute this discrepancy to
the microstructure of GaN:Mg grown on sapphire and present a microstructure-oriented model of
the transport of holes ip-type GaN:Mg grown on sapphire. This model provides a simplified
picture of the microstructure consisting of two distinct microstructural phases in GaN on sapphire.
Using this model for the experimental mobility, the extracted parameters from hole transport
measurements suggest a weak direct correlation with the microstructural parameters determined
from x-ray diffraction measurements. The experimental mobilitypdfpe GaN:Mg grown on
sapphire can be described as dependent upon the acceptor doping, impurity compensation, and
microstructure, including dislocation density, columnar grain size, and grain boundarie)0©
American Institute of Physics[DOI: 10.1063/1.1334375

I. INTRODUCTION the effects of an inhomogeneous microstructure. The influ-
ence of the microstructure on the electrical properties of
The transport characteristics pftype Mg-doped GaN GaN:Mg qualitatively explains the discrepancies between the
have generated much interest in recent years since thexperimental Hall mobility and the calculated crystalline mo-
achievement ofp-type GaN! Concerns followed, with the bility of GaN:Mg.
realization thatp-type GaN:Mg possesses a high resistivity In support of this approach, the GaN:Mg microstructure
due to compensation, a hole activation energy of 150—-20@ examined by high resolution x-ray diffractiéXRD) and
meV, and a low hole mobility-’ Furthermore, the micro- atomic force microscopyAFM), and a correlation required
structure of GaN:Mg grown on sapphire is inhomogeneoudy our model between the film structure and the mobility is
and can be characterized as an ordered polycryStahere  observed. Finally, with improvement in the growth of
individual grains are of high crystalline quality but are tilted GaN:Mg, hole transport will approach single crystalline
and twisted with respect to one another. GaN:Mg. Hence, the calculated limits of pure crystalline
This article presents an analysis of the Hall mobility for p-type GaN:Mg conductivity and mobility are presented.
GaN:Mg, as thus far, a complete understanding of transport
in p-type GaN:Mg is lacking. Such an analysis can be a
powerful means of characterizing semiconductor transportI
yielding information about the impurity concentration, impu-

rity compensation, carrier scattering mechanisms, material Transport theory in compound semiconductors assumes
parameters, and in this case, film microstructure. This analye validity of the effective mass approximation, Bloch wave
sis includes calculation of the mobility of crystalline fynctions, perturbation theory, and the Boltzmann transport
GaN:Mg by numerically solving the Boltzmann transport equation. In this study, the hole mobility for crystalline
equation(BTE). A numerical calculation of the BTE is nec- GaN:Mg was calculated by iteratively solving the BTE fol-
essary to accurately account for the inelastic scatterinqb\,\,mg Nag’s proceduré® providing an accurate calculation
mechanisms dominant at high temperature. All major scatfor hoth low and high temperatures. The mobility calculation
tering processes, screening, and wave-function overlap hapiicitly takes into account carrier screening and overlap-
been incorporated. ping wave functions, and includes ionized impurity, nonpolar
It is found that unlike the hole mOblllty in other IlI-V acoustic phonomdeformation potentiaj piezoe|ectric’ non-

Compound semiconductors, the experimental hole mObilit}bo|ar optica| phonon, and po|ar 0ptica| phonon Scattering
of GaN:Mg is not well described by extended state scatteringnechanisms. Each scattering mechanism exhibits a charac-
mechanisms. Differences between the calculated and eXpe[bristiC temperature dependence and by ana|yzing the tem-
mental Hall mobilities are observed throughout the entireperature dependence of the carrier mobility, the relative im-
temperature range investigated. However, this study will foportance of each mechanism is obtained. Furthermore, by
cus on the discrepancies observed at high temperature whegemparing calculated and experimental mobilities, the con-
optical phonon scattering is dominant. The final interpretatributions of each scattering mechanism to the mobility are
tion of the behavior of the Hall mobility in GaN:Mg includes determined. However, in order to calculate the mobility due
to various scattering mechanisms it is necessary to use rea-

I. TRANSPORT CALCULATION

dAuthor to whom correspondence should be addressed; sonable physical pa'.'ameters for GaN:Mg. Hence, Sec. IlA
electronic mail: malloy@chtm.unm.edu addresses the material parameters used in the transport study.
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TABLE I. Material parameters used for calculating the mobilitypetype dielectric constants were taken as 9.5 and 5?353spec-

GaN:Mg. tively. Since the longitudinal optical phonon energy has been
Heavy hole effective mass m; 18amg" reported as 90 meV,91.2 meV*® and 92 me\t® an average
Light hole effective mass m 0.337n, ialdi i i
Split-off effective mass ml’;o 0_813nga vall_Je of 91 meV was employed, yielding a longitudinal polar
Light hole energy E;, (MeV) 6 optical temperature ofiw/k,= #=1055K. However, cur-
Eg\I/:/t_f(r)fefqu]JOelgc?/ndeire%gctric constant Eso(mEV) 25 g rent uncertainties in the valence band structure are such that
High frequency dielectric constantk, 5:_3|,15I the scattering potentials ip-type GaN are not accurately
Longitudinal polar optical 6 (K) 1053 known. Kimet al!® have calculated the acoustic deformation

temperature ) . . .
Nonpolar acoustical deformation Eypa (€V) 1 potential to be 0.8 eV with an uncertainty of at least 2 eV._
potential _ Hence, a value of 1 eV has been adopted for the acoustic
NO”F;O'T ?Pt'ca' deformation  Eypo(eV) 2 deformation potentiaE,,,. Furthermore, the optical defor-
otentia ; : H
Pibrocletric constant hya (C M) 0.5¢ mation potentiakp, for most 11—V compound semiconduc-
Mass density p (1g kgm ) 6.10 tors is approximately a factor of 2 larger than the acoustic
Acoustical velocity $10°'ms ) 6.59 deformation potentil® Thus 2 eV has been used for the
aReference 11. optical deformation potential. The piezoelectric constapt

:Reference 12. or ey, has been estimated from data ontype GaN

dg‘;‘;ﬁi?}‘éi ﬁ mobility?* as 0.375 Cm? and from electromechanical cou-

eReference 15. pling coefficients ofn-type GaNZ(Ref. 21) as 0.6 Cm?

'Reference 16. Hence, a value oh,,=0.5Cm “ has been adopted. The

9Reference 17. lattice mass density was taken @s 6.1x 10° kg m~ 2.2 Fi-

h . . .
_Reference 18. nally, the acoustic velocitg was calculated from the esti-
Reference 19.

IThe optical deformation potential is assumed to be approximately twice théﬁated IongitUdinal elastic Cor]Sté'}‘cl ) wherec| =P52- The

value of the acoustic deformation potential following Wilsef. 20. Most ~ estimated longitudinal constant i§=26.53< 10'°°Nm~2,

-V p-type semiconductors haweg,,,/Enp~2. yielding s=6.59x 10°ms L.
‘Reference 21. Given that the valence band structure for wurtzite GaN
Reference 22. . . .
is only spin degeneratkat k=0, transport only in the HH
band has been considered. The possible error introduced by
. this assumption is analyzed as follows. The concentration in
A. Material parameters the LH or SO band is less than 5%—15% of the free hole
The material parameters used in this calculation are sunfoncentration in the temperature range studied. Comparing
marized in Table I. While there are many uncertainties abouthe HH, LH, and SO effective mass and assuming the scat-
the valence band structure of wurtzite GaN, theoretical caltering rate is the same as for the HH band, the mobility for
culations in conjunction with experiments have provided esthe LH band and SO band are estimated @f;f and 2w,
timates for various properties of the valence band. The paespectively, whereuyy is the mobility in the heavy hole
rameters necessary for performing the transport calculationgand. If parallel band conduction were considered, the Hall
include hole effective massds point valence band energies, mobility would be given by
d_|electr|_c constan_ts, optical phonon energy, scat‘_[erlng poten- pLHMﬁHJr pHHMaH+ psoﬂ«éo
tials, piezoelectric constants, the mass density, and the y,= ,
acoustical velocity. PLHALHT PHHAHHT Psottso
Transverse and longitudinal effective masses for thavhereu,, andusorepresent the light hole and split off hole
heavy hole(HH) band, light hole(LH) band, and split off mobility andpyy, pLy, andpso denote the heavy hole, light
(SO) band of GaN have been estimated in theoretical banthole, and split off hole carrier concentration, respectively. At
calculations:* Subsequently, the effective masses for thehigh temperature wherp,,,~0.8p, p.4~0.05p, and pso
HH, LH, and SO bands are obtained framt =(m?m,)*3, ~0.15p, the net effect of Eq(2.1) is to increase the mod-
giving mj,=1.89mg, m{,=0.33M,, andmg,=0.813n,,  eled mobility by approximately twice the HH band mobility.
wheremy is the electronic mass. In addition, theoretical bandThus, transport in the parallel band will increase the calcu-
calculation® along with experimental dat&’® have pre- lated mobility as compared to only HH band transport. How-
dicted that the valence band fpitype GaN consists of three ever, scattering among the HH, LH, and SO bands also needs
nondegenerate bands. Thepoint energies employed were to be included and will reduce the mobility. Full treatment of
an average of the followingtaking the heavy hole valence multiband hole transport is left for future studies and only
band as 0 me) E ,=5.84meVi’ 6 meV!* ™ and transport in the HH band is considered here.
Eso=26.1meV 22 meVv* 28 meVv® 18 meV!? 24

(1)

15 \ H — —
meV, y|§Id|ng E =6 meV' andEgo=24 meV. Moreover, IIl. TEMPERATURE DEPENDENT HALL
the density of states effective mass for the valence band i§EaASUREMENTS
defined as _ )
A. Experimental details
-E -E
mi 32=m#* 32+ m’L‘H3’2eXF< ” _IL_H +m’s‘g’2exp< . _?O), The samples investigated were grown on sapphire sub-
b b strates by metalorganic chemical vapor deposition. Samples

giving at 300 Kmy~2m,. The low and high frequency I, lll, and IV were grown in the same laboratory A, while
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10'% — ‘ ‘ , value of the acceptor concentratidl) , compensation ratio
K=Np/N,, and activation energi,, were determined by

A nls

'" 10 performing a least-squares fit to the experimental Hall hole
< 10V concentrationp as a function of temperature. An equation
5 6 giving the free hole concentration was found by applying
§ 10 Boltzmann statistics and charge neutrality yielding

5 10"’ N

S p+N = : @

8 10" ® 9o ;{EA_EF) ’

—ex +1
2 101 91 kpT
= 1012 wherego=2 andg,=1 are the degeneracies of the unoccu-
10 pied and occupied acceptor states, respectively.
1000/T (K'Y The values ofN,, K, andE,, obtained by fitting the

charge balance equation to the hole concentration data as a
Fl% ; I;a:!dh?l_e c?ncent:jation as a function of in\:erse tgmpetra}tLéret fofrfunction of temperature for the samples, are given in Table
o ol e ardcpen saes et sl 34 s icluded i Table I are the foom temperature mo-
charge balance equation to the experimental data. bility and carrier concentration. In addition, samples I, I,

and Il were investigated by secondary-ion-mass spectros-

copy. The results reveal a physical acceptor concentration of
sample Il was grown in a different laboratory B. Ammonia approximately 18cm™3 for each sample. The difference
(NH3), trimethyl gallium, and bis-cyclopentadienfBCP-  petween the physical magnesium concentratio®d 3
Mg) were used as a source of nitrogen, gallium, and magnesng the acceptor concentration determined from Hall mea-
sium. For the samples grown in laboratory A the GaN filmssyrements, given in Table II, implies that not all magnesium
were grown onc-plane sapphire with a low temperature js glectrically active on substitutional lattice sites.
(480495 °Q buffer layer approximately 200 A thick. Two For reasons due to the effect of the microstructure on
epitaxial GaN layers, grown at temperatures between 908ansport properties that will be discussed in Sec. V, it was
and 915 °C, were undoped and dogetype, respectively, by not possible to derive a consistent fit for ionized impurity
varying the BCP-Mg flow rate. The undoped layer, approxi-concentrations from both the carrier concentration and the

mately 0.5—1um thick, was grown with a BCP-Mg flow rate  mopjlity data as is the usual practice in other IlI-V com-
of 30 sccm. A BCP-Mg flow rate of 90 sccm was used forpound semiconductors.

the p-type epitaxial layer having a thickness of 2—2u8.

Similar growth conditions apply for sample II. The total
thickness of each sample as determined from ellipsometry i€. Mobility analysis of experimental Hall data
2.8, 2.8, 2.9, and 3.wm for samples I, II, Ill, and IV, re-

spectively. Ohmic contacts were formed by anne_alzigg %&aN:Mg as a function of temperature is shown in Fig. 2.
PYAu metallization at 750°C in flowing Nfor 10 min: Polar optical phonon, nonpolar optical phonon, piezoelectric,

This anneal also served to activate the GaN:Mg. Hall effect,y onnolar acoustical phonon scattering mechanisms have
measurements were performed using a Hall bar to obtain thﬁeen included. Due to the polar nature of GdNiezoelec-

sheet resistivity, sheet carrier concentration, and mobility a%ic and polar optic scattering mechanisms are dominant at

a function of temperature between 120 and 500 K. Repeaj,,, angd high temperatures, respectively. Furthermore, this

able Hall measurements were obtained only after allowingy,ice jimited mobility curve sets an upper mobility limit for
the temperature to stabilize for 5 min and averaging 100 dat@ingle crystal GaN:Mg

points. The minimum temperature at which Hall measure- Figures 3a) and 3b) display the hole mobility of

ments could be performed was determined by the voltages,n:vg as a function of temperature for samples Iil and I,
compliance of the Hall current source. respectively. Shown are the calculated mobility curve, the
combined lattice scattering curve, the ionized impurity scat-
tering curve, and the experimental data. The two dominant
scattering mechanisms for impure crystalline GaN:Mg are
The temperature dependence of the hole concentratiolonized impurity scattering at low temperatures and polar
for samples | and Il is shown in Fig. 1. For each sample theoptical scattering at high temperatures. Two observations can

The calculated lattice-limited mobility for single crystal

B. Carrier concentration analysis of experimental Hall
data

TABLE Il. Impurity concentrations, compensation ratio, activation energy, 300 K free hole concentration, and
300 K mobility for each sample investigated.

Sample N (108¥cm™3)  Np (108 cm™3) K  E,(meV) p@07cm™3) w(cmVis?

I 14 8.2 0.58 153 0.7 6.2
l 9.6 15 0.15 173 2.03 15.2
1] 2.4 0.7 0.3 183 0.8 7.7
\% 7.0 3.3 0.48 148 1.0 15.9
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FIG. 2. Individual hole lattice scattering mechanisms ffetype GaN:Mg: (a)

(a) PO: polar optical phonor(b) NPO: nonpolar optical phonortig) NPA:
nonpolar acoustical phonofd) PZ: piezoelectric(e) lattice limited: com-
bined lattice scattering.

lattice

be made from Fig. 3. The calculated mobility is at least a
factor of 4 greater than the experimental data for all samples
and temperatures, and the experimental data shows different
high temperature, lattice-limited mobilities in each sample.
Figures 4a) and 4b) correspondingly display the experi-

mental hole mobility and the calculated mobility as a func- sample II

tion of temperature for each sample studied. Examining Fig. 0

4, we see that not only are the mobilities not accurately mod- 10100 200 300 400500
eled by solving the BTE, but that the calculated results do Temperature (K)

not properly model the trend in experimental mobility values

between samples with different net impurity concentrations. (b)

For example, sample Il has a higher ionized impurity con-
FIG. 3. Calculated and experimental hole mobility as a function of tempera-

centration than sample lll, a fact reflected in the BTE Calcu-ture. 1I; ionized impurity, lattice limited: calculated lattice limited mobility,

lation giving a lower mobility. However, the_ eXperimental total: total calculated mobility, solid dots are experimental dégasample
results are exactly reversed—the sample with more impurit Ny=14x10%cm 3, K=0.58, E,=153 meV; (b) sample 1l: Ny=9.6

ties, sample 11, has a higher mobility. X10®cm™3, K=0.15,E,=173 meV.

Clearly more factors control transport than have been
included in the BTE solution. For example, neutral impurity
scattering has been neglected. The two limiting values of  Although some of the material parameters for GaN:Mg
neutral impurity scattering have been considered. The highare uncertain, these uncertainties are not large enough to ac-
est resulting mobility assumes the number of neutral impuricount for the discrepancy between the calculated and experi-
ties is determined by the acceptor concentration, while thenental curves. Piezoelectric and optical polar phonon are the
lower limit assumes the total magnesium concentration actsvo major lattice scattering mechanismspitype GaN:Mg.
as neutral impurity scatterers. For instance, using the param\t 100 K, the piezoelectric mobility must be reduced so that
eter Nyv=Na—Np—p, as determined from the Hall mea- the total mobility, including ionized impurity mobility and
surement, inclusion of neutral impurity scattering for samplepiezoelectric mobility, fit the experimental mobility. For ex-
Il reduces the total mobility by at most 15%. However, as-ample, in Fig. 80), a 30% increase in the piezoelectric con-
suming the density of neutral impuritié, to be the physi- stant to a value of 0.67 CT, or a decrease in the acoustic
cal magnesium concentration of approximately®tdn=3,  velocity of 25% to a value of 4.9810° ms ! is required to
the mobility is further reduced to a maximum value of 19 fit the experimental mobility. This value dn‘pzzO.G?Cm*2
cn?V~1s™! well below the experimental value. Further- is a possible correction for the low temperature discrepan-
more, this modeled mobility possesses a much weaker tenties, however, the discrepancies at high temperature are still
perature dependence than the experimental mobility at bothinaccounted for.
low and high temperature. This modeled mobility is too low, For high temperature, optical polar phonon scattering is
probably because the neutral impurity scattering model asdominant. Polar optical phonon scattering is dependent upon
sumes isolated and noninteracting neutral impurities, highlyhe low and high frequency dielectric constant. At 450 K, a
unlikely with such a large value iy . The actual contribu- reduction of 360% is required to fit the calculated mobility to
tion of neutral impurity scattering probably lies within these the experimental mobility. This requires thzkg(l— ke L in-
two limits. crease by 500% to a value of approximately 0.5, from the
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FIG. 4. Hall mobility as a function of temperature fpitype GaN:Mg:(a)
Experimental data: solid squares, solid diamonds, solid circles, and open

circles represent experimental mobility for samples I, Il, 1ll, and IV, respec-
tively; (b) mobility calculation for each sample investigated using material 0 0.4 0.8 Hum
parameters given in Tables | and II. )

. . . . FIG. 5. Atomic force microscopyAFM) topographs for samples in this
utilized value of 0.0816. As this large a discrepancy in ma-study.(a) sample I,(b) sample I1l. The white and black regions in the AFM

terial properties is highly unlikely, our discussion suggestsmage denote a peak and a valley, respectively. The AFM image shown in
that the deviation in the calculated mobility cannot be solelyl@ reveals “wall-like” growth regions where it appears two columnar
. . . : rains have coalesceh) includes a circled region containing black dots
explained by the uncert_amty n the. material parameters e hat are lined up. They are thought to be dislocations clustered in the grain
ployed. Furthermore, since material parameters should bgundary region mapping out a grain region.
constant between samples, only such factors as ionized im-
purities and crystalline qualitydislocation density, grain
boundary area, and grain sjzeary between samples. We «pjack dots” that are lined up. These are thought to be dis-
attribute the mobility discrepancies to the role of these mijgcations clustered in the grain boundary region mapping out
crostructural variations in GaN on sapphire. a grain regiorf®
Transmission electron microscopy studiesfpe GaN
IV. DISCUSSION OF FILM STRUCTURE grown on sapphilf’é" have_ shown grain sizes ranging from SQ
to 500 nm with dislocations clustered at the low angle grain
Upon examining the film surface with AFM, information boundaries. Scanning capacitance microscopy has also re-
about the bulk material can be obtained. Figuré® Bnd  vealed possible grain sizes ofudn.?° In regions surrounding
5(b) display AFM images of samples Il and Ill, respectively. both pure edge and mixed/screw dislocations, they observed
The white and black regions in the AFM image denote aa reduced change in capacitance with applied voltage as
peak and a valley, respectively. The AFM image shown incompared to “dislocation free” regions. These regions
Fig. 5@ reveals “wall-like” growth regions where it ap- tended to lie along the boundaries formed during the coales-
pears two columnar grains have coalesced. Furthermoreence of GaN islands in the early stages of growth. In addi-
upon investigating Fig. ®) the circled region contains tion, cathodoluminescence has revealed a correlation be-
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tween grain size and yellow luminesceric®eference 9
proposed defect states inside grains at the low-angle grain
boundaries are the origin of the yellow luminescence. Al-
though these studies have investigatetype GaN, it is rea-
sonable to assume the microstructure of GaN:Mg is also a
highly ordered polycrystal containing grain and grain bound-
ary regions. This statement is supported, in part, by the in- O T
vestigation of the GaN:Mg film structure by AFM, as shown
in Fig. 5.

Transport studies in-type GaN’~*’have alluded to the (a)
role of the microstructure on the transport properties. Tang @b
et al?’ observed discrepancies in their high temperature v g $fghy
n-GaN mobility data and corrected their calculated fit with a @ |71 av
“crystal defect” scattering mechanism that possessed a CLATES >y
CT 1 temperature dependence, wh&seis a fitting con- b
stant. Furthermore, Loot al*! usedN, and (, *— k') as (b)
fitting parameters and noticed a 30% discrepancy from the
(ko 1= k< 1) literature value, implying at higher temperatures (©
the calculated fit needed to be reduced by 30%. HoweVe'iilG. 6. (a) Schematic representation of Bube’s model with grains of dimen-
GaN on sapphire typically possesses dislocation densities ajibnsl, separated by grain boundaries of dimensibgs (b) Basic unit of
the order of 18-10°cm2.2632 Therefore dislocation scat- a grain showing bulkg) and boundarygb) regions.(c) Equivalent circuit to
tering may contribute to the reduction in the experimemapescribe the Hall voltagé/y, and AV, are the Hall voltagej, andj, are

mobilit and has been recently examined mtvpe the current density for the two current pathways in the basic unitrgnd
Y y yp gb1» Fgb2: Vg Vg1, @andVy,, are the resistance and voltage drop across the

;
28-30 (vy; : .

GaN: Dislocation scattering is usually treated as baseyrain(g) and grain boundarggb) regions used to calculate the Hall voltage.

either on an electrostatic interaction with carriéisr on the

strain field interaction with carrier$.Both scattering mecha-
nisms assume noninteracting dislocations, unlikely in heavily 11,4 apparent resistivity and the apparent Hall voltage

dislocated GaN and contrary to tir%%nsmlss_lon electron microsyre caiculated and the Hall constant, free carrier density, and
copy studies of GaN on sapphitéMore importantly, the ¢ )| mopility are subsequently derived. The conductivity
temperature coefficients for the electrostatic and strain fielgs inhomogeneous material as shown in Fig) §upports
scattering mechanisms are both positiweeaning the scat- y, parallel current paths. One path traverses the grain

tering rate decreases with increasing tempera@me fail o o ngary region while the second path travels through the
explain the discrepancies observed at high temperature. Thb’?ain and the grain boundary region in series. Based on the

while it is possible dislocation scattering describes the distheory just described the general equation for the measured
crepancies at low temperatufe;2°it cannot explain the high resistivity is given by

temperature differences. Instead, we choose to model the dis-

crepancies between the experimental and calculated Hall mo- e (1+B)(pgt pguB) 3

bility as the result of hole transport in two distinct micro- 1+B+aB+p%
structural phases in GaN on sapphire.

g —
[
[]
]
[]
[]
[ ]
[ ]

[l

where=14/1y anda=pgy/pgyp.
V. MICROSTRUCTURAL BASED DISCUSSION 6 The 'rl'hor';oge”eous transport mOdel" as Sho""”h'” Fig.
OF ELECTRICAL PROPERTIES (a), simply reduces to transport in one element, as shown in
. ' ' ' Fig. 6b). Subsequently, the Hall voltage was treated as a
To interpret the discrepancies between the experimentajeries-parallel assemblage of the basic unit as indicated in
and the calculated mobility a microstructure-oriented transfig. 6(b). Using the equivalent circuit, shown in Fig(ch, an
port model, similar to one first proposed by Buidias been  expression for the Hall voltageVy, is ascertained. The mea-
invoked. This model is attractive because it is the simplessyred Hall constanR is related toAV,, by R=AV,,/J B(lg
picture that includes transport through two electrically dis—+|gb), whereJ is the total current density aridl is the ap-
tinct regions as invoked by more complicated models ofplied magnetic field. The apparent carrier dengity, and
transport in polycrystalline materials. In general, other modthe Hall mobility 11, are calculated from the Hall constant
els of transport between the grain and grain boundary regiong via p=(Rq) ~* andu=R/p. For a, <1, it can be shown

exist and a review is given by Lahiet al.*® However, with-  that the measured free carrier concentration can be ex-
out any experimental evidence about the electrical propertiesressed as

of grain boundary regions ip-type GaN:Mg, we model

transport inp-type GaN:Mg as simple ohmic conduction Pan= Py 4)
through two distinct microstructural phases. The model con- 0 1+ B(1+la)’

sists of an inhomogeneous semiconductor possessing singleq the apparent Hall mobility as

crystal grain regions of dimensioly, and resistivitypy,
separated by disordered grain boundary regions of dimension . * y 5)
| 4o @nd resistivitypyy,, as illustrated in Fig. @). Heapp ’uga+,8 Fgb-
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FIG. 8. Mobility as a function of temperature. Shown are the gfeiys-
talline) mobility, grain boundary mobility, experimental mobility for sample

I, and least squares fit of the experimental data to the apparent mobility,
given in Eq.(2.5), from the microstructure-oriented model.

a=10"

Instead of fitting thep, /py, ratio directly, this ratio can
be assumed to result from a potential barrier or $pEsitive
or negative Vg at the grain boundary. Hence, the equation
used to model the hole concentration in the grain boundary
region ispgp=pg €XP(—qVe/kyT), Whereq, ki, andT repre-
B= lgb/lg sent the electronic charge, Boltzmann constant, and tempera-
(b) ture, respectively. Regardless of any functional relationship
describingpy/pg,, our model simply fits the,/pg, ratio.
FIG. 7. () The apparent carrier concentration divided by the grain carrier A least squares nonlinear fit of E(p) to the temperature
concentration ratio plotted as a function @ 14,/ for various values of dependent experimental Hall mobility for each sample was
a=pglpgy,. (D) Th(_a apparent mobility diyided by the grain mobility ratio performed. The fitting parameters weg Vg, A, and B,
plotted as a function oB=Ig,/l4 for various values ofx=py/pq,. For .
typical values ofgB and « the inhomogeneity influences the mobility mea- whereA and B are related to the apparent grain boundary
surement more than the carrier concentration Hall measurement. mobility by ugp= (ATHS+BT 191 This equation used to
model the grain boundary mobility is a traditional mobility
equation using Matthiessen’s rule to add the mobility assum-
Figures Ta) and 7b) display the apparent free carrier con- ing two scattering mechanisms, ionized impurity scattering,
centration and the apparent Hall mobility as a functiorBof and polar optical phonon lattice scattering. This initial as-
for various a values. As will be shown later in the section, sumption was again used due to the lack of information
typical values ofg and « are approximately 10° and 10 4, known about the grain boundary region. Figure 8 displays
respectively. Hence, from E¢4) and Fig. 7a), the apparent the results of the least squares fit for sample I. Shown are
carrier density is principally determined by the grain carriermobility curves for crystalline GaN:M{n the grain regioj
density. Thus, the experimentally measured valuedNfpr ~ the experimental data, the grain boundary region, and the
K, andE, change little upon including the effects of inho- microstructure-oriented model. Figure 8 illustrates the reduc-
mogeneity. However, from E@5) and Fig. 7b) the apparent tion in modeled mobility owing to an inhomogeneous mate-
Hall mobility is greatly influenced by the sample inhomoge-rial. The extracted parameter8; !, Vg, A, andB are dis-
neity, for examplew o~ 0.1u4 for @=10"* and 8=10"3.  played in Table IIl.
Hence, the sample inhomogeneity prevents a consistent fit of The best fit to the experimental mobility data requires
the ionized impurity concentration from both the carrier con-that the apparent grain boundary mobility be on the order of
centration and the mobility data. 0.01 cnf/Vs and possess a slight temperature dependence.
Recall g=ly/lg is a constant but a=py/py,  Furthermore, as stated previously, dislocation scattering may
= gbPgn/ gPg Will vary with temperature. Thus, the appar- influence the mobility at low temperature, as shown by
ent Hall mobility will depend uporB, pg,/Pg and wgy/ wg - n-type GaN® Our model accounts for dislocation scattering
The grain region is assumed single crystal GaN, thus, thedirectly in the temperature dependence of the grain bound-
grain region material parametgpg and uq are known from  ary mobility. For the samples investigated the value¥/gf
our previous mobility calculations given in Sec. Il C. The correspond to room temperatupg/pg, ratios of 0.5 to 1.
inhomogeneous material has been modeled as crystalline While the discrepancies between experimental mobility
particles separated by disordered interparticle regions. Thuand the modeled mobility are probably due to a combination
this simple ohmic conduction model essentially consists obf factors, the average grain-to-grain boundary size ratio of
an assemblage of series and parallel temperature dependéiné material, as determined from transport, is one parameter
resistors. that can be independently verified. Therefore, in support of

103| B=33x10"
a=10"

Happ ™ 0.1 M

L s
10 | 19

107 10°% 105 10* 10° 102 10" 10°
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TABLE lll. Parameters extracted from the microstructure-oriented model and the Williamson—Hall plot. They
include B8~1, the grain-to-grain boundary length ratfoand B, coefficients of the apparent grain boundary
mobility Vg, the extracted barrier height, ahg, «g, , which, respectively, denote the average lateral coher-
ence length and angle of tilt each grain possesses.

Sample B7'=lg/lg,  A(Vscm2K¥)  B(Vscm2K¥)  vg(mV) L (nm)  ay (deg)

I 207 3.4x10°° 2.4x 10 0.6 594 0.15
I 351 3.4x10°% 1.3x10% -8.7 835 0.06
1 223 4.4x10°° 1.7x10 -5.4 219 0.11
v 311 3.8<10°8 2.3x 10 -19.8 331 0.13

this inhomogeneous transport model, the GaN:Mg film mi-investigated. The lateral correlation lengths and the tilt

crostructure was characterized by XRD. angles are provided in Table Ill. As shown, sample Il pos-
sesses columnar grains with larger in-plane coherence
VI. XRD ANALYSIS lengths and a tilt, with respect to tleaxis, smaller by half

than the three other samples.

High-resolution x-ray rocking curves were performed
using a triple axis diffractometer with an analyzer crystal. In
this gonfigﬂration the resolution limit of the inﬁtrume%n is 13V”' CORRELATION BETWEEN XRD AND

' . MICROSTRUCTURE-ORIENTED MODEL

arcsec. The Igteral coherenpe Iength' and amount qf tilt e,aceOHERENCE LENGTH
columnar grain possesses is determined from the investiga-
tion of (00) symmetric(w-scan rocking curve full width at A weak direct correlatioriwith a correlation coefficient
half maximum(FWHM). of 0.48 between the lateral correlation lendth, as deter-
mined from x-ray diffraction, and the extracted rajio *
=lg4/lg,, as determined from the inhomogeneous transport

For the resolution limits stated above, the symmetricmodel, has been observ&iThe weak direct correlation be-
(00l) rocking curve(w-scan breadth is controlled only by tweenlL, and 8~! is shown in Fig. 10. The straight line
the out-of-plane misorientation or titt;; and by the lateral represents a best linear fit to the data. The less than perfect
coherence length, parallel to the sample surface. The con- correlation may be due in part to the following reasons.
tributions from each of these broadening mechanisms can b&learly more factors control transport than have been in-
determined by following a procedure similar to Williamson cluded. For example, the transport may depend upon the dif-
and Hall*" Here, Bo(sing)/\ is plotted againsising)/x,  ferent degrees of twist or tilt between adjoining grains, and
where B, is the integral width of thes scan,\ is the x-ray  each sample realistically possesses a different range of grain
wavelength, and Ris the scattering angle. A similar analysis sizes. However, only an average size was estimated. Further-
of the defect structure has been performechagpe GaN®®  more, the effects of many factors giving rise to the discrep-

The Williamson—Hall plot separates the tilt and lateralancies between the experimental and modeled mobility have
coherence contributions to the peak breadth. The broadenirizeen reduced to one parametgr !, the grain-to-grain-
in reciprocal space due to tilt will increase with scatteringboundary length ratio. In additiog~?, a ratio, was com-
order, while the breadth due to the presence of a lateral cqpared to a physical length;. Ideally, one would like to
herence length is independent of the distance from theorrelate the grain sizky, as determined from transport, to
k-space origin. Subsequently, from théntersectiony, and  the lateral coherence length, as determined from XRD.
slopem of a linear fit to theBq (sin #)/\ versus(sin §)/\ plot, However, no independent information about the grain
the correlation length.;=0.9/(2y,) and the tilt angleay;
=m are estimated. Figure 9 displays the Williamson—Hall

A. Analysis of the symmetric rocking curve

plot for the (00) rocking curve FWHM for each sample = 360 —
e II
2 a0 W
3 T T T T T =] ¢
16x107 | —e—Sample I 5
= 520
-3 — o
1.2x10° f | =T = |
< i —_
S 80 n 2901 m
S - | . sample T
‘A [« X .
. (006) 200 L= . ' '
£ 4x10* 004) 200 400 600 800 1000
] 002
ox1c? | 002) o L|| (nm), (XRD)
0 0.2 04 0.6
sin(@)/A FIG. 10. Shown is the extracted ratio of grain-to-grain boundary length

B~ 1=l14/lg,, as determined from the microstructure-oriented model as a
FIG. 9. Williamson—Hall plot of the rocking curve FWHM of symmetric function ofL,, as determined from XRD. The straight line represents a best
XRD peaks. linear fit to the data.
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boundary exists. Thus, the less than ideal correlation be- 10*
tweenL, and 8~ ! can manifest itself in the difference igo
for each sample. Accepting the fact that a small sample set o 100K
has been studied, these results suggest that there may be a ~:"’ 10°f
correlation between the microstructure and the transport g
properties ofp-type GaN:Mg, warranting a more extensive g 10?
study. . . . = | sk
In addition, experimental mobility is not correlated with
the lateral coherence length . This is understandable since 10! P —
the experimental mobility is also dependent upon the accep- 10" 10' 107 10" 10" 10?
tor concentration, impurity compensation, and the micro- Substitutional Mg conc. (cm™)
structure. For example, just as the mobility pftype (a)

GaN:Mg grown on sapphire cannot be modeled by only con-
sidering the traditional extended state scattering mechanisms,
the mobility cannot be modeled by only considering the ma- 10']
terial quality. -

In summary, it has been shown that the experimental ”é\
mobility of GaN:Mg appears to be influenced by the micro- ©
structure. A model has been provided to explain the high <}
temperature discrepancies between the mobility numerically ©
calculated to accurately account for the inelastic scattering of

polar optic phonons and the experimental mobility. Further- 107 - . ; i

more, a direct, but weak, correlation required by the inhomo- 10" 10% 107 10" 10" 1020_3
geneous model between the lateral correlation length, as de- Substitutional Mg conc. (cm™)
termined by XRD, and the extracted ravﬂflzlgllgb was (b)

observed.

FIG. 11. (a) Calculated low-field hole mobility fop-type GaN:Mg as a
function of the Mg concentration for ambient temperatures of 100, 300, and

V. CONDUCTIVITY AND MOBILITY LIMITS 500 K. (b) Calculated conductivity fop-type GaN:Mg as a function of Mg

IN SINGLE CRYSTAL GaN:Mg doping concentration for ambient temperatures of 10@sklid), 300 K
Eventually, with improved growth of GaN, the material fizgeﬂevand 500 K (solid). For compensation K=0.1 and E,

will approach ideal single crystal quality. Such an improved

quality might be expected for the “lateral epitaxial over-

growth” material now being investigated in several structure. While dislocation scattering may control the low
laboratorie&”~**or other novel growth techniquésin these  temperature mobility it does not explain the discrepancies
cases the mobility ofp-type GaN:Mg should be well de- observed for high temperature. A microstructure-oriented
scribed by traditional extended state scattering mechanismmodel is presented for an interpretation of the transport of
Figures 11a) and 11b) display the calculated mobility and holes in p-type GaN:Mg grown on sapphire. The
conductivity for crystallinep-type GaN:Mg with an activa- microstructure-oriented model provides a simplified picture
tion energy of 150 meV and compensation rati&kef0.1 as  of the microstructure, consisting of two distinct microstruc-
a function of Mg doping concentration. As shown, the con-tural phases in GaN on sapphire. Using this model for the
ductivity has an upper limit of 100 cm) * at 300 K and 30  experimental mobility, a correlation coefficient of 0.48 was
(Qcm) ! at 500 K. Subsequently, as the growthmfype  found between the microstructural parameters extracted from
GaN:Mg improves, GaN devices that includptype hole transport measurements and the microstructural param-

GaN:Mg will still possess a high spreading resistance. eters determined from XRD measurements. This result is
suggestive that there may be a correlation between the mi-
IX. SUMMARY crostructure and the transport propertiegpd/pe GaN:Mg

i . warranting a more extensive study. Therefore, the experi-
~ From the analysis of thp-type GaN:Mg Hall mobility,  mental mobility of p-type GaN:Mg grown on sapphire is
it has been shown that the experimental Hall mobility Cannobroperly described as dependent upon the acceptor doping,
be explained solely by traditional extended state scatteringnpurity compensation, and microstructure, including dislo-

mechanisms. \We see not only that the mobilities are nofation density, columnar grain size, and grain boundaries.
accurately modeled by solving the BTE, but that the calcu-

lated results do not even reflect the trend in experimenta . . .
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