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Thermopower investigation of n- and p-type GaN

M. S. Brandt,* P. Herbst, H. Angerer, O. Ambacher, and M. Stutzmann
Walter Schottky Institut, Technische Universita¨t München, Am Coulombwall, D-85748 Garching, Germany

~Received 14 April 1998!

A comparative investigation of the Hall effect, conductivity, and thermopower properties of molecular-
beam-epitaxy-grown GaN is presented. In unintentionally dopedn-type GaN, a negligible thermal activation of
the thermopower is observed above 300 K. In as-grown GaN:Mg, a thermopower activation energy of 280
meV is observed at high temperatures, as well as a scattering factorA53. At temperatures below 120 K, the
Seebeck coefficient ofp-type GaN changes sign and indicatesn-type conductivity. These results show that
hopping in the acceptor band contributes significantly to the electronic transport properties. After hydrogena-
tion of GaN:Mg, both conductivity and thermopower have an activation energy of 520 meV, which is at
variance with the presence of potential fluctuations in the material. This demonstrates that hydrogen passivates
Mg-doped GaN by the formation of electrically inactive Mg-H complexes, in contrast to the formation of
compensating H-related donors, which should lead to noticeable potential fluctuations.
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I. INTRODUCTION

One of the key problems that had to be resolved for
successful realization of III-V nitride semiconductor devic
was p-type doping. It was first shown by Amanoet al. that
Mg-doped GaN grown by metal-organic chemical-vap
deposition~MOCVD! could be madep-type by a postgrowth
exposure to low-energy electron beam irradiation.1 Naka-
mura et al. further demonstrated that thermal annealing
MOCVD GaN:Mg also leads to efficientp-type doping.2 It
was later shown that the active hole concentration in hig
conductive GaN:Mg can be drastically reduced by an ann
in NH3 atmosphere or an exposure to atomic hydrogen3,4

which points to the critical involvement of hydrogen in th
activation of Mg acceptors in GaN.

In principle, there are two microscopic mechanisms t
could account for these observations: the formation of Mg
complexes, which leads to a passivation of the acceptors
the compensation of the acceptors by hydrogen-induced
nors. First-principles total-energy calculations showed t
hydrogen can form an interstitial donor in GaN.5 On the
other side, Mg-H complexes, in which the hydrogen at
occupies the antibonding position of one of the nitrog
neighbors, appear to have a more favorable forma
energy.5 The observed increase of the hole mobility up
hydrogenation indicates the formation of such electrica
inactive Mg-H complexes.6 The most decisive support fo
the existence of Mg-H complexes would, however, be
observation of their local vibrational modes~LVM’s !. While
the first investigation into the LVM’s of GaN Mg probabl
observed H-decorated nitrogen vacancies,7 modes consisten
with the above microscopic model have been repor
recently.8 However, the oscillator strength found for th
Mg-H complexes in GaN is considerably smaller than t
observed for N-H bonds, e.g., in ZnSe,9 which sheds some
doubt whether the surrounding structure of the majority
Mg atoms has indeed been observed in Ref. 8.

Electronic transport inp-type GaN has been studied e
tensively using the Hall effect and conductivity measu
PRB 580163-1829/98/58~12!/7786~6!/$15.00
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ments. However, no information on the complementary th
mopower properties of the III-V nitrides is available
Thermopower determines the average energy, with respe
the Fermi level, which is transported by charge carriers un
the influence of a thermal gradient10 and therefore provides
alternative information concerning the main conduction pa
A temperature differenceDT across the semiconductor lead
to the buildup of a voltageDU caused by the majority carri
ers diffusing from the hot to the cold end. The thermopow
or Seebeck coefficientS is given by the ratioDU/DT. When
the relaxation of the energyE of charge carriers can be de
scribed by a relaxation timet}Er , the Seebeck coefficien
for hole conduction is determined from Boltzmann’s equ
tion as

S5
k

eFA1
EF2EV

kT
G , ~1!

with a constant scattering factorA5( 5
2 1r ), andEF andEV

denoting the energy of the Fermi level and valence band
usual. In principle, thermopower measurements allow the
termination of the dominant scattering mechanism, of
density of states effective mass, and of the statistical shif
the Fermi level. In addition, the measurement of the sign
the Seebeck voltage provides a definite identification of
type of conductivity even in cases when the concentration
charge carriers is too low for conventional Hall experimen

Of particular importance for the problem of complex fo
mation vs compensation by hydrogen in GaN:Mg is the f
that in some cases a comparison between thermopower
conductivity experiments has been used to estimate the
of potential fluctuations caused by charged impurities.11,12

The underlying idea is that charge carriers participating
conductivity are influenced more strongly by mesoscopic
tential fluctuations, while for the buildup of a Seebeck vo
age under open circuit conditions only activation to the mi
mum of the fluctuations is necessary. In this case,
activation energy of the thermopowerEA,TP5EF2EV,TP is
7786 © 1998 The American Physical Society
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PRB 58 7787THERMOPOWER INVESTIGATION OFn- AND p-TYPE GaN
smaller than the respective activation ener
EA,s5EF2EV,s for the conductivity~Fig. 1!. The difference
DE5EA,s2EA,TP then is a measure of the size of the p
tential fluctuations. We present here results of compara
Hall effect, conductivity, and thermopower experiments
molecular-beam-epitaxy~MBE! grown GaN:Mg, which in
contrast to MOCVD-grown material does not require po
growth anneal to showp-type conductivity. In as-grown
GaN:Mg, clear indications for hopping in an impurity ban
are observed. Upon hydrogenation,EA,s was found to be
equal toEA,TP within experimental error. This failure to ob
serve potential fluctuations due to compensating charged
purities provides additional support that neutral Mg-H co
plexes are formed in GaN.

II. EXPERIMENTAL DETAILS

The thermopower measurements were performed on G
epitaxial layers grown onc-plane sapphire using plasma
induced MBE.13 The samples were cut into thin stripes~339
mm2! and Au and Al were evaporated as contact material
p- andn-type material, respectively. The two narrow ends
an individual sample studied were mounted with the sapp
side down onto two copper blocks, whose temperature co
be controlled independently by both heating and liqu
nitrogen cooling~Fig. 2!. Due to the high thermal conductiv
ity of the sapphire substrate and the comparatively bad t
mal contact to the copper blocks, measuring the ex
temperature at the contacts used for the determination o
Seebeck voltage is of tantamount importance. This
achieved by Chromel-Alumel thermocouples mounted us

FIG. 1. Schematic representation of the different effect
valence-band minima characterizing the transport paths for t
mopower and conductivity.

FIG. 2. Experimental setup used to determine the thermopo
The Seebeck voltage is measured between the Chromel eleme
two thermocouples.
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silver paste on the metal contacts where they are exten
into the sample region between the copper blocks. The S
beck voltage is then measured between the chromel con
of each pair using a high impedance voltmeter~Keithley
6517!, which allows the accurate determination of the th
mopower for sample resistance of up to 200 GV. Using this
setup, the remaining error in the determination of the S
beck coefficient is mostly due to a nonperfect knowledge
the sample geometry and can be kept below 10%.

The simplest way to determine the thermopower is
measure the Seebeck voltageDU at a constant temperatur
differenceDT5TB2TA of the temperaturesTA andTB at the
two ends of the sample. However, since the two contacts
never be made completely identical and purely Ohmic,
additional contact potential can develop, which distorts
thermopower measurement~offset in Fig. 3!. To first order,
this effect can be suppressed by measuringDU at different
DT while keeping the main temperatureTavg5(TA1TB)/2
constant and determiningS(Tavg) from the slope ofDU(DT)
using a least-square fit. Figure 3 shows the result of suc
measurement of as-grown GaN:Mg. The sign of the Seeb
voltage at the cold end is positive, indicating that indeed
sample isp-type. Using this setup, the thermopower prop
ties of GaN could be investigated fromTavg5110– 600 K.

III. RESULTS

A. n-type GaN

As a starting point, we have also investigated the th
mopower properties ofn-type GaN before turning top-type
material. Figure 4 shows the temperature dependence o
conductivity and of the thermopower of an unintentiona
doped GaN film with an electron concentratio
n5231018 cm23. At room temperature, the activation en
ergy of the conductivity isEA,s'25 meV. No clear tempera
ture dependence of the thermopower is observed above
K. The extrapolation of the thermopower data to 1/T→0
yields a scattering factor ofA'3.8.

Within the framework of the energy relaxation time a
proximation, the scattering factorA for scattering by ionized
impurities is 4, for scattering by acoustical phononsA52.10

At high temperatures, scattering inn-type GaN is expected to
be dominated by the interaction with polar optical phonons14

r-

r.
s of

FIG. 3. Determination of the Seebeck coefficientS by variation
of the temperature differenceDT keeping the mean temperatureTavg

fixed. Using this technique, the influence of contact potentials
the measurement can be minimized.
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7788 PRB 58M. S. BRANDT et al.
The prediction of the corresponding scattering factor is d
ficult, since this scattering process cannot be easily descr
by the energy relaxation time approximation. Howev
A53 has been reported for this scattering mechanism.15 The
observed value ofA'3.8 lies in between the factors ex
pected for pure polar optical and impurity scattering, resp
tively. The value close to 4 is in accordance with the re
tively low room-temperature mobility ofmn5110 cm2/V s
exhibited by the sample.

From a comparison of the thermopower and Hall resu
the density of states effective massmDOS* can be determined
according to Johnson and Lark-Horovitz,16 which provides a
valuable cross-check for the quality of the thermopow
measurements. In the case of dominant scattering by ion
impurities,

S52
k

eF lnS 1.93
T3/2

ne
D 23.821

3

2
lnS mn,DOS*

m0
D G ~2!

for n-type conductivity, whereT is in K, n is in cm23, ande
is in C. Close to room temperature, Eq.~2! provides an esti-
mation of the electron density of states mass in GaN
mn,DOS* 50.15m0 , close to values for the effective massmn*
around 0.23m0 determined by other techniques.17 The
marked reduction of the Seebeck coefficient at temperat
below 200 K seen in Fig. 4 is caused by the high don
concentration in the sample investigated. We will discu
such effects in more detail in the context ofp-type GaN
below.

B. As-grown p-type GaN:Mg

The experiments onp-type GaN have been performed o
a GaN:Mg epitaxial layer grown without a buffer layer. Ela

FIG. 4. Temperature dependence of the conductivitys and of
the thermopowerSof n-type GaN. Extrapolation of the temperatu
to 1/T→0 yields the scattering factorA.
-
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,
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tic recoil detection analysis determined a Mg concentrat
of 531019 cm23 in the layer. Figure 5 shows the results
Hall measurements obtained for the as-grown layer. The
tivation energy of the hole concentration isEA,Hall5162
meV, in good agreement with other reports on the M
acceptor.18,19 The maximum Hall mobility found in the as
grown sample ism56 cm2/V s at 180 K. At higher tempera
tures, the mobility decreases asm} T23/2.

Figure 6 shows the comparison between the tempera
dependence of the conductivity and the Seebeck coefficieS
for GaN:Mg in the as-grown state. At temperatures betwe
300 and 500 K, the thermopower has an activation ene
EA,TP5EF2EV,TP5'130 meV, slightly larger than the
corresponding activation energyEA,s'110 meV for the con-
ductivity in this temperature range, and an extrapolated s
tering factor ofA'6.5. At temperatures above 500 K, th
activation energy increases toEA,TP'280 meV, while the
scattering factor becomesA'3. At high temperatures, theA
therefore approaches the value expected for scattering a
lar optical phonons.14 However, over the whole temperatur
range,EA,TP is significantly larger thanEA,s , which is at
variance with the thermopower model as discussed in
Introduction. In particular, the possible effects caused by
tential fluctuations would lead toEA,TP being smaller than
EA,s .

It is necessary to include a second transport path to
count for the observed thermopower behavior. Hypoth
cally assuming that electrons from compensating don
would lead to transport in the conduction band, such bipo
transport by electrons and holes would increase the con
tivity, but their combined effect would be to decrease t
thermopower, in contrast to what is observed here at h
temperatures. Until now, we have, however, neglected
contribution of hopping in the acceptor band to the electro

FIG. 5. Arrhenius plot of the effective hole concentration in t
Mg-doped GaN sample in the as-grown state. The inset shows
corresponding temperature dependence of the Hall mobility.
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PRB 58 7789THERMOPOWER INVESTIGATION OFn- AND p-TYPE GaN
transport in GaN:Mg. As can be seen from Fig. 5, only 1%
the charge carriers has been thermally activated to the
lence band at room temperature. While the conductivity
dominated by the more mobile holes in the valence band,
thermopower will have comparable contributions from ho
in the valence and in the acceptor band. The thermopo
resulting from hopping processes has been studied ex
sively, in particular in disordered systems.20,21 Due to the
relatively deep levels of the dopants, wide band-gap se
conductors provide a unique opportunity to study th
mopower under conditions when both transport in exten
states as well as hopping in localized states are present

Convincing evidence for the contribution of hopping
the acceptor band of GaN:Mg to the thermopower com
from the observed reversal of the sign ofS at temperatures
below 120 K as seen in Fig. 2. A similar behavior has be
observed, e.g., by Geballe and Hull in highly doped silicon22

Their interpretation was that once the temperature is
enough so that the acceptor band is almost empty of e
trons, and provided that the acceptor band does not ove
with the valence band, the impurity band effectively acts a
conduction band and hopping of electrons in the acce
band gives rise to a Seebeck effect typical for electrons
observed here. Compared to the results obtained for Si,22 the
transition temperature at which the Seebeck coeffic
changes sign roughly scales with the depth of the accep
In the case of partial compensation, which is very likely f
GaN containing residual oxygen donors, the electrons tra
ferred from the donors to the acceptor band additionally c
tribute to this negative Seebeck coefficient at low tempe
tures.

The observation of hopping in the Mg-acceptor ba
clearly indicates that the Fermi level is in or very near to t

FIG. 6. Temperature dependence of the conductivitys and of
the thermopowerS of Mg-doped GaN.S becomes negative below
120 K.
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band. This allows us to resolve an ambiguity that exists
the interpretation of Hall experiments, namely, in the det
mination of the exact energy of the acceptor levelEA from
the activation energy of the Hall concentrationEA,Hall .
According to standard semiconductor statistics,EA
52EA,Hall when no compensation takes place. In contra
the presence of compensation leads toEA5EA,Hall .
Although the details of the temperature dependence of
Hall concentration as well as other measurements suc
photoluminescence have already indicated the presenc
compensating donors in GaN:Mg, the hopping at the Fe
level observed here provides further evidence from trans
measurements that the Mg-acceptor level is atEA5EA,Hall
'162 meV.

C. Hydrogenated GaN:Mg

To finally address the influence of hydrogen in GaN:M
the samples have been deuterated at 600 °C using a re
dc plasma. The room-temperature conductivity decrea
from 431021 1/V cm in the as-grown state to 231026 1/
V cm in the deuterated state. After deuteration, the cond
tivity was too low to perform Hall experiments. Howeve
thermopower measurements show that the sample rema
p-type. The results of the high-temperature conductivity a
thermopower experiments of deuterated GaN:Mg are sho
in Fig. 7. The activation energyEA,TP has significantly in-
creased to 520 meV, as well as the correspondingEA,s ,
which changes from 500 to 540 meV in the temperat
range from 300 to 550 K in which the thermopower expe
ment could be performed. Most notably, the marked diff
ence in the two activation energies observed in the as-gr

FIG. 7. Comparison of the temperature dependence of the
ductivity s and of the thermopowerS of as-grown and fully deu-
terated Mg-doped GaN. Upon deuteration, the room-tempera
conductivity decreases by a factor of 105.
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7790 PRB 58M. S. BRANDT et al.
state has disappeared, i.e.,EA,TP'EA,s within experimental
error. The extrapolation of the thermopower data to 1/T→0
yields a scattering factor ofA'6, similar to the value ofA
obtained for medium temperatures in as-grown GaN:Mg.
ter hydrogen treatment, thermopower measurements at
peratures significantly below 300 K could not be perform
since the sample resistance became too high.

IV. DISCUSSION: THE ROLE OF POTENTIAL
FLUCTUATIONS

As discussed in the Introduction, in the presence of
tential fluctuations the activation energy of the thermopow
EA,TP is expected to be smaller than the activation energy
the conductivityEA,s . For p-type conduction, the tempera
ture dependence of the differenceDE5EA,s2EA,TP of the
activation energies can be expressed using the dimensio
function23

Q5 ln~s V cm!1
e

k
S5 ln~s0 V cm!2

EF2EV,s

kT
1A

1
EF2EV,TP

kT
5C2

DE

kT
, ~3!

wheres0 is the conductivity prefactor. Assuming thatA is
not temperature dependent,C5 ln(s0 V cm)1A, and DE
5EV,TP2EV,s5EA,s2EA,TP . When the conductivity is de
fined independently of the type of charge carrier ass
5ueunm,

Q5 ln~s V cm!2
e

k
S5 ln~s0 V cm!2

EC,s2EF

kT
1A

1
EC,TP2EF

kT
5C2

DE

kT
~4!

FIG. 8. Temperature dependence of the functionQ for n-type
GaN, as-grownp-type GaN:Mg, and fully deuterated GaN:Mg.
-
m-
d

-
r
f

ess

for n-type conduction withDE5EC,s2EV,TP . Extrapola-
tion to 1/T50 therefore provides a combined estimate ofA
ands0 .

Figure 8 shows the temperature dependence ofQ for all
three materials studied here:n-type GaN, as-grown GaN:Mg
and deuterated GaN:Mg. In the case ofn-type material, a
small positiveDE'30 meV is found, in accordance with th
values ofEA,s and EA,TP determined separately. Since th
positive value ofDE suggests the presence of potential flu
tuations, we will try to estimate the average amplitude
these fluctuations following an argument by Kane.24 He finds
that for a volumeL3, which containsN5L3Nd charged do-
nors of densityNd , the typical statistical deviationAN from
this average gives rise to a potential fluctuation

DV5
eAN

4pee0

1

L
5

e

4pee0

~LNd!1/2. ~5!

Since the fluctuations are limited by the screening aris
from mobile carriers, the relevant length scaleL is deter-
mined by the Debye screening lengthLDebye5Aee0kT/ne2,
where n is the density of mobile charge carriers. Inserti
LDebye into Eq. ~5!,

DV5
e

4pee0
F S ee0kT

ne2 D 1/2

NdG 1/2

. ~6!

In particular,DV is proportional toNd
1/2 andn21/4. Starting

from a donor concentration ofNd5231018 cm23 in the n-
type GaN sample studies, assuming complete activation
donors, i.e.,n5Nd , and usinge58.5, a value ofeDV'12
meV is found at room temperature. Due to the weakT1/4

dependence ofDV and the limited temperature range inve
tigated in Fig. 8, we neglect the temperature dependenc
DV in the remainder of the discussion. Taking into accou
the assumptions used in the derivation of Eq.~6!, we find a
good agreement ofeDV andDE for n-type GaN, which adds
further confidence that our assignment of a positiveDE to
potential fluctuations is indeed correct.

As discussed above, the thermopower properties of
as-grown GaN:Mg material studied are significantly infl
enced by hopping in the acceptor band, and cannot be in
preted in terms of potential fluctuations, as evidenced by
negative values ofDE. Using the results of the Hall effec
measurements of the as-grownp-type material~carrier con-
centrationp and ionized acceptor concentrationNa at room
temperature ofp5Na5531017 cm23), fluctuations of the
order of onlyeDV'8 meV would be expected.

We will now estimate the potential fluctuations in th
hydrogen-treated sample. Since Hall measurements could
be performed after complete hydrogenation, we determ
the hole concentrationp from the change in conductivity
shown in Fig. 7. Under the assumption that the mobility
unchanged, we obtainp'1013 cm23. In the case of passiva
tion by complex formation,p5Na , and the size of the po
tential fluctuations will be of the order of a few meV. I
contrast, assuming that compensation takes place upon
drogenation of GaN:Mg,p!Na5531017 cm23 andNd . In
this case, we findeDV'140 meV, since screening by fre
charge carriers is markedly reduced. Even when change
the mobility are taken into account for the estimation ofp
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PRB 58 7791THERMOPOWER INVESTIGATION OFn- AND p-TYPE GaN
from the conductivity measurements, potential fluctuatio
of the order 100 meV are expected in compensated GaN:
However, within experimental accuracyDE'0 in fully deu-
terated GaN Mg (uDEu,10 meV!. We conclude that in this
material no potential fluctuations due to charged impurit
~Mg acceptors and hydrogen-related donors! exist. Our data
therefore are in favor of electrically inactive Mg-H com
plexes in GaN:Mg rather than compensating H-related
nors. Should hydrogenation lead to the formation of nitrog
vacancies (VN), Mg compensation byVN can similarly be
ruled out in favor of the formation of Mg-VN complexes.

V. SUMMARY AND CONCLUSIONS

We have investigated the transport properties ofn- and
p-type GaN:Mg using the complementary methods of th
mopower, Hall effect, and conductivity. In particular, it wa
shown that in MBE-grown Mg-doped material, the the
mopower is due to transport by holes in the valence ban
well as hopping in the acceptor band, as seen most not
by the change of the sign of the Seebeck effect at low te
D

,

E

s
g.

s

-
n

-

as
ly
-

peratures. However, the large discrepancy of the activa
energies of the thermopower and the conductivity at h
temperatures clearly indicates that conduction in the vale
band alone cannot adequately describe electronic transpo
this material, but that hopping in the acceptor band is a
relevant at device operating temperatures. The same sh
hold for the participation of deep acceptor or donor states
the conduction processes in other wide band-gap semic
ductors such as II-VI compounds or diamond. Upon intr
duction of deuterium into Mg-doped GaN, the activation
the thermopower and of the conductivity are identical, whi
excludes the presence of pronounced potential fluctuati
caused by compensation of Mg acceptors and provides a
tional evidence that electrically inactive Mg-H complexe
are formed in GaN.
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