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Thermopower investigation of n- and p-type GaN
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A comparative investigation of the Hall effect, conductivity, and thermopower properties of molecular-
beam-epitaxy-grown GaN is presented. In unintentionally dopsghe 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 faetdr At temperatures below 120 K, the
Seebeck coefficient gb-type GaN changes sign and indicatesype 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.
[S0163-182898)00335-X]

I. INTRODUCTION ments. However, no information on the complementary ther-
mopower properties of the I1lI-V nitrides is available.
One of the key problems that had to be resolved for therhermopower determines the average energy, with respect to
successful realization of I11-V nitride semiconductor devicesthe Fermi level, which is transported by charge carriers under
was p-type doping. It was first shown by Amaret al. that  the influence of a thermal gradiéhiand therefore provides
Mg-doped GaN grown by metal-organic chemical-vaporalternative information concerning the main conduction path.
deposition(MOCVD) could be made-type by a postgrowth A temperature differencAT across the semiconductor leads
exposure to low-energy electron beam irradiafioNaka-  to the buildup of a voltag&U caused by the majority carri-
mura et al. further demonstrated that thermal annealing ofers diffusing from the hot to the cold end. The thermopower
MOCVD GaN:Mg also leads to efficierp-type doping? It~ Or Seebeck coefficier@is given by the ratidAU/AT. When
was later shown that the active hole concentration in highlythe relaxation of the energly of charge carriers can be de-
conductive GaN:Mg can be drastically reduced by an annedicribed by a relaxation time=<E', the Seebeck coefficient
in NH; atmosphere or an exposure to atomic hydrotfen, for hole conduction is determined from Boltzmann’s equa-
which points to the critical involvement of hydrogen in the tion as
activation of Mg acceptors in GaN.

In principle, there are two microscopic mechanisms that Kk E-—Ey
could account for these observations: the formation of Mg-H S= s + , D
complexes, which leads to a passivation of the acceptors, or kT

the compensation of the acceptors by hydrogen-induced do-
nors. First-principles total-energy calculations showed thawith a constant scattering factér= (5 +r), andEg andEy
hydrogen can form an interstitial donor in GANDn the  denoting the energy of the Fermi level and valence band, as
other side, Mg-H complexes, in which the hydrogen atomusual. In principle, thermopower measurements allow the de-
occupies the antibonding position of one of the nitrogentermination of the dominant scattering mechanism, of the
neighbors, appear to have a more favorable formatiomlensity of states effective mass, and of the statistical shift of
energy’ The observed increase of the hole mobility uponthe Fermi level. In addition, the measurement of the sign of
hydrogenation indicates the formation of such electricallythe Seebeck voltage provides a definite identification of the
inactive Mg-H complexe8.The most decisive support for type of conductivity even in cases when the concentration of
the existence of Mg-H complexes would, however, be thecharge carriers is too low for conventional Hall experiments.
observation of their local vibrational moddsvM’s ). While Of particular importance for the problem of complex for-
the first investigation into the LVM’s of GaN Mg probably mation vs compensation by hydrogen in GaN:Mg is the fact
observed H-decorated nitrogen vacandéiespdes consistent that in some cases a comparison between thermopower and
with the above microscopic model have been reportedonductivity experiments has been used to estimate the size
recently? However, the oscillator strength found for the of potential fluctuations caused by charged impuritie.
Mg-H complexes in GaN is considerably smaller than thatThe underlying idea is that charge carriers participating in
observed for N-H bonds, e.g., in Zn8eyhich sheds some conductivity are influenced more strongly by mesoscopic po-
doubt whether the surrounding structure of the majority oftential fluctuations, while for the buildup of a Seebeck volt-
Mg atoms has indeed been observed in Ref. 8. age under open circuit conditions only activation to the mini-
Electronic transport irp-type GaN has been studied ex- mum of the fluctuations is necessary. In this case, the
tensively using the Hall effect and conductivity measure-activation energy of the thermopowEp rp=Eg—Ey, 1p iS
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FIG. 1. Schematic representation of the different effective d

valence-band minima characterizing the transport paths for ther- o s 0 s 10 15
mopower and conductivity. AT =TT, (K)

smaller than the respective activation energy FIG. 3. Determination of the Seebeck coeffici&tty variation

Ea ,=Er—Ey , for the conductivity(Fig. 1). The difference of the temperature differenc€T keeping the mean temperattirg,g
AE= EA,U_EA’,TP then is a measure of the size of the po- fixed. Using this technique,_the_influence of contact potentials on
tential fluctuations. We present here results of comparative'e measurement can be minimized.

Hall effect, conductivity, and thermopower experiments on

molecular-beam-epitaxyMBE) grown GaN:Mg, which in
contrast to MOCVD-grown material does not require pos
growth anneal to showp-type conductivity. In as-grown

GaN:Mg, clear indications for hopping in an impurity band of each pair using a high impedance \_/oltme(téleithley
are observed. Upon hydrogenatidg, . was found to be 6517, which allows the accurate determination of the ther-

equal toE, 1p within experimental error. This failure to ob- mopower for sample resistance of up to 200.GJsing this

serve potential fluctuations due to compensating charged i setup, the remaining error in the determination of the See-

purities provides additional support that neutral Mg-H com- eck coefficient is mostly due to a nonperfect knoowledge of
plexes are formed in GaN. the sample geometry and can be kept below 10%.

The simplest way to determine the thermopower is to
measure the Seebeck voltage) at a constant temperature
differenceAT=Tg— T, of the temperature§, andTy at the

The th ‘ d G a‘vo ends of the sample. However, since the two contacts can
The thermopower measurements were performed on Gale er pe made completely identical and purely Ohmic, an
epitaxial layers grown orc-plane sapphire using plasma-

) ) ; g additional contact potential can develop, which distorts the
induced MBE®® The samples were cut into thin stripe@x9 P P

; thermopower measuremeftffset in Fig. 3. To first order,
mn?) and Au and Al were evaporated as contact material fo'ihis eﬁgct can be suppressed by me?isamg at different
p- andn-type material, respectively. The two narrow ends of

S . . - AT while keeping the main temperatufig,=(Ta+ Tg)/2
an individual sample studied were mounted with the sapphir onstant and determinir§(T ;) from the slope oAU(AT)
side down onto two copper blocks, whose temperature coul

be controlled independently by both heating and liquid- sing a least-square fit. Figure 3 shows the result of such a
nitrogen coolingFig. 2). Due to the high thermal conductiv- measurement of as-grown GaN:Mg. The sign of the Seebeck

) ) X voltage at the cold end is positive, indicating that indeed the
ity of the sapphire substrate and the comparatively bad ther-ample isp-type. Using this setup, the thermopower proper-

mal contact to the copper blocks, measuring the exact ; ;
' 0 es of GaN could be investigated froim,,,=110-600 K.
temperature at the contacts used for the determination of the g Mg

Seebeck voltage is of tantamount importance. This is
achieved by Chromel-Alumel thermocouples mounted using

silver paste on the metal contacts where they are extending
t_into the sample region between the copper blocks. The See-
beck voltage is then measured between the chromel contacts

Il. EXPERIMENTAL DETAILS

Ill. RESULTS
A. n-type GaN

Seebeck Voltage

As a starting point, we have also investigated the ther-
mopower properties afi-type GaN before turning tp-type
material. Figure 4 shows the temperature dependence of the
conductivity and of the thermopower of an unintentionally
doped GaN film with an electron concentration
n=2x10"% cm 3. At room temperature, the activation en-

sapphire ergy of the conductivity i€, ,~25 meV. No clear tempera-
\ N > ture dependence of the thermopower is observed above 300
\ ‘\\ K. The extrapolation of the thermopower data ta 4/0
\ Cu- yields a scattering factor oA~ 3.8.
S block NN Within the framework of the energy relaxation time ap-

proximation, the scattering fact@r for scattering by ionized
FIG. 2. Experimental setup used to determine the thermopowedmpurities is 4, for scattering by acoustical phondns 210

The Seebeck voltage is measured between the Chromel elementsAt high temperatures, scatteringnrtype GaN is expected to

two thermocouples. be dominated by the interaction with polar optical phonths.
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FIG. 5. Arrhenius plot of the effective hole concentration in the
Mg-doped GaN sample in the as-grown state. The inset shows the
corresponding temperature dependence of the Hall mobility.

FIG. 4. Temperature dependence of the conductivitgnd of
the thermopoweS of n-type GaN. Extrapolation of the temperature
to 1/T—0 yields the scattering factak.

The prediction of the corresponding scattering factor is dif-tic recoil detection analysis determined a Mg concentration
ficult, since this scattering process cannot be easily describedf 5% 10" cm ™2 in the layer. Figure 5 shows the results of
by the energy relaxation time approximation. However,Hall measurements obtained for the as-grown layer. The ac-
A=3 has been reported for this scattering mecharsine  tivation energy of the hole concentration B, =162
observed value oA~3.8 lies in between the factors ex- meV, in good agreement with other reports on the Mg
pected for pure polar optical and impurity scattering, respecacceptor:>*° The maximum Hall mobility found in the as-
tively. The value close to 4 is in accordance with the rela-grown sample ige=6 cn¥/V s at 180 K. At higher tempera-

tively low room-temperature mobility of.,=110cn¥/Vs  tures, the mobility decreases as: T~ 32
exhibited by the sample. Figure 6 shows the comparison between the temperature

From a comparison of the thermopower and Hall resultsdependence of the conductivity and the Seebeck coeffifient

the density of states effective mast§,s can be determined for GaN:Mg in the as-grown state. At temperatures between
according to Johnson and Lark-Horovifawhich provides a 300 and 500 K, the thermopower has an activation energy
valuable cross-check for the quality of the thermopowerEa tp=Er—Ey 1p=~130 meV, slightly larger than the

measurements. In the case of dominant scattering by ionizegPrresponding activation energ ,~110 meV for the con-
impurities, ductivity in this temperature range, and an extrapolated scat-

tering factor ofA~6.5. At temperatures above 500 K, the

K 32 3 (M oos activation energy increases o, 1p~280 meV, while the
S=-— s In| 1.93—| —3.82+ Eln ’ (2 scattering factor becomds~ 3. At high temperatures, th&
ne Mo therefore approaches the value expected for scattering at po-

lar optical phonons? However, over the whole temperature
range,E, 1p is significantly larger tharE, ,, which is at
yariance with the thermopower model as discussed in the
Introduction. In particular, the possible effects caused by po-
tential fluctuations would lead t&, rp being smaller than

for n-type conductivity, wherd is in K, nis in cm 3, ande

is in C. Close to room temperature, E) provides an esti-
mation of the electron density of states mass in GaN o
My pos=0.15m, close to values for the effective masg
around 0.23m, determined by other techniqu¥s.The
marked reduction of the Seebeck coefficient at temperaturé%A’ff'

below 200 K seen in Fig. 4 is caused by the high donor It is necessary to include a second transport path to ac-
concentration in the sample investigated. We will discus£ount for the observed thermopower behavior. Hypotheti-

such effects in more detail in the context pitype GaN cally assuming that elgctrons from .compensating dpnors
below would lead to transport in the conduction band, such bipolar

transport by electrons and holes would increase the conduc-
tivity, but their combined effect would be to decrease the
thermopower, in contrast to what is observed here at high
The experiments op-type GaN have been performed on temperatures. Until now, we have, however, neglected the
a GaN:Mg epitaxial layer grown without a buffer layer. Elas- contribution of hopping in the acceptor band to the electronic

B. As-grown p-type GaN:Mg
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FIG. 6. Temperature dependence of the conductivitgnd of FIG. 7. Comparison of the temperature dependence of the con-
the thermopowes of Mg-doped GaN S becomes negative below ductivity o and of the thermopoweS of as-grown and fully deu-
120 K. terated Mg-doped GaN. Upon deuteration, the room-temperature

conductivity decreases by a factor 0f°10

transport in GaN:Mg. As can be seen from Fig. 5, only 1% of ) o S
the charge carriers has been thermally activated to the v&@nd. This allows us to resolve an ambiguity that exists in

lence band at room temperature. While the conductivity i$h€ interpretation of Hall experiments, namely, in the deter-
dominated by the more mobile holes in the valence band, thElination of the exact energy of the acceptor lelzgl from
thermopower will have comparable contributions from holesthe activation energy of the Hall concentratidp -
in the valence and in the acceptor band. The thermopoweficcording to standard semiconductor —statistick,
resulting from hopping processes has been studied exter2Ea 1ai When no compensation takes place. In contrast,
sively, in particular in disordered systed?s! Due to the the presence of compensation leads Ex=Ep yay-
relatively deep levels of the dopants, wide band-gap semiAlthough the details of the temperature dependence of the
conductors provide a unique opportunity to study ther-Hall concentration as well as other measurements such as
mopower under conditions when both transport in extende@hotoluminescence have already indicated the presence of
states as well as hopping in localized states are present. compensating donors in GaN:Mg, the hopping at the Fermi
Convincing evidence for the contribution of hopping in level observed here provides further evidence from transport
the acceptor band of GaN:Mg to the thermopower comegnheasurements that the Mg-acceptor level iEQt Ep a)
from the observed reversal of the sign ®at temperatures ~162 meV.
below 120 K as seen in Fig. 2. A similar behavior has been
observed, e.g., by Geballe and Hull in highly doped sili¢on.
Their interpretation was that once the temperature is low
enough so that the acceptor band is almost empty of elec- To finally address the influence of hydrogen in GaN:Mg,
trons, and provided that the acceptor band does not overldpe samples have been deuterated at 600 °C using a remote
with the valence band, the impurity band effectively acts as &c plasma. The room-temperature conductivity decreased
conduction band and hopping of electrons in the acceptoirom 4x10 ! 1/Q cm in the as-grown state toX210 ° 1/
band gives rise to a Seebeck effect typical for electrons a cm in the deuterated state. After deuteration, the conduc-
observed here. Compared to the results obtained f&rt8e  tivity was too low to perform Hall experiments. However,
transition temperature at which the Seebeck coefficienthermopower measurements show that the sample remained
changes sign roughly scales with the depth of the acceptop-type. The results of the high-temperature conductivity and
In the case of partial compensation, which is very likely forthermopower experiments of deuterated GaN:Mg are shown
GaN containing residual oxygen donors, the electrons trangn Fig. 7. The activation energg, +p has significantly in-
ferred from the donors to the acceptor band additionally conereased to 520 meV, as well as the corresponding, ,
tribute to this negative Seebeck coefficient at low temperawhich changes from 500 to 540 meV in the temperature
tures. range from 300 to 550 K in which the thermopower experi-
The observation of hopping in the Mg-acceptor bandment could be performed. Most notably, the marked differ-
clearly indicates that the Fermi level is in or very near to thisence in the two activation energies observed in the as-grown

C. Hydrogenated GaN:Mg
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13 T for n-type conduction withAE=E. ,—Ey tp. Extrapola-
GaN:Mg, D-passivated tion to 1/T=0 therefore provides a combined estimateAof
121 AE~0, C=11.2 1 andoy.
. . Figure 8 shows the temperature dependenc® &br all
N —— VR Y three materials studied hemetype GaN, as-grown GaN:Mg,
® .
AE=-20meV and deuterated GaN:Mg. In the caserefype material, a
10} C=94 L small positiveAE~30 meV is found, in accordance with the
GaN'M values ofE, , and E, 1p determined separately. Since the
- ans itive value ofAE suggests th f potential fluc-
o ok as-grown 1 positive value ofAE suggests the presence of potential fluc
tuations, we will try to estimate the average amplitude of
gl . AE=-170meV i these fluctuations following an argument by K&féle finds
C=5 that for a volumel.23, which containsN=L3N charged do-
71 | nors of densityN,, the typical statistical deviatiog/N from
this average gives rise to a potential fluctuation
sl \h......m-_
n-type GaN e\/ﬁ 1 e
AE=30meV, C=7.8 AV= = (LN d)1/2_ (5)
5 L . Areeg L Amee,
1 2 3
1000/T (1/K) Since the fluctuations are limited by the screening arising

from mobile carriers, the relevant length scdleis deter-
FIG. 8. Temperature dependence of the funci@ifior n-type mined by the Debye screening |engIBebye: ,/EEOkT/ngz,
GaN, as-growmp-type GaN:Mg, and fully deuterated GaN:Mg.  wheren is the density of mobile charge carriers. Inserting

L pebye iNto Eq. (5),
( eeokT) v
Ny

ne?

state has disappeared, i.Ex 1p~Ej, , Within experimental

error. The extrapolation of the thermopower data ©-20 e
yields a scattering factor oA~6, similar to the value oA Av=
obtained for medium temperatures in as-grown GaN:Mg. Af-

ter hydrogen treatment, thermopower measurements at term particular,AV is proportional toN%? andn~4 Starting
peratures significantly below 300 K could not be performedfrom a donor concentration dfigz=2x10® cm™2 in the n-

1/2

(6)

47ee

since the sample resistance became too high. type GaN sample studies, assuming complete activation of
donors, i.e.n=Ng, and usinge=8.5, a value okAV~12
IV. DISCUSSION: THE ROLE OF POTENTIAL meV is found at room temperature. Due to the waak
FLUCTUATIONS dependence oAV and the limited temperature range inves-

tigated in Fig. 8, we neglect the temperature dependence of
As discussed in the Introduction, in the presence of poAV in the remainder of the discussion. Taking into account
tential fluctuations the activation energy of the thermopowethe assumptions used in the derivation of E8), we find a
Ea1p is expected to be smaller than the activation energy ofjood agreement afAV andAE for n-type GaN, which adds
the conductivityE, ,. For p-type conduction, the tempera- further confidence that our assignment of a posithE to
ture dependence of the differenddE=E, ,—E 1p Of the  potential fluctuations is indeed correct.
activation energies can be expressed using the dimensionless As discussed above, the thermopower properties of the
functior?® as-grown GaN:Mg material studied are significantly influ-
enced by hopping in the acceptor band, and cannot be inter-
e Er—Ey, preted in terms of potential fluctuations, as evidenced by the
Q=In(oc Q cm)+ ES=In(aO Qcm————+A negative values oAE. Using the results of the Hall effect
kT measurements of the as-groyftype material(carrier con-
E._E AE centrationp and ionized acceptor concentratibly at room
yF VTP o 22 (3) temperature op=N,=5X10"" cm™3), fluctuations of the
KT kT order of onlyeAV~8 meV would be expected.

We will now estimate the potential fluctuations in the
where gy is the conductivity prefactor. Assuming thatis  hydrogen-treated sample. Since Hall measurements could not
not temperature depende@=In(oy  cm)+A, andAE be performed after complete hydrogenation, we determine
=Ey 1p—Ev +=Ea .~ Ea1p. When the conductivity is de- the hole concentratiop from the change in conductivity
fined independently of the type of charge carrier @s shown in Fig. 7. Under the assumption that the mobility is

=|e|nu, unchanged, we obtaip~ 103 cm ™3, In the case of passiva-
tion by complex formationp=N,, and the size of the po-
e Ec,—Ef tential fluctuations will be of the order of a few meV. In
Q=In(oc Q cm)— ES=In(UO Qcm-———+A contrast, assuming that compensation takes place upon hy-
kT drogenation of GaN:Mgp<N,=5X10 cm 3 andNy. In

E - _E AE this case, we findkeAV~140 meV, since screening by free
4+ CT°P "F = (4  Charge carriers is markedly reduced. Even when changes in
kT KT the mobility are taken into account for the estimationpof
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from the conductivity measurements, potential fluctuationgperatures. However, the large discrepancy of the activation
of the order 100 meV are expected in compensated GaN:Mgnergies of the thermopower and the conductivity at high
However, within experimental accuradyge~0 in fully deu-  temperatures clearly indicates that conduction in the valence
terated GaN Mg |AE| <10 me\). We conclude that in this band alone cannot adequately describe electronic transport in
material no potential fluctuations due to charged impuritieghis material, but that hopping in the acceptor band is also
(Mg acceptors and hydrogen-related dona@sist. Our data relevant at device operating temperatures. The same should
therefore are in favor of electrically inactive Mg-H com- hold for the participation of deep acceptor or donor states in
plexes in GaN:Mg rather than compensating H-related dothe conduction processes in other wide band-gap semicon-
nors. Should hydrogenation lead to the formation of nitrogerductors such as 1l-VI compounds or diamond. Upon intro-
vacancies Yy), Mg compensation by, can similarly be duction of deuterium into Mg-doped GaN, the activation of

ruled out in favor of the formation of My complexes. the thermopower and of the conductivity are identical, which
excludes the presence of pronounced potential fluctuations
V. SUMMARY AND CONCLUSIONS caused by compensation of Mg acceptors and provides addi-

) ) ) tional evidence that electrically inactive Mg-H complexes
We have investigated the transport propertiemnofind  gre formed in GaN.

p-type GaN:Mg using the complementary methods of ther-
mopower, Hall effect, and conductivity. In particular, it was
shown that in MBE-grown Mg-doped material, the ther-
mopower is due to transport by holes in the valence band as The authors thank M. K. Kelly for helpful discussions.
well as hopping in the acceptor band, as seen most notablhis work was supported by Bayerische Forschungsstiftung
by the change of the sign of the Seebeck effect at low temFOROPTO ).
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