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Conductivity and Hall-effect in highly resistive GaN layers
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Highly resistive GaN layers grown by molecular beam epitaxy are characterized by temperature
dependent conductivity and Hall effect measurements. Samples withr300>33103 V cm show
room temperature Hall mobility of 22 and 35 cm2 V21 s21 and have a temperature dependence
mH;Tx with x50.9 and 0.5. This is in contradiction to a sample withr300>32 V cm which has a
room temperature mobility of 310 cm2 V21 s21 and amH;Tx with x521.4. The same activation
energy of 0.23 eV, attributed to donor-like defects, is found for all three samples investigated.
Temperature dependent conductivity data can be reasonably fitted considering band conduction. The
presence of various hopping mechanisms is discussed. ©2000 American Institute of Physics.
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Highly resistive GaN buffer layers are important f
field-effect transistor and high electron mobility transis
structures to avoid a parallel conductive channel that
grades device performance. However, not much is repo
about their preparation and transport properties. Layers w
resistivity of 14, 33103, and 106 V cm were previously pre-
pared by varying the stoichiometry during molecular be
epitaxial ~MBE! growth.1 Another possibility to obtain high
resistive GaN layers is by acceptor doping. MBE grow
C-doped layers2 and hydride vapor phse epitaxial Zn-dop
layers3 with resistivity of 106 and 1012 V cm, respectively,
have been reported. Unfortunately, carrier concentration
mobility data on samples with resistivity higher than
V cm are not present in the literature due to the use of c
ductive substrates,3 or unmeasurable Hall coefficients.1,4

Hopping conduction, with extremely low Hall mobilitymH

,1 cm2 V21 s21, is assumed to be responsible for the lat
case.1,5 When the concentrations of the autodoping cent
and the deep defects are comparable, the layer beco
highly resistive and conduction by hopping among deep c
ters might occur. Additional models taking into account sc
tering on charged dislocations resulting in reduced mobi
have been proposed.6,7 To extend the knowledge of carrie
transport behavior in GaN layers, we report in this letter
the temperature dependent conductivity and Hall effect m
surements on highly resistive GaN layers grown by MBE

The undoped GaN layers were grown on sapphire s
strates by MBE using a radio frequency atomic nitrog
plasma source.8 A low temperature AlN buffer was grown
after nitridation of the sapphire. The substrate tempera
was then increased to 750 °C for the 2-mm-thick GaN
growth which was done under slightly Ga-rich flux ratio
High resolution x-ray diffraction measurements showed

a!Electronic mail: p.kordos@fz-juelich.de
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reasonable layer quality with>7 arc min full width at half
maximum of the~0002! v scan.9 Samples of about 636 mm2

were cut from each wafer and In contacts were alloyed
850 °C after appropriate surface cleaning. The ohmic beh
ior of the contacts was confirmed by current–voltage ch
acteristics. Accurate temperature dependent conductivity
low magnetic field (B50.5 T! Hall effect measurement
were carried out using a high-impedance system.

The samples investigated can be characterized by
following room temperature resistivity and Hall mobilit
data:r53.63103, 2.63103, and 32V cm andmH522, 35,
and 310 cm2 V21 s21 for samples designated as S1, S2, a
S3, respectively. The temperature dependence of their
ductivity and apparent Hall concentrations are shown in F
1. The experimental data of both conductivity and conc
tration can be well fitted considering that thermally activat
carriers dominate,s and nH;exp(2Ed /kT). Note that the
carriers are electrons deduced from the negative Hall co
cient. The activation energies evaluated from thes vs 1/T
dependence, commonly used in literature, are 0.30, 0.28,
0.24 eV for S1, S2, and S3 samples, respectively. Howe
the same activation energyEd50.23 eV is obtained for all
three samples from fitting of our experimental data plotted
nH /T3/2 vs 1/T ~not shown here!. All these values are evi-
dently higher than the reported values of 0.016 and 0.11
for similarly resistive MBE GaN.1 Recently the preparation
of high resistiven-GaN layers by implantation with variou
ions has been reported and defect levels of 0.20–0.49
evaluated from ther vs 1/T dependence, have been found10

Our data are in good agreement with this result, what in
cates that donor-like defects play a dominant role in the c
duction mechanism in the samples investigated.

The temperature dependence of the apparent Hall mo
ity ~in log–log scale! for all three samples is shown in Fig. 2
The experimental data are fitted according tomH;Tx depen-
dence. As expected from the room temperature data, dif
2 © 2000 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ent dependence of the Hall mobility on temperature is
tained for S3 compared with S1 and S2 samples. A scatte
power x521.4 is found for S3 ~note that nH56
31014 cm23 at 300 K!, which indicates that phonon scatte
ing dominates in conduction of this sample. On the ot
hand, for S1 and S2 samples the Hall mobility increases w
increasing temperature and from fitting of the experimen
data power values ofx50.9 and 0.5 are obtained. Accordin
to the dislocation scattering theory11 the drift mobility de-
pends on temperature asmdisl5CT3/2/l, where l is the
screening parameter which depends on temperature as;T1/2

~neglecting temperature dependence of the effective scr
ing concentration!. Thus, for the scattering on charged disl
cations a mobility vs temperature dependencemdisl5CT
should exist. From this it follows that conduction in samp
S1 and S2 with the scattering power near unity should

FIG. 1. Temperature dependence of conductivity and apparent Hall con
tration for highly resistive GaN layers. The solid lines are theoretical
Note that full marks belong to the left axis and open marks to the right a

FIG. 2. Temperature dependence of Hall mobility~log–log scale! for ana-
lyzed GaN layers. The solid lines are theoretical fits formH;Tx and the
dashed line represents a dependence withx521.5.
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mainly by interaction with dislocations, in contradiction
the sample S3.

Further, we will discuss the data obtained on samp
investigated from the hopping conduction point of view.
has been reported that the conduction mechanism in G
with a high number of defect centers does not consist
transport in the conduction band but of hopping among
calized defects.1,5 It was found that the experimental data a
most consistent with multiphonon hopping, rather th
nearest-neighbor or variable range single phonon hopp
We have analyzed our data considering all three types
hopping.

For nearest-neighbor hopping, i.e., usings5Bn

3exp(2e3 /kT) ande35CnND
1/3, whereBn andCn are tem-

perature independent constants, the resultingND of (4 – 8)
31021 cm23 for all three samples is unreasonably high. Th
is similar as reported previously.1 A comparison of a variable
range single phonon and a multiphonon fits for samples
and S3 are shown in Fig. 3~corresponding data for S2 ar
nearly identical to S1 and therefore not shown!. Assuming
variable range hopping withs5Bv exp@2(T0 /T)1/4# and
T05CvND

22/3, we getND5531015 and 131015 cm23 for
S3 and S1~S2! samples. These values are more reasona
but fitting for sample S3 is not satisfying and according
hopping theory the variable range type should be obser
only at low temperatures. However, conduction in low te
perature~LT! grown nonstoichiometric MBE GaAs can b
well described by variable range hopping at room tempe
ture. On the other hand, it is less probable that the de
concentration in highly resistive GaN and LT GaAs can
compared. Multiphonon hopping was recently considered
more reasonable to explain the conduction in highly resis
GaN.1 For this type of hopping a combination of both
nearest-neighbor and variable range single phonon hoppi
should occur. Fitting of our data to the equations
5Bmp exp@2(T0 /T)1/4#exp(e3 /kT), shown in Fig. 3, is
much better, mainly for sample S3. However, resultingT0

and e3 values are again unrealistic. Thus, the question

n-
.
s.

FIG. 3. Resistivity vsT21/4 dependence for two GaN layers. The solid a
dashed lines are theoretical fits for multiphonon and variable range si
phonon hopping, respectively.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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hopping in GaN needs to be studied in more detail.
In conclusion, we performed temperature depend

conductivity and Hall effect measurements on highly res
tive GaN layers grown by MBE. The main results of o
investigation can be summarized as follows:

~i! Conductivity and Hall carrier concentration sho
thermally activated dependences and for all three sam
investigated the same activation energy of 0.23 eV is ev
ated from the temperature dependent Hall concentrat
Similar defect levels have been found recently in highly
sistive GaN layers prepared by ion implantation.

~ii ! The Hall mobility of samples with resistivity abou
33103 V cm shows that a scattering on charged dislocati
dominates (mH;Tx, x50.9 and 0.5! in contradiction to
lower resistive sample~r532 V cm! for which phonon scat-
tering dominates (x521.4).

~iii ! From the hopping analysis it can not be determin
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
nt
-

es
u-
n.
-

s

d

whether conduction in highly resistive GaN is neare
neighbor, variable range single phonon, or multiphonon h
ping.
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