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Localized vibrational modes in GaN:O tracing the formation of oxygenD X-like centers
under hydrostatic pressure
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Vibrational modes are observed at ambient pressure in O-doped GaN at 544using 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 witbXHie 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 524 rmode toOy 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 #® ionization level and the Fermi energy and the transitioD ¥
that causes a previously observed drop in free electron concentration, respectively.

I. INTRODUCTION in GaN at frequencies where substitutional O is expected and
correlate their behavior under hydrostatic pressure with the
The practical development of GaN for application in op- €lectronic properties.
toelectronic, high frequency, high power, and high tempera-
ture devicel? is closely linked to the control of defects and Il EXPERIMENTAL PROCEDURE
impurities. The development of suitable buffer layer tech-
niques, precursor purification, and successful acceptor acti- Epitaxial samples of GaN:O were grown by hydride vapor
vation are essential steps in the development of workingphase epitaxyHVPE) on c-plane sapphire at thicknesses of
devices® An important step in the identification of impurities 20 «m.** Oxygen doping was achieved by water vapor in-
was the recent clarification of the role of‘® In contrast to  troduction. Small bulk samples were grown by high pressure/
its behavior in Ge, Si, GaAs, and GaP, O is a highly effectiveigh temperature synthesisin both cases O concentrations
shallow donor in GaN and, due to this unexpected behavioin the range of 18 cm™3 to 16*° cm™ were measured by
it is a major source of high backgroumetype conductivity. ~ secondary ion mass spectrosc@fyMS) depth profiles. De-
For example, in vapor phase epitaxy O can be incorporatetfils of the samples are collected in Table I. Nonresonant
at high concentrations by water contamination of the ammoRaman spectroscopy was performed using 100 mW of the
nia precursor. Oxygen also poses a problem during growth i476.5 nm line of an Ar ion laser. Large hydrostatic pressure
the high vacuum systems used in molecular beam epitaxy.up to p=38 GPa was applied by means of a Mao-Bell-type
A convenient and important tool for elemental impurity diamond anvil cell using nitrogen as a pressure medium and
analysis is the study of their vibrational modes in infraredthe luminescence of ruby chips as a scale for pressure and its
absorption or in Raman spectroscdpilowever, no vibra- homogeneity. All data were taken at room temperature.
tional modes of donors have so far been identified in GaN.
The electronic properties of GaN:O reveadDx-like behav-
ior of O under large hydrostatic pressdf&®In Raman spec-
troscopy we have observed previously a freeze-out of elec- Representative Raman spectra for GaNHigh carrier
trons to the deep gap state at pressures above 20 GRancentratiorN) and GaN(low N) in two geometries at am-
Oxygen has also been reported as a deep donor in irradiatéient pressure are shown in Fig. 1. According to the selection
GaN1° Here we report the observation of vibrational modesrules in wurtziteA;(LO) andE, (high and low are allowed

IIl. RESULTS
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TABLE I. Parameters of the GaN samples studidg. denotes T
the averaged experimental impurity concentration of known donor- _ 10 E
type species from SIMS profiles.

]
VPE GaN:0O RT |

Bulk GaN:O RT §
£y 1=476.5nm

A=476.5nm

2z
3
c
2 8y
Sample  Growth ug (Hall) Ng (Hall) Np(SIMS) = |
(cm?/Vs) (10%cm™3) (10 cm9) GS) sl
GaN:O HVPE? 90 3500 0:2000, Si:30 23
Bulk HPSPC 60 1000-5000 0:10000, Si:10 g 4k
£ |
3See Ref. 11. s Lo
PHigh pressure synthesis, see Ref. 12. gj @
‘See Ref. 24.
orQs ;
— 1 L 1 " 1 - 1 1
in thez(x,—)z as well as in the(x,—)z forward scattering 500 550 600 650 700 550 600 650 700
geometry'? In scattering along/(x,—)y, typically obtained ) Raman Shift (1/em) ) Raman Shift (1/cm)
from the thin edge of the sampiB,, A,(TO), andE,(TO) FIG. 2. Raman spectra under variable hydrostatic pressure in

are allowed. In the _iXperimenEl(To)_ appears - at (@ and vapor phasé¢b) GaN:O. In addition to a pressure
v(E;,TO,p~0)=559 cm iny(x,—)y geometry. stiffening of phonon mode€ appears with variable localization
E,(high) appears aw(E,,p~0)=567 cm* in z(x,—)z  energy and under some pressure conditions it appears as@et of

and y(&—)y and a strong mode appears at 531°¢nin Q2 andQs.

z(x,—)z scattering. Although not expected in this geometry 1
this mode must be attributed £9,(TO) and possible contri-  literature.” We subsequently use the slopetf as a sec-
butions of the lower branch of th&;(LO) phonon-plasmon ondary pressure standard. At certain pressure raQgep-
coupled modghere jointly labeled withA;(TO)]. In addi-  Pears as a set of multiple lin€¥;, Q,, andQs with variable
tion we observe a mod® at v=544 cni ! at ambient pres- Intensities. ll\l/lodedfr_qu_encgeséof_se\éerfgl_s_ampleshversus pres-
sure, which is not expected in the phonon spectrum. In Ouzg;Tea:EeCZneeCrtgey (';E 'g'p péar); I;Ss glg'gfigh?sli;: pl\;IeoSdSéJsre
experimentsQ only appears ire(x, —)z or z(x, — )z scatter- 2 '
inxgp blut noiQiny(z _p)r))/ We: cfl))(serz/zeQ ozrgl); in)ZO doped Qi3 hzi\ie a somewhat smaller pressure dependence,
material. We did not QbserVQ ﬁn Si doped materiaf! Re- ~2|£Z)rcg m/c(J;rEadetailed analysis @ we remove the first
ports of phonon quasimodes in the range betwEgfiO) order pressure dependence of the measured mode energies by
andAlch(f))bmodes reveé?“tr;at S#CL' a mode évould z(ijpp;]ear scaling all vibrational energies to the frequency of the
instead of but not in parallel with the TO modes and that it : : ot
Ishould be brLcl)ader Ithellon eitherV\cl)If the TO motfds. addition | Eo(high) phorE)n mode. We next consider the localization

' ! with respect to the lower edge of the

the high crystalline quality of bulk crystals from high pres- energy ofQ, wioc, . )
sure synthesis makes structural defects unlikely as the cau@@tical phonon band represented in this energy range by

of Q. E.(TO):
Under hydrostatic pressur@-ig. 2) the phonon modes
shift to higher frequencies at slopes of 3.75 citGPa E,) —
and 3.1 cmY/GPa[A(TO)] in agreement with the 7|oc=;(E1,TO,p=0)—V(_?é3';)). i
v 21p
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FIG. 1. Raman spectra in the phonon range of GaN in two

scattering orientationg, (TO) andE,(high) form a narrow optical FIG. 3. Phonon an mode energies as a function of pressure
phonon band. In GaN:O an additional mod@ appears in up to 38 GPa. A significantly different behavior is observed for
z(x,—)z scattering below the band &; andE,. phonon modéE, andQ; _ 5.
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FIG. 4. Q modes versus pressur@ Mode energies in units of FIG. 5. Localization energies of a Coulombic oscillator of mass

localization energy with respect to the optical phonon band edge iA6 amu substituting for N in GaN with variable force constant
E,(TO) in units of ambient pressure. Three descriptive thresholdThe solid line holds for an isolated harmonic oscillator and the
levels A, B, and C are indicated(b) Intensities of mode®);_ . filled squares for the linear chain model with two force constants.
Three pressure regimes of respective dominance appear. The experimental switching levels B, andC are indicated.

and supports the suitability of this model. By substituting a N
atom with O a zone center mode associated with the O atom
appears avo=v(E;)—23 cm 1=529 cm ! in this frame-
work. The associated amplitude is ten times as large as that
of the E; mode in the unperturbed system. At the same time
the amplitudes oE; and E,(high) modes are reduced by
about a factor of ten, resulting altogether in a large expected
signal amplitude of the O mode with respect to the optical
: o _ phonon band. Further details of the calculation are given
eelp;ytg?g tzo(gslzlr:: rtnrllls E\;\;aggoa?veﬁﬁrfegg SCItotcoalzlaz?g\?enl i? elsewheré?® The small deviation of th@-m?(lje frequencies
A=0 cm1). This (negative value then increases to a level and the expected value for,\@ Av=15 cm'~, support our
of C=—22 cm ! atp=11 GPa. Them) switches back t®  asSignment of to vibrational modes of substitutional O.
to follow a weaker line that last can be observed at 17 GPa at !N order to account for the remaining discrepancy between
some — 18 cni ! before the mode switches back again tothe calculated and observed vibrational frequencies, we next
follow the emerging mod@; up to— 19 cn * at the largest con_sider varigtions of the effectiye force constants by intro-
pressures applied herp=38 GPa. ducing a scaling factok to the pair ofk; andk, next to the
impurity atom. The results of varying to reproduce our
observed frequencies are shown in Fig. 5 together with the
IV. DISCUSSION threshold levels\, B, andC. The case of decoupled oscilla-

The correlation of th&) modes and the high O concen- tors (Mgz— ) is. also shpwr(solid line). Within.thelmodel
tration suggests they are vibrational modes of O donors sutfl coupled oscillators(filled squares the switching se-
stituting on the N site in GaN. We show that such an asduénce of theQ,_; modes appears as follows. Starting at
sumption is reasonable by considering first an isotopicaleVe! B(x=1.05), Q moves toC and « falls to x=1.00
impurity of defect massno=16 amu and in a second step before with increasing pressure it switches baclBtand «
consider variations of the force constants to account for the 1.05. It then moves up towaid again. In parallel to this
Coulombic effects of the donor impurity. For this purposePehavior of the dominant mode, mod®@s and Q; coexist.
we simulate the lattice vibratiors, andE, within the basal  1heY first appear at or near level(«=1.11) and move @
plane of GaN in a linear chain model considering neares@NdC, respectively, before they receive major intensity. This
neighbor interaction in a harmonic mass-and—springva”at'on of 5% in the force constants compares reasonably

718 — well with the relative change of the nuclear charge from N to
Vn\:g?r?tilr o dfégng (slect) %)?)t'vv-(l;osrer?r?Ctggﬁ;;;;;%%rﬁ(l szvrﬂlrgﬁ try O (14%) and the calculated bond length variation around the
bring 2 O impurity, 3—4.2 %220 Within this limited model of a

corresponds to an additional zone folding. In this way both : . . -
maximal E,(high) E,(low)] and minima E,,0) of the op- Coulombic defect oscillator the continuous variation of the

localization energy could produce a variation of the force

tical and acoustical phonon bands are zone center . .
X : -constants due to the screening conditions of the defect. The
phonons. Scaling the eigenvalues to the phonon energi

e
E,(low) (144 cni 1) and E,(high) (570 cn?) results ink; Steps fromQ; to Q, andQ; to Q of Ax~0.05 can then be

- - ; o explained as different charge states of the defect. Such a
=200.5 N/m anck,=26.9 N/m. The respectl.ve prole_ctlons variation of the vibrational mode energy with the charge
of the bond angles to the high symmetry directid®10)  gtate has also been seen for Si in FAP.

lead to the large difference betwekp andk,. The model The switching fromQ, to Qs at 17 GPa occurs close to
yields »(E;) =552 cm ! which coincides well witiE;(TO)  the previously observed onset of carrier freeze-out to the

The values ofy,,. are collected in Fig. @ and the inte-
grated intensities 0Q,_ 5 with respect toE, are shown in
Fig. 4b). The localization energies together with the relative
intensities show a clear grouping @f into pressure ranges
where one of theQ modes is dominant. Whil€, is the
strongest mode fop<11 GPa, Q, is dominant in the range
11 GP&p<17 GPa andQj is strongest forp>17 GPa.
This indicates a sequence of level switchings frmto Q,
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- 0 similar pressure behavior, while the latter two are in reso-
! = nance with the optical phonon band betwee{TO) and
\ 1102 E,(high) at ambient pressure.

.:55 Vibrational modes of substitutional group-V#S;, donors

' 120 in GaP have been identified at 272.5 ¢hf® The associated

<45 D+ :dJ- DX - ratio of the force constants correspondscte 0.49 and indi-
% : C cates a significantly different case. On the other hand, vibra-
= a0l : o tional gap modes of lighter substitutional impurities on the
g ha ! e zinc t7)lende GaP group-V site yield valuesiof 1. As New-
3 E ' man * pointed out the squares of the vibrational modes of
35t Fl boE (3“.0190'“'?) . 10g, 1B, 12C, 3¢, and“C in GaP follow a straight line:
0 10 20 30 40
Pressure (GPa) 72: 054 x 16 cm2 )
m/amu '

FIG. 6. Model of the pressure dependence of band gap, Fermi
energy, and different charge states of th®®-like donor states in  Extrapolating Eq.(2) to %0, this also very well describes

GaN. The steps irQ closely correspond to the crossings of the the present assignment @f at 544 cm® to Oy in GaN to
donor levels with the Fermi edge and the conduction band edgewithin a margin of 6%.
respectively.

V. CONCLUSION

DX-like center of O at 262 GPa. This also agrees with In conclusion we have observed a set of vibrational gap

the threshold seen in infrared absorptféiThis 0/- charging modes in GaN:O near and below the optical phonon band.

step leads to th® X~ state, which according to first prin- o 104 energies agree well with calculations for substitu-
ciples calculations is accompanied by a large lattice rélaxgiona1 o donors on the N site in an oscillator model. Under

atlon_ ar(_)und the O lmpur|t|§/.Basgd ((j)n thel ex;l)enmental hydrostatic pressure the modes shift and change in relative
localization energy of the electronic donor level at 27 GPapiansity. We associate this behavior with variable screening

and bam_:i structure calculations, we previolisigveloped a . conditions caused by three different charge states of the im-
model (Fig. 6) for the pressure dependence of the eIE30tr0n'¢purity. The switching thresholds also coincide with previ-

cond_uction band and the/0 ionization level of the stror_wgly ously observed transitions of the DX-like center. While
!ocallzed QOnor. The pressure dependendd Xt |s_aspI|ne higher order defect and complex interactions cannot pres-
mt_erpolatlon to the_oretlcal valugs o_f the correlation energy. ently be excluded, the line of evidence strongly supports an
Within the same picture th.e switching frle 0 Q,atl1l assignment of th€ mode at 544 cm* (p~0 GPa) to sub-
GPa can be associated with the merging of #1 ioniza- it fional Oy, in GaN andQ,_s to the corresponding in-
tion level and the Fermi energy for a carrier concentration, < plane modes in th2*, D, andDX " charge states of

— 9 -3
N=3x10"* cm™?. the same defect. To our knowledge this is the first identifi-
Based on this close correspondence between the eleEétion of a donor vibrational mode in GaN

tronic charging regimes of O and the vibrational modesg,
can be associated with a vibration of the electrdit state,
while Q, would correspond to the neutr@dP state after trap-
ping electrons from the Fermi sea. Such a level has so far not The authors thank P. Perlin for advice in the pressure
been found in theory.Q; would correspond to th®X~  experiment, T. Suski and G. Kaczmarczyk for fruitful discus-
state. The different vibration modes therefore show a closeions, and E. E. Haller and P. Y. Yu for the use of their
correspondence with the expected trapping dynamics of thgressure equipment. This work was supported by JSPS Re-
DX-like center of the O donor. All the observed vibrations search for the Future Program in the Area of Atomic Scale
are associated with the in-basal plane modes while the larg8urface and Interface Dynamics under the project of “Dy-
lattice relaxation of O is calculated to move perpendicular tonamic Process and Control of the Buffer Layer at the Inter-
this plane. Due to the uniaxial nature of the lattice the locaface in a Highly Mismatched System.” Work at Berkeley
defect symmetry is well aligned with and replicates the crys{.ab was performed under the Cooperative Research and De-
tal orientation. In extrapolation to ambient pressure we exvelopment Agreement with HP Laboratories and supported
pect the vibration modes at 547 ch(Q,), by the Director, Office of Sciences of the U.S. Department of
561 cm ! (Q,), and 565 cm? (Q3). The first two share a Energy under Contract No. DE-AC03-76SF00098.
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