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Local vibrational modes~LVMs! are reported for Mg-doped GaN grown by metalorganic chemical
vapor deposition. Hetero-epitaxial layers of GaN:Mg, either as-grown, thermally activated, or
deuterated, were investigated with low-temperature, Fourier-transform infrared absorption
spectroscopy. The as-grown material, which was semi-insulating, exhibits a LVM at 3125
cm21. Thermal annealing increases thep-type conductivity, as established with Hall effect
measurements, and proportionally reduces the intensity of this LVM. Deuteration of the activated
material creates a LVM at 2321 cm21. The isotopic shift establishes the presence of hydrogen in the
vibrating complex. The new LVMs are assigned to the stretch modes of the Mg–H and Mg–D
complexes in GaN, with the vibrational frequencies indicative of a strong N–H bond as recently
proposed from total-energy calculations. ©1996 American Institute of Physics.
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The achievement ofp-type electrical conductivity in
Mg-doped GaN by Amano and co-workers,1 together with
the successful growth of high-quality InGaN layers, has
abled the III–V nitrides to become the materials of cho
for the fabrication of light emitting diodes2 and laser diodes3

emitting in the visible blue/green region of the electroma
netic spectrum. Amano and co-workers1 demonstrated tha
exposure of Mg-doped GaN to low energy electron be
irradiation ~LEEBI! activates the acceptor dopants. It w
subsequently demonstrated by Nakamura and co-work4

that thermal annealing near 800 °C in a hydrogen-free am
ent also producesp-type conductivity. These postgrowt
treatments are necessary because as-grown, Mg-doped
is semi-insulating when grown by techniques that furnis
hydrogen-rich ambient such as metalorganic chemical va
deposition~MOCVD!. In the growth of GaN with MOCVD,
hydrogen is present as a carrier gas and in the nitrogen
cursor, NH3, as well as in the metalorganics themselves.
contrast, when grown by molecular beam epitaxy in the
sence of hydrogen, Mg-doped GaN exhibitsp-type conduc-
tivity in the as-grown state.5

Nakamura and co-workers4 suggested that electricall
inactive acceptor-hydrogen complexes form after growth
MOCVD which are responsible for the semi-insulating n
ture of the material. They observed that thermal annealin
specimens of LEEBI-treated,p-type GaN:Mg at tempera
tures above 600 °C in an NH3 atmosphere decreased the co
ductivity by six orders of magnitude, whereas a similar a
neal in a N2 ambient left the conductivity unchanged.

From first-principles total-energy calculations, Neug
bauer and Van de Walle6 have found that isolated hydroge
should be an interstitial donor in GaN:Mg under MOCV
growth conditions and is, therefore, able to compensate
liberately incorporated Mg acceptors. They have also fou
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that hydrogen can form a stable complex with Mg, to
further discussed below. However, all of the experimen
evidence for the existence of the Mg–H complex reported
date have been indirect. The issue as to whether at ro
temperature the high resistivity of as-grown GaN:Mg aris
from compensation or hydrogen passivation remains un
solved.

In this study, we present direct spectroscopic evide
that hydrogen forms a complex with the shallow accept
(MgGa) in Mg-doped GaN and that the activation process
due to the dissociation of these Mg–H complexes. We
served both H- and D-related local vibrational mod
~LVMs! in as-grown and deuterated samples, respectiv
Further, upon activation of thep-type conductivity, the in-
tensities of the H- and D-related LVMs were found to d
crease in inverse proportion to the increase in the conduc
ity. The LVMs were observed only in Mg-doped GaN an
are absent in infrared absorption spectra of undoped and
doped GaN.

A previous study reported two LVMs~with room-
temperature frequencies of 2168 and 2219 cm21) in Mg-
doped GaN grown by molecular beam epitaxy that w
tentatively assigned to inequivalent configurations of hyp
thetical Mg–H complexes in the wurtzite lattice.7 However,
neither the effect of isotopic substitution nor correlatio
with activation/deactivation of thep-type conductivity was
presented in that study, and it was suggested that the
served modes might alternatively arise from a H-decora
native defect, such as a nitrogen vacancy with one or mor
the Ga dangling orbitals passivated by hydrogen.

The GaN epitaxial layers utilized in this study we
grown by MOCVD and doped with Mg during growth. Th
films were 4mm thick and deposited on double-polishe
sapphire substrates. The concentration of Mg atoms inco
rated was determined with secondary ion mass spectrom
~SIMS! to be;531019 cm23. To achievep-type conduc-
tivity, the Mg-doped GaN samples received a standard p
growth thermal treatment in a rapid-thermal-anneal~RTA!

an
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system.8 After activation, the total acceptor concentratio
was;231019 cm23 as determined from variable temper
ture Hall effect measurements.9 The hole mobility was;16
cm2/V s at 300 K, with a maximum of ;27
cm2/V s at 190 K. Deuteration was performed with a remo
plasma hydrogenation system10 at 600 °C for two hours.
Such a treatment introduces deuterium into thep-type, Mg-
doped GaN at concentrations above 1019 cm23 and signifi-
cantly increases the resistivity of the films.10

Infrared absorption measurements were performed w
a Fourier-transform infrared~FTIR! spectrometer~Bomem
DA8! equipped with a mercury cadmium telluride~MCT!
detector and a glowbar light source. We used a CaF2 and
KBr beam splitter for the H- and D-related peaks, resp
tively. An instrumental resolution of 2 cm21 was sufficient
to fully resolve the peaks. The samples were placed in a J
liquid-helium dewar and kept at a temperature of 8 K. T
doped GaN samples and the references were placed o
same mounting plate to ensure accurate and reliable sub
tion of the background. The absorption measurements w
performed in transmission at normal incidence.

The electronic properties of Mg-doped GaN after t
various treatments are illustrated in Fig. 1 for devices o
mized for Hall measurements on material similar to that u
for the FTIR measurements. The resistivity is shown a
function of temperature for the as-grown material~1!, after
activation of thep-type conductivity~2!, and after deutera
tion at 600 °C~3!. The as-grown material is essentially sem
insulating with the resistivity approaching;1010 V cm at
400 K. After RTA treatment, the resistivity decreases to;2
V cm at 300 K, due to activation of the acceptors. The d

FIG. 1. Electrical resistivity vs reciprocal temperature for Mg-doped Ga
~1! for as-grown material,~2! after thermal activation of thep-type conduc-
tivity, and ~3! after exposure to monatomic deuterium in a remote plas
system at 600 °C.
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teration increases the resistivity of the film to;106 V cm at
room temperature.

Figure 2 presents infrared absorption spectra for the M
doped GaN. The relative absorbance@[2 ln(T /T 0), where
T /T 0[transmittance with/without the sample# is shown in
two different wavenumber ranges. For the as-growth mate
~1!, the spectrum exhibits a LVM line at 3125 cm21. After
thermal activation~2! of the acceptors, the intensity of thi
line is reduced by about a factor of two. After deuterati
~3!, a new absorption line appears at 2321 cm21. This line
disappears after the thermal activation treatment~not shown
in Fig. 2!.

Our experimental data clearly indicate that the LV
with the frequency of 3125 cm21 ~Fig. 2! is a vibrational
mode of the MgGa-H complex in GaN. First, this mode ap
pears only in Mg-doped GaN and, second, an isotopic s
of the vibrational frequency is clearly established with t
absorption line at 2321 cm21 ~Fig. 2! which appears in deu
terated samples. The isotopic ratio of the two absorption
frequencies is;1.346, close toA2 and in excellent agree
ment with the corresponding frequency ratios observed
H-related LVMs in other semiconductors~e.g., Refs. 11 and
12!.

Further evidence for a Mg–H complex is provided b
the correlation of the intensity of the LVM absorption line
with the p-type conductivity of Mg-doped GaN films. Th
intensity of the absorption line at 3125 cm21 decreases sig
nificantly upon activation of thep-type dopant. This obser
vation is consistent with the model that after growth most
the Mg acceptors are passivated by hydrogen. The Mg

:

a
FIG. 2. Infrared absorption spectra for Mg-doped GaN grown by MOCV
Spectra are shown for as-grown material~1!, after RTA activation of the
p-type conductivity~2!, and after deuteration~3!. The vertical bar indicates
the magnitude of the absorbance scale.
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complexes are electrically inactive and give rise to the LV
line observed by FTIR spectroscopy. In the as-grown ma
rial, only a small fraction of the Mg atoms is required to a
as acceptors to compensate the residual donors.6 As a conse-
quence, as-grown Mg-doped GaN is highly resistive. Un
the assumption that practically all of the Mg atoms
31019 cm23) in the as-grown material form complexes wi
hydrogen, the optical cross section for the observed abs
tion line is estimated to be;10219 cm2. This should be
considered only an order-of-magnitude estimate since
SIMS data are accurate to only 50% and our measurem
geometry excluded Mg–H complexes aligned parallel to
c-axis of the GaN crystal~as further discussed below!.

The postgrowth activation treatment results in the dis
ciation of the Mg–H complexes. As a consequence, the
tensity of the LVM line at 3125 cm21 decreases~Fig. 2!.
From the intensity ratio of the LVM line in the as-grown an
the annealed samples, we estimate that;331019 cm23 of
the Mg acceptors became activated. This number is in g
agreement with the concentration of acceptors in the a
vated film as determined from the variable temperature H
measurements (231019 cm23). It has been shown that iso
lated hydrogen acts as a donor inp-type GaN and is highly
mobile.6,9 During the activation process, the hydrogen ato
are likely either to evolve out of the sample or are immo
lized at internal sites where they cease to influence
p-type conductivity.

Our assignment for the stretch mode of the Mg–H co
plex in GaN is consistent with recent computational studie6

These studies, which utilized first-principles total-energy c
culations based on density-functional theory andab initio
pseudopotentials, suggested a novel atomic structure w
is qualitatively different from the bond-centered-hydrog
configuration that has been well established for accep
hydrogen complexes in other semiconductors. The hydro
atom prefers the antibonding site of one of the N neighb
of the substitutional Mg. Thus, the Mg–H complex conta
a N–H bond with a calculated H-stretch mode frequency
3360 cm21, very close to that of H in NH3 ~3444 cm21).
Infrared absorption spectra of N–H complexes in ZnSe13,14

show a single strong LVM line at 3195 cm21, very close to
the stretch vibration of the Mg–H complex reported here a
again consistent with ammonia-moleculelike hydrog
stretch vibrations.

In wurtzite GaN, one might expect two distinct stret
vibrational modes of the Mg–H complex due to the tw
inequivalent sites. Specifically, the axis of the complex c
be aligned either parallel~i.e., IR dipole parallel to the
c-axis! or perpendicular to thec axis ~i.e., IR dipole perpen-
dicular to thec axis!. Since in the present study only illum
nation normal to the sample surface~i.e., parallel to thec
Appl. Phys. Lett., Vol. 69, No. 24, 9 December 1996
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axis! was possible, we were sensitive only to complexes
the c plane and cannot rule out the existence of a sec
LVM line from c-axis aligned complexes. However, becau
the deviation of the GaN wurtzite structure from the perfe
diamond structure is rather small, we expected the diff
ences in the N–H stretch vibrational frequencies of Mg–
complexes parallel and perpendicular to thec axis also to be
rather small, perhaps too small to be resolved.

In summary, we have established spectroscopically
Mg acceptors are passivated by hydrogen in as-grown G
films grown by MOCVD. The high frequency of the ob
served LVM is compatible only with a stretch vibration of
bound to N. The observed isotopic shift unambiguously
tablishes the presence of H in the complex. Our observat
are consistent with a theoretically proposed model for
Mg–H complex which places the H in an antibonding po
tion bound to a N neighboring the MgGa acceptor.
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