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Localized vibrational modes in GaN:O tracing the formation of oxygenDX-like centers
under hydrostatic pressure
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Vibrational modes are observed at ambient pressure in O-doped GaN at 544 cm21 using Raman spectros-
copy. Investigation of these modes with applied hydrostatic pressure reveals the existence of three closely
spaced modes that shift in relative intensity with increasing pressure. Notably, transitions between the different
modes occur at previously observed electronic transitions associated with theDX-like center behavior of
substitutional O on the N site. A simple one-dimensional oscillator model is used to extract approximate force
constants; these are consistent with the assignment of the 544 cm21 mode toON and with force constants for
C and B dopants in GaP. The relative intensity changes observed at 11 and 17 GPa are assigned to changes in
the charge state due to the merging of the1/0 ionization level and the Fermi energy and the transition toDX2

that causes a previously observed drop in free electron concentration, respectively.
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I. INTRODUCTION

The practical development of GaN for application in o
toelectronic, high frequency, high power, and high tempe
ture devices1,2 is closely linked to the control of defects an
impurities. The development of suitable buffer layer tec
niques, precursor purification, and successful acceptor
vation are essential steps in the development of work
devices.3 An important step in the identification of impuritie
was the recent clarification of the role of O.4–6 In contrast to
its behavior in Ge, Si, GaAs, and GaP, O is a highly effect
shallow donor in GaN and, due to this unexpected behav
it is a major source of high backgroundn-type conductivity.
For example, in vapor phase epitaxy O can be incorpora
at high concentrations by water contamination of the amm
nia precursor. Oxygen also poses a problem during growt
the high vacuum systems used in molecular beam epitax

A convenient and important tool for elemental impuri
analysis is the study of their vibrational modes in infrar
absorption or in Raman spectroscopy.7 However, no vibra-
tional modes of donors have so far been identified in G
The electronic properties of GaN:O reveal aDX-like behav-
ior of O under large hydrostatic pressure.4,8,9 In Raman spec-
troscopy we have observed previously a freeze-out of e
trons to the deep gap state at pressures above 20
Oxygen has also been reported as a deep donor in irrad
GaN.10 Here we report the observation of vibrational mod
PRB 610163-1829/2000/61~12!/8202~5!/$15.00
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in GaN at frequencies where substitutional O is expected
correlate their behavior under hydrostatic pressure with
electronic properties.

II. EXPERIMENTAL PROCEDURE

Epitaxial samples of GaN:O were grown by hydride vap
phase epitaxy~HVPE! on c-plane sapphire at thicknesses
20 mm.11 Oxygen doping was achieved by water vapor
troduction. Small bulk samples were grown by high pressu
high temperature synthesis.12 In both cases O concentration
in the range of 1018 cm23 to 1020 cm23 were measured by
secondary ion mass spectroscopy~SIMS! depth profiles. De-
tails of the samples are collected in Table I. Nonreson
Raman spectroscopy was performed using 100 mW of
476.5 nm line of an Ar ion laser. Large hydrostatic press
up to p538 GPa was applied by means of a Mao-Bell-ty
diamond anvil cell using nitrogen as a pressure medium
the luminescence of ruby chips as a scale for pressure an
homogeneity. All data were taken at room temperature.

III. RESULTS

Representative Raman spectra for GaN:O~high carrier
concentrationN! and GaN~low N! in two geometries at am
bient pressure are shown in Fig. 1. According to the selec
rules in wurtziteA1(LO) andE2 ~high and low! are allowed
8202 ©2000 The American Physical Society
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in the z(x,2) z̄ as well as in thez(x,2)z forward scattering
geometry.13 In scattering alongy(x,2) ȳ, typically obtained
from the thin edge of the sample,E2 , A1(TO), andE1(TO)
are allowed. In the experimentE1(TO) appears at
n̄(E1 ,TO,p'0)5559 cm21 in y(x,2) ȳ geometry.
E2(high) appears atn̄(E2 ,p'0)5567 cm21 in z(x,2) z̄
and y(x,2) ȳ and a strong mode appears at 531 cm21 in
z(x,2) z̄ scattering. Although not expected in this geome
this mode must be attributed toA1(TO) and possible contri-
butions of the lower branch of theA1(LO) phonon-plasmon
coupled mode@here jointly labeled withA1(TO)]. In addi-
tion we observe a modeQ at n̄5544 cm21 at ambient pres-
sure, which is not expected in the phonon spectrum. In
experimentsQ only appears inz(x,2)z or z(x,2) z̄ scatter-
ing, but not iny(x,2)y. We observeQ only in O doped
material. We did not observeQ in Si doped material.14 Re-
ports of phonon quasimodes in the range betweenE1(TO)
andA1(TO) modes reveal15 that such a mode would appe
instead of but not in parallel with the TO modes and tha
should be broader than either of the TO modes.16 In addition,
the high crystalline quality of bulk crystals from high pre
sure synthesis makes structural defects unlikely as the c
of Q.

Under hydrostatic pressure~Fig. 2! the phonon modes
shift to higher frequencies at slopes of 3.75 cm21/GPa (E2)
and 3.1 cm21/GPa@A1(TO)# in agreement with the

TABLE I. Parameters of the GaN samples studied.ND denotes
the averaged experimental impurity concentration of known don
type species from SIMS profiles.

Sample Growth mel (Hall) Nel (Hall) ND(SIMS)
(cm2/V s) (1016 cm23) (1016 cm23)

GaN:O HVPEa 90 3500 O:2000, Si:30
Bulk HPSb,c 60 1000–5000 O:10000, Si:10

aSee Ref. 11.
bHigh pressure synthesis, see Ref. 12.
cSee Ref. 24.

FIG. 1. Raman spectra in the phonon range of GaN in t
scattering orientations.E1(TO) andE2(high) form a narrow optical
phonon band. In GaN:O an additional modeQ appears in

z(x,2) z̄ scattering below the band ofE1 andE2.
r

t

se

literature.12 We subsequently use the slope ofE2 as a sec-
ondary pressure standard. At certain pressure rangesQ ap-
pears as a set of multiple linesQ1 , Q2, andQ3 with variable
intensities. Mode frequencies of several samples versus p
sure are collected in Fig. 3. By its definition as the press
scale the energy ofE2 appears as a straight line. Mode
Q123 have a somewhat smaller pressure depende
'2.7 cm21/GPa.

For a more detailed analysis ofQ we remove the first
order pressure dependence of the measured mode energ
scaling all vibrational energies to the frequency of t
E2(high) phonon mode. We next consider the localizati
energy ofQ, n̄ loc , with respect to the lower edge of th
optical phonon band represented in this energy range
E1(TO):

n̄ loc5 n̄~E1 ,TO,p50!2
n̄~Q123 ,p!

n̄~E2 ,p!
. ~1!

r-

o

FIG. 2. Raman spectra under variable hydrostatic pressur
bulk ~a! and vapor phase~b! GaN:O. In addition to a pressur
stiffening of phonon modesQ appears with variable localization
energy and under some pressure conditions it appears as set oQ1 ,
Q2, andQ3.

FIG. 3. Phonon andQ mode energies as a function of pressu
up to 38 GPa. A significantly different behavior is observed
phonon modeE2 andQ123.
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The values ofn̄ loc are collected in Fig. 4~a! and the inte-
grated intensities ofQ123 with respect toE2 are shown in
Fig. 4~b!. The localization energies together with the relati
intensities show a clear grouping ofQ into pressure range
where one of theQ modes is dominant. WhileQ1 is the
strongest mode forp,11 GPa, Q2 is dominant in the range
11 GPa,p,17 GPa andQ3 is strongest forp.17 GPa.
This indicates a sequence of level switchings fromQ1 to Q2
and then toQ3. In this wayQ appears at a localization en
ergy of B5212 cm21 at p'0 ~with respect to a level of
A50 cm21). This ~negative! value then increases to a lev
of C5222 cm21 at p511 GPa. ThenQ switches back toB
to follow a weaker line that last can be observed at 17 GP
some218 cm21 before the mode switches back again
follow the emerging modeQ3 up to219 cm21 at the largest
pressures applied here,p538 GPa.

IV. DISCUSSION

The correlation of theQ modes and the high O concen
tration suggests they are vibrational modes of O donors s
stituting on the N site in GaN. We show that such an
sumption is reasonable by considering first an isotop
impurity of defect massmO516 amu and in a second ste
consider variations of the force constants to account for
Coulombic effects of the donor impurity. For this purpo
we simulate the lattice vibrationsE1 andE2 within the basal
plane of GaN in a linear chain model considering near
neighbor interaction in a harmonic mass-and-spr
model17,18along(101̄0). To reflect the hexagonal symmet
we introduce a set of two spring constantsk1 andk2 which
corresponds to an additional zone folding. In this way b
maxima@E2(high),E2(low)# and minima (E1 ,0) of the op-
tical and acoustical phonon bands are zone ce
phonons. Scaling the eigenvalues to the phonon ener
E2(low)(144 cm21) and E2(high)(570 cm21) results ink1
5200.5 N/m andk2526.9 N/m. The respective projection
of the bond angles to the high symmetry direction(101̄0)
lead to the large difference betweenk1 and k2. The model
yields n̄(E1)5552 cm21 which coincides well withE1(TO)

FIG. 4. Q modes versus pressure.~a! Mode energies in units o
localization energy with respect to the optical phonon band edg
E1(TO) in units of ambient pressure. Three descriptive thresh
levels A, B, and C are indicated.~b! Intensities of modesQ123.
Three pressure regimes of respective dominance appear.
at
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and supports the suitability of this model. By substituting a
atom with O a zone center mode associated with the O a
appears atn̄O5 n̄(E1)223 cm215529 cm21 in this frame-
work. The associated amplitude is ten times as large as
of theE1 mode in the unperturbed system. At the same ti
the amplitudes ofE1 and E2(high) modes are reduced b
about a factor of ten, resulting altogether in a large expec
signal amplitude of the O mode with respect to the opti
phonon band. Further details of the calculation are giv
elsewhere.16 The small deviation of theQ-mode frequencies
and the expected value for ON , Dn̄515 cm21, support our
assignment ofQ to vibrational modes of substitutional O.

In order to account for the remaining discrepancy betwe
the calculated and observed vibrational frequencies, we n
consider variations of the effective force constants by int
ducing a scaling factork to the pair ofk1 andk2 next to the
impurity atom. The results of varyingk to reproduce our
observed frequencies are shown in Fig. 5 together with
threshold levelsA, B, andC. The case of decoupled oscilla
tors (mGa→`) is also shown~solid line!. Within the model
of coupled oscillators~filled squares!, the switching se-
quence of theQ123 modes appears as follows. Starting
level B(k51.05), Q moves toC and k falls to k51.00
before with increasing pressure it switches back toB andk
51.05. It then moves up towardC again. In parallel to this
behavior of the dominant mode, modesQ2 andQ3 coexist.
They first appear at or near levelA (k51.11) and move toB
andC, respectively, before they receive major intensity. Th
variation of 5% in the force constants compares reasona
well with the relative change of the nuclear charge from N
O ~14%! and the calculated bond length variation around
O impurity, 3–4.2 %.19,20 Within this limited model of a
Coulombic defect oscillator the continuous variation of t
localization energy could produce a variation of the for
constants due to the screening conditions of the defect.
steps fromQ1 to Q2 andQ2 to Q3 of Dk'0.05 can then be
explained as different charge states of the defect. Suc
variation of the vibrational mode energy with the char
state has also been seen for Si in InP.21

The switching fromQ2 to Q3 at 17 GPa occurs close t
the previously observed onset of carrier freeze-out to

in
d

FIG. 5. Localization energies of a Coulombic oscillator of ma
16 amu substituting for N in GaN with variable force constantk.
The solid line holds for an isolated harmonic oscillator and
filled squares for the linear chain model with two force constan
The experimental switching levelsA, B, andC are indicated.
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DX-like center of O at 2062 GPa.4 This also agrees with
the threshold seen in infrared absorption.22 This 0/- charging
step leads to theDX2 state, which according to first prin
ciples calculations is accompanied by a large lattice re
ation around the O impurity.5 Based on the experimenta
localization energy of the electronic donor level at 27 G
and band structure calculations, we previously8 developed a
model~Fig. 6! for the pressure dependence of the electro
conduction band and the1/0 ionization level of the strongly
localized donor. The pressure dependence ofDX2 is a spline
interpolation to theoretical values of the correlation energ5

Within the same picture the switching fromQ1 to Q2 at 11
GPa can be associated with the merging of the1/0 ioniza-
tion level and the Fermi energy for a carrier concentrat
N5331019 cm23.

Based on this close correspondence between the e
tronic charging regimes of O and the vibrational modes,Q1
can be associated with a vibration of the electronicD1 state,
while Q2 would correspond to the neutralD0 state after trap-
ping electrons from the Fermi sea. Such a level has so far
been found in theory.5 Q3 would correspond to theDX2

state. The different vibration modes therefore show a cl
correspondence with the expected trapping dynamics of
DX-like center of the O donor. All the observed vibratio
are associated with the in-basal plane modes while the l
lattice relaxation of O is calculated to move perpendicula
this plane. Due to the uniaxial nature of the lattice the lo
defect symmetry is well aligned with and replicates the cr
tal orientation. In extrapolation to ambient pressure we
pect the vibration modes at 547 cm21 (Q1),
561 cm21 (Q2), and 565 cm21 (Q3). The first two share a

FIG. 6. Model of the pressure dependence of band gap, Fe
energy, and different charge states of the ODX-like donor states in
GaN. The steps inQ closely correspond to the crossings of t
donor levels with the Fermi edge and the conduction band e
respectively.
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similar pressure behavior, while the latter two are in re
nance with the optical phonon band betweenE1(TO) and
E2(high) at ambient pressure.

Vibrational modes of substitutional group-VI32SP
1 donors

in GaP have been identified at 272.5 cm21.23 The associated
ratio of the force constants corresponds tok50.49 and indi-
cates a significantly different case. On the other hand, vib
tional gap modes of lighter substitutional impurities on t
zinc blende GaP group-V site yield values ofk'1. As New-
man 7 pointed out the squares of the vibrational modes
10B, 11B, 12C, 13C, and 14C in GaP follow a straight line:

n̄25S 37.2

m/amu
10.54D3105 cm22. ~2!

Extrapolating Eq.~2! to 16O, this also very well describe
the present assignment ofQ at 544 cm21 to ON in GaN to
within a margin of 6%.

V. CONCLUSION

In conclusion we have observed a set of vibrational g
modes in GaN:O near and below the optical phonon ba
The mode energies agree well with calculations for subst
tional O donors on the N site in an oscillator model. Und
hydrostatic pressure the modes shift and change in rela
intensity. We associate this behavior with variable screen
conditions caused by three different charge states of the
purity. The switching thresholds also coincide with prev
ously observed transitions of the ODX-like center. While
higher order defect and complex interactions cannot p
ently be excluded, the line of evidence strongly supports
assignment of theQ mode at 544 cm21 (p'0 GPa) to sub-
stitutional ON in GaN andQ123 to the corresponding in-
basal plane modes in theD1, D0, andDX2 charge states o
the same defect. To our knowledge this is the first ident
cation of a donor vibrational mode in GaN.
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