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Pressure Induced Deep Gap State of Oxygen in GaN
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O and Si donors in GaN are studied by Raman spectroscopy under hydrostatic pressurep. The
ground state of O is found to transfer from a shallow level to a deep gap state atp . 20 GPa
reminiscent ofDX centers in GaAs. Transferred to AlxGa12xN we predict that O induces a deep
gap state forx . 0.40. In GaN:Si no such state is induced up to the highest pressure obtaine
sp ­ 25 GPad equivalent tox ­ 0.56 in Al xGa12xN and possibly higher. We attribute this distinction
to the lattice sites of the dopants. O substituting for N is found to be the origin of high free electro
concentration in bulk GaN crystals. [S0031-9007(97)03179-7]

PACS numbers: 71.55.Eq, 62.50.+p, 72.20.Jv, 78.30.Fs
e
d
t
re

lo
o

e
t

te
n
e

a
-
n

c

o
-

n
u
n
o
tr
d

e

tes.
x-
en
-

ry
l

d
e
ery
rs,
-
ic
nd

In

ts
of
at

by

ical
in

the

nd
Donors in III-V compound semiconductors are of sp
cial interest because they can assume both extende
localized states, i.e., they can be metastable [1–4]. In
most thoroughly studied system, GaAs, either a high f
carrier concentrationn, alloying with AlAs, or application
of hydrostatic pressurep can induce a transition from a
shallow hydrogenic state of the dopant to a strongly
calized one of the same impurity. Many different don
species, e.g., SiGa (group-IV element on group-III site)
and SAs (group-VI on group-V site), transform into th
nonhydrogenic configuration at very similar characteris
transition pressures [3,4]. In addition, metastability e
fects, such as a limited free electron concentration a
persistent photoconductivity, have been found and in
preted with activation barriers between the different co
figurations of the donor. All of these effects have be
associated with a so-calledDX center [2].

In GaN we find that the O donor dopant shows ch
acteristic features of aDX defect when hydrostatic pres
sure is applied. Si, in contrast, behaves like a hydroge
donor. This distinction is attributed to the actual latti
site of the impurity, and this effect is extremely pro
nounced in this compound semiconductor system. T
pressure experiments can directly be transferred fr
GaN to the AlxGa12xN system predicting a strongly lo
calized gap state of O for higher Al concentrations.

Dopant impurities typically can induce both resona
and hydrogenic defect levels in the electronic band str
ture. In many cases only the hydrogenic level is releva
Under certain conditions, however, a charge transfer fr
a quasihydrogenic state to a strongly localized neu
charge statesD0d can occur [5]. In addition, as propose
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by Chadi and Chang [1], a structural relaxation of th
donor impurity in the vicinity of the transition conditions
can lead to an activation barrier between the two sta
This widely accepted model of a structural relaxation e
plains the metastability and the activation barrier betwe
the different states ofDX centers. Promoted by the trans
fer of electrons, this new strongly localized state (DX) can
be the ground state [6].Ab initio calculations reproduce
the experimental observations in GaAs, including the ve
similar transition conditions found for all substitutiona
donor species in GaAs [1].

An interesting new aspect of this model is offere
by the III-V compound GaN, which exhibits an extrem
mass ratio of its two host lattice atom species and a v
strong bond. We have studied both types of dono
namely, Si (group-IV on group-III site) and O (group
VI on group-V sites), in GaN under large hydrostat
pressures. In GaN at ambient pressure both Si [7] a
O [8,9] are known to be effective donor dopants.
addition, a high backgroundn-type conductivity found in
many samples has been attributed to theN vacancyVN .
The donor-type doping behavior of all of these defec
has been confirmed by theory [10,11]. Calculations
their respective formation energies, however, find th
only SiGa and ON defects are likely to form inn-type
material [11]. We study the localization of donor states
monitoringn as a function ofp. This is done optically by
Raman spectroscopy of the free electron plasmon-opt
phonon coupled mode. Decreasing the bond length
the crystal by applying hydrostatic pressure increases
band gap at a rate of about42 6 2 meVyGPa in GaN
[12,13]. Donor states dominated by the conduction ba
© 1997 The American Physical Society 3923
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minimum (typically shallow), which are described by th
hydrogenic model of the effective mass theory in dilu
doping,ND , 1018 cm23 in GaN (Mott criterion), directly
follow the conduction band edge when pressure is appl
neglecting the small variations of the effective Rydbe
energy. Strongly localized donor levels (typically but n
necessarily deep), however, are influenced by the en
Brillouin zone.

The series of highly conducting GaN samples stu
ied consists of two highly O doped films (O1 [14] an
O2 [15]) grown by hydride vapor phase epitaxy (HVPE
and a highly Si doped film (Si) grown by metal organ
vapor phase epitaxy (MOVPE) [16]. For comparison w
include data from a MOVPE film (ref) very weakly dope
with Si and a highly conducting bulk GaN crystal (bulk
[12,17]. All epitaxial films were grown on (0001) sap
phire substrates. Electron mobilitiesm and carrier con-
centrationsn were derived from Hall effect and resistivit
measurements at room temperature. The doping level
obtained from calibrated secondary ion mass spectrosc
(SIMS) depth profiles using a Cs ion source. All transp
and doping data are collected in Table I.

Hydrostatic pressure up to 38 GPa was applied
means of a Mao-Bell–type diamond anvil cell. Pressu
was monitored by standard ruby fluorescence and su
quently by the frequency of theE2 phonon mode of GaN.
The integrated intensity of theE2 mode serves as a refer
ence for the scattering cross section. Nonresonant Ra
spectroscopy was performed using 120 mW of t
476.5 nm line of an Ar ion laser. All data were taken
room temperature.

The A1sLOd mode and theE2 mode are Raman active
in the zsx, 2dz forward scattering geometry in wurtzit
GaN [18]. The scattering rate of the coupledA1 phonon
mode can be described by the complex dielectric funct
in an oscillator model for phonons and free electron Dru
plasma. The applicability of this model to describing t
line shape and position of theA1sLOd as a function ofn
is well established [17,19,20].

Raman spectra of the highly conducting, O doped G
sample O1 are presented in Fig. 1(a). All spectra

TABLE I. Parameters of the GaN samples studied.ND de-
notes the averaged experimental impurity concentration
known donor type species from SIMS profiles.

mel (Hall) Nel (Hall) ND (SIMS)
Sample Growth scm2yV sd s1016 cm23d s1016 cm23d

O1 HVPEa 90 3500 O:2000, Si:30
O2 HVPEb 124 1000 O:800, Si:30
Si MOVPEc 170 1000 Si:1000
ref MOVPEc 410 8.9 Si:9

Bulk HPSd,e 60 1000 5000 O:10 000, Si:10

aSee Ref. [15].
bSee Ref. [14].
cSee Ref. [16].
dHigh pressure synthesis; see Ref. [12].
eSee Ref. [27].
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normalized to the integrated intensity of theE2 mode and
offset proportional top for clarity. At low pressure the
spectra show theE2 mode only. This is in contrast to
the lightly Si doped reference sample (ref) (see Fig.
in Ref. [21]), where theA1sLOd mode appears at abou
10% of theE2 peak height. From a stimulation of the
scattering cross section of the phonon-plasmon coup
mode [17] only material withn # 1018 cm23 will have
an observableA1sLOd coupled mode in this range. In the
high mobility casem ¿ 100 cm2yV s, as in this sample,
the mode broadens and vanishes in the background sig
Under these conditions the relative height of the LO mo
is a measure ofn. Accordingly, noA1sLOd mode is found
in the highly conducting bulk crystal (bulk) [Fig. 1(b)] or
the highly Si doped film (Si) (see Fig. 4 in Ref. [21]).

For p . 20 GPa the situation changes drastically. I
all highly conducting samples except the Si doped on, t
A1sLOd mode appears and grows significantly with increa
ing pressure. Assignment of the new feature observed
,800 cm21 at p . 20 GPa to theA1sLOd phonon was
confirmed by its greatly diminished intensity relative t
E2 in sx, yd polarization. Appearance of this mode due
resonance effects is considered unlikely because the la
excitation (2.60 eV) is well above the band gap of GaN

FIG. 1. Raman spectra inzsx, 2dz polarization of (a)2 3
1019 cm23 highly O doped O1, and (b) bulk GaN single crysta
(bulk) as a function of hydrostatic pressure. TheA1sLOd mode
only appears in the O doped sample forp . 20 GPa. Spectra
are offset for clarity.
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The intensity of this mode scaled to theE2 mode is
shown in Fig. 2 with typical error bars. The increase
the relativeA1sLOd mode intensity in the O doped sampl
is readily observed atp ­ 20 6 2 GPa [Fig. 2(a)]. This
effect is reversible. TheA1sLOd mode vanishes when th
pressure is decreased to ambient conditions. In th
doped sample (Si) and the reference sample (ref) a con
height is found [Fig. 2(a)].

The effect is seen only in the O doped samples,
we, therefore, ascribe this feature to the behavior of
dominant ON donor. Because of the very similar behav
of the HVPE samplessO1, O2d and the bulk crystal, we
also conclude that the high carrier concentration in the b
crystal is caused by O donors (see also Refs. [8,22,2
The different slopes of theA1sLOd mode intensity versu
p beyond the onset at 20 GPa are attributed to the sam
specific mobility and/or impurity concentration.

From this reversible appearance of theA1sLOd mode in
the O doped material at the location of the respective m
in the undoped sample (ref) we conclude that this incre
in the A1sLOd mode intensity atp ­ 20 6 2 GPa is due
to n falling below 1018 cm23. We previously reported a

FIG. 2. Peak height of theA1sLOd mode relative to theE2
scattering intensity as a function of pressure. (a) In all
doped samples the LO mode occurs around20 6 2 GPa as
the ground state of the O donor transfers from a shallow de
state to a strongly localized gap state. This behavior sh
some aspects ofDX centers in GaAs. (b) High O1 and low
Si (ref) doped films mark constant levels. Si does not ind
a strongly localized gap state in this pressure range. The
serve as a guide to the eye.
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97% reduction ofn in bulk GaN at 27 GPa [17]. A carrier
freeze out has also been observed in ir absorption [
and ir reflection [17]. Such a strong decrease ofn can
be explained by a0y2 (or higher degeneracy) donor stat
sinking into the band gap as the band gap increases w
rising pressure.

The characteristic freeze out in the O doped sampl
therefore, has to be attributed to a strongly localized st
associated with this specific donor. No such state can
observed up to 25 GPa for the Si doped material. T
high value of the critical pressure observed in the O dop
samples indicates that the equivalent neutral state is
resonance with the conduction band in GaN at ambie
pressure. As pointed out earlier we predicted this0y2

level to lie 0.40 6 0.10 eV above the conduction band
minimum [17]. Because it is in resonance with the co
duction band, this state cannot be the ground state at am
ent pressure. Instead, in the resonant range, i.e., forp ,

20 GPa, electrons will autoionize to the conduction ban
minimum and bind in quasihydrogenic states to the dop
atom at low temperature for dilute doping. At ambien
pressure only this hydrogenic ground state would be se
Because of the high doping level in the samples studi
these levels are degenerate with the conduction band.

Our results clearly show that the electronic groun
state of O undergoes a transition from a hydrogenic le
(dilute doping) or degenerate level (high doping) belo
the critical pressure of 20 GPa to a strongly localized g
state above it. We anticipate that similar toDX states in
GaAs, the electron capture of the gap state is accompan
by a structural rearrangement of the defect due to
change in its charge state. This appears especially lik
when comparing the bond strength of O to its nearest
neighbors with the strong Ga-N bond of the host. Inde
very recent calculations predict such a behavior in Ga
[24] and AlGaN [25]. The present data, however, are n
conclusive about any potential barrier between the tw
configurations, i.e., as yet we cannot make an assignm
of the strongly localized state to either aD0 or DX state.

The consistently different behavior for the highly S
doped film shows that Si does not induce a gap state in
pressure range considered. Within this range an incre
of the Si binding energy by at least a factor of 3 wou
have been observed as an emergingA1sLOd mode. We
conclude that dilute Si forms a purely hydrogenic state f
p # 25 GPa and possibly higher values. We tentative
relate this property to the bond strength of the dopant to
neighboring atoms. Si surrounded by four N atoms form
stronger bonds than O surrounded by four Ga atoms. T
makes a bond angle relaxation for Si very unfavorab
Furthermore, Si has to be excluded as the source for
high n in all the other samples studied, namely, the bu
GaN crystals formed by high pressure synthesis, beca
it does not form a deep gap state at 20 GPa.

Because of the similar effects caused by hydrosta
pressure and by alloying with AlN, our results can b
transferred to AlGaN alloys. The difference in band ga
3925
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of GaN and AlN is 2.8 eV, 2.0 eV of which is the con-
duction band offset. If we assume, as in most III-V com
pounds, that pressure increases the conduction band e
much more than the valence band and that the conduct
band increase is linear in pressure, 1 GPa corresponds
about 2.1% AlN. Therefore Si is expected to be a good h
drogenic donor for at least0 # x # 0.56. O is expected
to induce a strongly localized gap state forx $ 0.40. This
is consistent with the observation of a significant dro
of n in Al xGa12xN for x . 0.20 [26]. Because of the
strong affinity between Al and O, unintentional O doping
in Al xGa12xN is extremely difficult to suppress.

In summary, we have shown experimentally that O an
Si donors in GaN behave very differently upon applicatio
of large hydrostatic pressure. While Si behaves like
standard hydrogenic donor over the pressure range from
25 GPa, the levels associated with O are strongly localiz
as a deep gap state at pressuresp . 20 6 2 GPa. The
behavior of O is similar to theDX-type behavior of donors
in many other III-V compounds. In contrast to GaAs
however, a significant difference was found in regard t
which sublattice the donor resides. We predict that S
should be a good hydrogenic donor over a wide range
Al concentrations in AlxGa12xN, whereas O is expected
to display shallow donor behavior only for smallx. For
x . 0.40 we conclude that O will be a strongly localized
deep gap state in AlxGa12xN. We find that O doping can
lead to a very highn-type conductivity in GaN at ambient
pressure. It is likely that the unintentional incorporation o
O accounts for high background conductivity in GaN an
AlGaN films from many different growth techniques.
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