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Raman scattering from defects in GaN: The question of vibrational
or electronic scattering mechanism
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We present a comprehensive Raman study on defects in GaN, which appear in the Raman spectra as sharp
and intense lines in the low-energy region from 95 to 250 triThese lines decrease nearly exponentially in
intensity with increasing temperature and are excitable only in the range 2.0-2.5 eV. Their temperature
behavior seems to be incompatible with vibronic excitations but indicates an electronic-scattering mechanism.
However, our magnetic-field- and high-pressure-dependent Raman measurements contradict this interpretation.
We show in contrast that all lines are caused by vibrational Raman scattering in which the temperature
dependence is due to the resonance process. We demonstrate in a doping study that the responsible defects are
related to As impurities incorporated into the GaN matefia0163-182608)00344-(

[. INTRODUCTION cence of GaN is located, and a direct link seemed to be
likely.? However, pressure-dependent measurements pre-
Low-temperature Raman spectra of GaN films grown episented in this work show that there is no direct connection.
taxially on GaAs, apart from the host lattice modes, show a After presenting the experimental techniques in Sec. I,
series of sharp lines in the low-energy spectral region. Thave give a brief description of the temperature and the reso-
intensity of these lines decreases nearly exponentially witthance behavior of the lines in questi@®ec. Il A). In Secs.
increasing temperature and the lines disappear at room terfl{ B and 11l C we present the results of our magnetic-field-
perature. Since a vibrational Raman-scattering procesdependent and hydrostatic-pressure-dependent measure-
should exhibit the opposite temperature behavior, i.e., an inments. We then turn to the identification of the responsible
crease with increasing temperatdran electronic origin of defects comparing spectra taken from doped and undoped
these Raman lines seemed to be very likely. RamsteinggaN films grown on GaAs and on sapphigec. llI D). In
et al. reported on the observation of four such lines and in-Sec. IV we summarize all effects and draw a model of the
terpreted these as electronic Raman transitions in a shallogcattering process.
donor in GaNg However, our measurements reveal the oc-
currence of additional lines which do not fit this modéh
contrast, we present in this work evidence that all lines are of
vibrational, and not of electronic, origin and we show that The samples under study were several series of GaN lay-
the responsible defects are related to the incorporation of Agrs grown on(001) GaAs by molecular-beam epitaxyIBE)
impurities into the GaN layers. and on (0001 sapphire by metal-organic chemical vapor
We performed a comprehensive Raman study on severaeposition(MOCVD), hydride vapor phase epitaxi#VPE),
series of doped and undoped GaN films deposited on GaAand MBE. Thicknesses vary between 0.5 angf in the
as well as on sapphire substrates. Magnetic-field- and higtcase of the MBE samples and up to 4@t in the case of
pressure-dependent Raman measurements on our samplesthe HVPE samples.
lowed us to ascertain the scattering mechanism. Our results The Raman-scattering experiments at ambient conditions
indicate that these lines are resondrand modes caused by were carried out in backscattering geometry with a triple-
defects in the GaN layer. In order to identify the responsiblegrating spectrometer equipped with a cooled charge-coupled
defects we compared several series of GaN layers grown atievice (CCD) detector. An AF/Kr™ mixed-gas laser was
different substrates and by different methods. Only thoseised for excitation in the range 458-676 nm. Parts of the
films deposited on GaAs exhibited the additional Ramarexperiments were performed with a microscope setup with a
lines. We thus assumed that the incorporation of As duringpatial resolution better thandm. The sample temperature
the growth of the GaN epilayers on the GaAs substrates leadgas varied in the range 2-300 K using either an Oxford
to the formation of the responsible defects. In order to provemicroscope cryostat in the case of micro-Raman measure-
our assumptions we performed measurements on GaN filmsents or an Oxford bath cryostat.
that were grown on sapphire but that were intentionally The high-pressure Raman experiments were performed in
doped with As. a gasketed diamond-anvil cell at low temperatuf&8 K)
The additional Raman lines can be excited only in theusing liquid helium as the pressure-transmitting medium.
yellow to green spectral region. Thus their excitation profilesThe shift of theR-line luminescence was used to calibrate the
are in the same spectral region where the yellow luminespressure inside the céllPrior to the experiment, the sub-

Il. EXPERIMENT
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FIG. 1. Overview of the defect modes in GaN grown on GaAs. u\‘“‘w -
The spectrum was taken i( . . . )z configuration &2 K with ex- 100 200 300 400 500 600

citation at 514.5 nn{2.41 e\j. . 1
Raman Shift (cm™)

strates of the samples were mechanically thinned. Finally, s 5 |Linescan inx'( . . . )X’ configuration withx’ =[110]

the samples were cleaved and placed in the gasket hole of th@ o5 4 GaN/GaAs sample in which every i one spectrum
diamond-anvil cell. The 488-, 502-, and 514.5-nm lines of anyas taken. The temperature was 4.2 K, the excitation was at 514.5

Ar*-ion laser were used for excitation. As in the experimentshm (2.41 eV). One can clearly see that the defect lines occur only in
at ambient conditions the scattered light was detected ifhe GaN layer.

backscattering geometry corresponding(o . . )z and ana-

lyzed by means of a triple-grating spectrometer equippedheasurements confirm that the lines occur only in the GaN

with a CCD. films. Figure 2 shows such a linescan over the cross section
of a GaN/GaAs interface. One can clearly see that the inten-
ll. RESULTS sities of the defect lines follow that of the GaN TO phonon
. . . ) . ) ~_mode, verifying that they stem from the GaN layer and not
Figure 1 gives an overview of the lines investigated in thisfrom the substrate. We will now focus on the question of the

work. It shows a typical low-temperature Raman spectrum ofcattering mechanistiSecs. 11l A=11l C) and then turn to the
a GaN layer grown on GaAs excited at 514.5 (@M1 eV).

Apart from the host phonon modes of Gablubic TO and

/L
17

hexagonaE, (high)] and GaAqTO and LO the low-energy z(.)Z
part of the spectrum consists of several sharp lines, which are ‘ GaAs 514.5nm
even more intense than the host Raman modes. We found in ™ i Il T TO
total at least 10 of these lines. The most intense lines are = 42
located at 95, 150, 190, 220, 235, and 250 &m = B
At first glance, considering the energy positions, one -‘% | 28
might want to assign these lines to second-order Raman scat- = ‘ 40 A
tering or to disorder-activated scattering either in the GaN 5 | A
layer or in the substrate. But the comparison with second- S ‘ 80 A\
order Raman spectra of cubic and hexagonal @aéf. 5 as §S | 100 A
well as of GaAgRef. 6 and the consideration of the phonon o {120
dispersions show that these low-energy lines cannot stem S 140
from the GaN or GaAs host lattices. The low-energy parts of = WL
the second-order Raman §pectra of GaN are do_mlnated by A |
structures at 314 and 415 ch The lowest flat-running pho- e
non branches that lead to a high phonon density of states and 20 ]
thus should be seen in disorder-activated scattering are lo- 240 n\
cated at approximately 150 ¢rh Consequently, the lines in U S—
guestion can only stem from defects built into the host ma- 50 100 150 200 250 300 500 600
terial. These defects become visible in the Raman spectra Raman Shift (cm™)

either due to their vibronic or electronic excitations. For rea-

sons of readability we will call these lines, in the following,  F|G. 3. Series of Raman spectra taken from a GaN/GaAs sample
defect lines. To scrutinize that they are related to the GaNy different temperatures. The excitation wavelength was 514.5 nm
layer and not to the substrate, we also performed spatially2.41 e\). All spectra are Bose corrected and normalized to the

resolved micro-Raman measurements as well as measur@tensity of the GaN TO mode. The intensity of the defect lines

ments on series of samples with varying thicknesses. BotHecreases nearly exponentially with increasing temperature.
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FIG. 4. Arrhenius plot of the temperature dependence of the ww
220-cm* defect mode in GaN/GaAs.

100 150 200 250 300
identification of the defects involved in the scattering pro- Raman Shift (cm'1)
cess.
FIG. 5. Low-temperature Raman spectra takerz(in.)z con-
A. Temperature and resonance behavior figuration with different excitation wavelengths between 458 nm
. . (2.71 e\V) and 647 nm(1.92 eV} demonstrating the strong resonant
Figure 3 displays the remarkable development of the Rapenavior of the defect lines. The inset shows the resonance profile
man spectrum of Fig. 1 with increasing temperature: In Conyf the 95-cm® defect mode. The measured intensities for every
trast to the GaN and GaAs host phonon modes the defegkcitation wavelength were normalized to the scattering intensity of
lines weaken and nearly disappear at 240 K. The intensityhe Bap mode. Except the mode at 250 chall defect lines ex-
variation with temperaturel (T) may be fitted by the hibit a similar excitation behavior.
expressioh

of the host material, cannot be observed because motion rel-
1) evant to the defect will rapidly degenerate into motion of the
Eactl surrounding lattice, providing no discrete phonon states.
1+C exp{ _ﬁ) Those modes can only be excited under resonant conditions
[resonant(band modeg. Indeed, our defect lines exhibit a

as shown in the Arrhenius plot in Fig. 4, which gives us anstrong resonance behavior. They are excitable only in the
activation energye . of each line. The parametefsandC  region of the yellow luminescence between 2.0 and 2.5 eV,
are temperature independent. We found activation energiegs can be seen from the Raman spectra taken with different
in the range 10—60 meV depending on line and sample. excitation energies displayed in Fig. 5. It is thus conceivable

The temperature behavior confirms the exclusion of hostthat the lines are caused by vibronic excitations of the incor-
lattice vibrations. In general, Raman scattering from latticeporated defects with only the resonance process having the
vibrations is supposed to show an increasing signal with inebserved temperature dependence. The scattering process
creasing temperatureThe defect lines exhibit the opposite would then have amdirect temperature dependence in con-
behavior, they decrease with temperature and vanish at rootrast to the case of electronic Raman scattering in which the
temperature. However, vibrational Raman scattering frontemperature dependence is causiekctly by the thermal
built-in defects should not exhibit the observed temperatur@ccupation of the involved electronic states.
behavior. One might conclude that the defect lines are Which electronic Raman transitions could be involved in
caused by electronic excitations of the defects in which théhis process? To explain the low energies of the lines only
thermal occupation of the involved electronic states leads tinner transitions in a shallow defect may be considered. Ac-
the peculiar temperature dependence. ceptor transitions, as for example found in Ga#nTel® or

To answer this guestion one has to consider first whiclZnSe(Ref. 11 are unlikely because our samples wererall
vibronic excitations of defects are possible. One distin-type and thus the acceptor states occupied. In addition, the
guishes between local modes, gap modes, and resonagrresponding transition energies would be too large to fit
(band modes’® If the impurities built into the host lattice the experimental findings, leaving thus only inner transitions
are of lower mass than the host atoms one can observe lodal shallow donors. The latter also allow a straightforward
modes with frequencies higher than the phonon dispersion axplanation of the thermalization energies although optically
the host lattice. This is obviously not the case here. Also, gapgetermined activation energies need not be the same as those
modes may be ruled out. The defect lines are located in thiound in electrical measurements. However, in the case of
acoustic region of the GaN phonon dispersion where no gajmner transitions in shallow donors one would expect broader
in the phonon density of states existi principal, those lines and an influence of the free-carrier concentration which
defect modes, which are degenerate with acoustic vibrationse could not observe in our sampfés=The high impurity

I(T)=
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concentration should lead to the formation of impurity bands
resulting in a strong broadening of the lines. In Ref. 2 four of
the lines at 189, 237, 151, and 217 chwere attributed to

an electronic Raman process in which electrons were excited
from a deep acceptor level into the excited states of a shal-
low hydrogenlike donor. One pair of the lines at 189 and 237
cm ! were interpreted as theSi2S and 1S-3S inner tran-
sitions in cubic GaN and the other pair was supposed to
belong to the same transitions in the hexagonal modification
of GaN, present in their samples as a minority phase. As we
already commented, our observation of additional lines with
similar temperature and resonance behavior and thus similar
origin contradicts this modél.

In conclusion, it is obvious that the observed temperature
behavior excludesiormal vibrational Raman scattering as
the origin of the defect lines. But two different defect scat-
tering mechanisms are possible: On one hand, electronic Ra-
man scattering on/from donors in which the temperature de-
pendence is causetirectly by the thermal occupation of the 100 200 300 400 500 600
electronic states involved, and, on the other, resonant vibra- . A
tional Raman scattering on/from the incorporated defects in Raman Shift (cm™)

which the temperature dependence is causedrectly by FIG. 6. Low-temperature Raman spectra of GaN/GaAs in de-

the resonance mechanism. endence on an applied magnetic figkhraday configurationT

In order to clarify the scattering mechanism we performedi2 K, excitation at 514.5 nng( . . . )z]. The magnetic field was

magnetic-field and pressure-dependent measurements on Gireased from 1 to 13 T. No change of the spectra could be ob-
samples. The intention was to observe characteristic shiftinggapyed.

and/or splittings of the lines in the case of an electronic
Raman-scattering process. Besides, pressure-dependent Mgast in contrast does not show any splitting or shifting of

surements allowed us to tune continuously the band gap ofny |ine. Other electronic transitions can be treated analo-
the material investigated and thus to get further informatioryqysyy.

Scattering Intensity (arb. units)

regarding the resonance process. Even if one assumes the unlikely case that all defect lines
stem from transitions between such electronic statésne
B. Magnetic-field dependence or more donorsthat shift equidistantly in a magnetic field

. o . _— one should see a change of the line positions caused by the
A typical way of distinguishing electronic and vibrational (1%

" ) _diamagnetic shift, as e.g., in As-doped ZnfeFollowing
Raman transitions is to measure Raman spectra under high e £l the diamagnetic shift of the ground state of a shal-
magnetic fields. In case of electronic Raman scattering ong. qonor is given by
would expect to observe characteristic splittings and/or shift-

ings of the lines in question, as for example in B-doped“Se,

2
Li- and As-doped ZnTé® or in the case of crystal-field AE=1R*2 with R*y2=2.46x10"" e(0) B2 meV,
transitions® Vibrational scattering in contrast should not be (m*/mg)3 T2
affected by an external magnetic field. 3

Figure 6 shows a series of Raman spectra taken from a Y )
GaN/GaAs sample under magnetic fields from 1 to 13 TWhereR™ is the effective Rydberg energy andhe reduced
(Faraday configuration The temperature was 2 K, the exci- magnetic field. In case of an applied magnetic field of 13 T
tation wavelength was at 514.5 nm. The defect modes argn€ would j‘XpeFt a change of the ground state of 0.25
clearly visible but neither any splitting nor any shifting of the M&V=2 cm™= which corresponds to a change of 1.5 cm
lines can be seeltE=0.0+0.2 cmi L. Also, the intensity of for a 1S-2S transition. A shifting of this size can easily be
the defect modes does not change with the magnetic fiel@oserved with the setup used in this experiment.
These results strongly indicate that the defect lines are not N conclusion, the magnetic-field-dependent Raman study
caused by electronic Raman transitions, e.g., from inner trarstrongly indicates that the defect lines are due to vibrational
sitions in a donor. One can simply estimate the size of thét@man scattering processes. Because the lines are not af-
expected effect. Assuminggfactor of 2 for thelSground fected by an external magnetic field, inner electronic transi-
state of a donor, as it was found in GaN for shallowtions in defects are very unlikely.
donorst’~2° the applied magnetic fiel® should lead to a
splitting of C. Pressure dependence

Similar to the study of the magnetic-field behavior mea-
AE=guB, 2 suring the splitting and/or shifting of the lines in question
under high hydrostatic pressure gives us more detailed infor-
where u is the Bohr magneton. A magnetic field of 13 T mation about the scattering mechanism and about the respon-
yields a splitting energy of 1.5 me¥12 cm 1. The experi- sible defects.
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f— TABLE I. Expected shiftingsA of the defect lines due to the
T=10K
514.5nm | (GPa) donor

GaAs TOew P applied hydrostatic pressure in case of inner transitions in a shallow

Transition Aw (P=0) Aw (P=6.1 GPa) A

1S-2S 24.0 meV 194 cm! 25.7 meV 207 cm! 13 cmt
1S-3S 28.4 meV 229 cm® 30.4 meV 245 cm! 16 cm?!

semiconductor. Assuming an effective mass of*
=0.22n, at atmospheric pressure, as experimentally found
for GaN?* and an increase of the band-gap energy of 40
meV/GPa2>?5the application of 6.1 GPa yields an effective
mass ofm* (6.1 GPa)}0.237M,. The levels of a shallow
donor can be calculated like those of a hydrogen &tbwiie

get for the transition energies

Scattering Intensity (arb. units)

*
_ e

/
T T T T T 74 T T T —_—
100 200 300 500 600 700 AE Rymog(O)2

. -1
Raman Shift (cm ) Using 9.7 for the dielectric constamt(0),?® we obtain a

FIG. 7. Series of low-temperature Raman spectra of GaN/GaAgor_10r ?'”,d'”g energy of 32 mQV for atmospherlc pressure,
with increasing hydrostatic pressure. The excitation was at 514.%/hich is in gogd agreement with the experimentally found
nm (2.41 eV). While the sharp defect lines disappear for pressure/@lue of GaN’® When applying hydrostatic pressure of 6.1
higher than 3 GPa, the two broad defect lines remain present for th@Pa this value changes to 34.2 meV. According to &0

whole pressure range. No shifting of the defect lines could be obWe thus expect to see a shifting of the lines if they were
served. caused by inner transitions in such a shallow donor by, e.g.,

at least 13 cm! in the case of the line at around 190 th

Figure 7 displays the development of the Raman spectrﬁame | lists these expected changes for two transitions.
taken from a GaN/GaAs sample with increasing hydrostatic Shifts on the order of 13 ciit should easily be observed
pressure up to 6.1 GPa. The spectra were normalized to tH8 our experiment(compare the shift of the host phonon
intensity of the TO mode of GaN. All spectra were recordednodes, but we found no shift at all. The high-pressure study
at 10 K, the excitation was at 514.5 nm. Already at lowthus confirms the interpretation of our magnetic-field-
pressures the narrow defect lines disappear and only the tw#ependent measurements in that the defect lines cannot be
broad lines at around 190 and 235 thremain present in caused by inner electronic transitions in shallow defects.
the spectra with constant intensity up to 6.1 GPa, but a broad
background similar to the broad defect lines remain. It is 3 GPa
important to note that in contrast to the host phonon modes T=10K ' Coas LO
the energy position of none of the defect lines change under
pressure. Also, the narrow lines do not shift until they disap-
pear. From the constancy of the line positions inner transi-
tions in a shallow defect may be excluded. Applying hydro-
static pressure increases the band-gap energy leading to an
increase of the effective mass of the defect. Consequently the
energies of inner defect transitions also increase with applied
pressure and one would expect a shifting of the Raman lines.

We can easily calculate the magnitude of the expected
pressure-induced shifting. In tHep approximation a very
simple expression for the band-gap dependence of the effec-
tive mass of the conduction-band electrons can be derived.

When neglecting the coupling to higher bands and under the MNW
condition that the band gap, is much larger than the spin-
orbit splitting? one get$’

(n"?—m™2). (5

514.5 nm

188

[ 2d
©
N

’ TO,

GaN

Scattering Intensity (arb. units)

488 nm

me P2 200 400 600 . 800
— e 4 Raman-Shift (cm™)
mg g
FIG. 8. Two Raman spectra taken at a hydrostatic pressure of 3
whereP? is the coupling matrix element that is nearly con- GPa. The upper spectrum was excited at 514.5(2ml eV, the
stant for most of the 11I-V and 1I-VI semiconductors. Thus, bottom one at 488 nnf2.54 e\j. Both spectra were normalized to

the effective mass is proportional to the band gap of thehe intensity of the GaN TO mode.
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In addition, we investigated the effect of pressure on the __ a
temperature and on the resonance behavior. Our measure-& 178 235 *
ments reveal that neither changes significantly. In Fig. 8 we ‘
compare two low-temperature Raman spectra taken at 3 GPa.
The upper spectrum was excited at 514.5 nm, the bottom
spectrum at 488 nm. Both spectra were normalized to the
intensity of the TO mode. Although a pressure of 3 GPa was
applied to the sample, the defect modes are still much more
intense when exciting at 514.5 nm than at 488 nm. This
result has an important consequence for the involved reso- B I
nance states. At first glance a link to those electronic state z(.)z L
that are responsible for the yellow luminescence seemed T=5K
likely because the Raman excitation profile of the defect 514.5nm . . _ Y
lines is located in the same energy region. In this interpreta- 100 200 300 500 600
tion one would already have to consider that the Raman ex- ) p
citation profile should not follow the luminescence but in- Raman Shift (cm)
stead the luminescence excitation spectrum because only the

le}(ttfr regeCtS the e?lergy pOSItIOII’IdS of thetan0|.\/ed eleCtrc;n;qa er grown on sapphire. Three of the defect modes at 96, 178, and
states. Lonsequently, oné would expect an increase o 5 cm! occur. The asterisks denote lines of the sapphire sub-

resonance F’mf"e In the h'gh'e”ergy region, which is notstrate. The temperature was 5 K, the excitation wavelength was
found experimentallyFig. 5. Our high-pressure measure- ¢y 5 nm(2.41 eV

ments confirm these doubts. They demonstrate that the reso-
nance states of the defect modes can neither belong to t

As:GaN/Sapphire

Scattering Intensity (arb.un

FIG. 9. Low-temperature Raman spectrum of an As-doped GaN

r?gmge as the lines known from the GaN/GaAs samples. We

yello;v Iudrmlnezcerr]\ce nor to any St?ées related t%_tfhe Corf'dﬁ%{re thus certain that these lines have the same origin and that
tion band. In fo.lt cfases one WOUI 1e2x(;)ect\z;1 Sb ! tmg 0 tthqhe incorporation of As into the GaN layer leads to the re-
reson_ancetpﬁo |efo aopl)proxmatey rr;fe . tase fon40 gponsible defects. It remains unclear whether As is directly
eXpe“me”s%(Q’ toun pressure = coetlicient — ot - *Uinyolved, i.e., whether the defect contains As, or As acts only
meV/GP&>?which is equal to the difference in the excita- as a catalyst

tion energies used to obtain Fhe two spectra in Fig. 8. Ifa \ve also investigated Si-, C- and Mg-doped GaN samples
shallow defect or the conduction band were involved in the rown on sapphire, but we did not observe any of the defect
resonance process one would expect the opposite intensi es. It is noteworthy that the resonance behavior differs

distribution. The defect lines should be more intense in theSlightly from the one in GaN/GaAs. in that the narrower lines

spectrum excited at 438 nm than in the spectrum e_xmted t 95 and 105 cm! are even more intense when excited in
514.5 nm. In conclusion, no shallow states can be involve

) he red spectral region.
in the resonance process. In addition, the comparison of several series of
differently/diversely grown samples corroborate our finding
from the high-pressure Raman measurements. There cannot
After clarifying the principle scattering mechanism we be a direct link to the yellow luminescence. Otherwise one
now turn to the identification of the responsible defects. Wewould expect the observation of the defect lines from nearly
performed measurements on several series of undoped GalNery sample.
layers grown on different substrates and by different growth
techniguesMBE, MOCVD, HVPE). The defect lines were
present only in those spectra that were taken from GaN lay-
ers deposited on GaAs substrates. We thus assumed that theSummarizing our results, the low-energy Raman lines
incorporation of As from the substrate into the layer mightcannot stem from the host GaN or substrate lattice. Neither
form defects that are responsible for the lines in question. Tdisorder-activated scattering nor second-order Raman scat-
prove our assumption we measured GaN layers grown otering can explain their energy positions and their small line-
sapphire that were intentionally doped with As. Secondarywidths. We thus related these lines to excitations of built-in
ion mass spectroscofg$IMS) revealed an As concentration defects. This is confirmed by the unusual temperature behav-
of around 16° cm™3in this layer, which is in the same range ior. As the comparison of several series of sample showed,
of the As concentration in our GaN/GaAs sampféa.spec-  the lines occur only in samples grown on GaAs. The lines
trum taken from one of these samples after excitation amay also be detected in GaN layers grown on sapphire when
514.5 nm is shown in Fig. 9. The strongest lines are locatedoping these layers with As thus clearly showing that they
at 96, 178, and 235 cnt. The broad background below 300 are associated with As-related defects. The lines decrease
cm ! is due to disorder-induced scattering and can also bdrastically in intensity with increasing temperature and van-
observed in GaN/GaAs and in ion-damaged GaNhe en- ish at room temperature excluding normal vibrational Raman
ergy positions are in very good agreement with the linesscattering as their origin. This temperature behavior can be
known from the GaN/GaAs samples. The lines also exhibiexplained by two opposite types of defect-scattering mecha-
the same temperature behavior. They decrease nearly expoisms: Either the lines originate from electronic Raman tran-
nentially in intensity with increasing temperature. The acti-sitions in which the thermal occupation of the involved elec-
vation energies are between 10 and 60 meV, i.e., in the sanigonic defect states serves for the temperature dependence or

D. As impurities in GaN: Influence of the substrate

IV. DISCUSSION AND CONCLUSIONS
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the lines are caused by resonant vibrational Raman scatterir@aAs for example do not show any pressure depend&ncy.
(resonant modesn which only the resonance process exhib-We thus suggest that the defect lines originate from incorpo-
its the thermalization. Our magnetic-field-dependent andated As impurities formed to complexes located inside of
pressure-dependent Raman measurements clarified tHRicroscopic cages of the surrounding GaN. These are possi-
point_ Because no Sp”tting nor shift was observed in thesé)'y Ga vacancies. From the different linewidths of the defect
measurements, inner electronic transitions of defects are vefpodes one may also conclude that the two broad lines at 190
unlikely. Thus, our results strongly indicate a resonant vibrand 235 cm* may be attributed to a defect cluster, whereas
tional Raman process, with only the resonance having théhe sharper lines may be excitations of isolated As defécts.
observed temperature behavior. Although at first glance it appeared likely, there is no link
As demonstrated by our doping study and by the comparit© the yellow luminescence, as shown by the pressure mea-
son of differently grown samples it is obvious that the de-Surements and by the comparison of d|fferently grown
fects are associated with As impurities. Although we Cann0§amples. The pressure m_easuremgnts also made It clear that
definitely say whether the defects contain As or the incorpo-no shallow state can be '“VO'Yed in the resonance process.
rated As impurities leads only to the formation of these de_There remain only deep states in 'ghe _GaN host crystal formed
fects, we believe that the defect lines stem from vibronicby the As impurities. Recent publications on As-doped GaN
excitations related to As complexes. Bulk As does indeedonfirms that_ As forms deep statés. . .
have vibrational modes in the same frequency range. The In ponclusmn, we showed that the defegt lines, vyhlch.ap—
rhombohedral lattice of As with two atoms per unit cell hasPg2r in the Raman spectra as sharp and intense lines in the
three Raman-active zone-center modes. PFhg mode is low-energy region form 95 to 250 cm, are caused by in-
found in the range 253—257 cih the twofold degenerate corporated As impurities in _the GaN lattice. Althpugh their
E, mode is located at 193-197 ch32-34 temperature behavior indicated a_n elgctromc Ra_rpalré_
The pressure-dependent measurements give us further i cattering — process, our pressure- —an magnetic-fie :
formation on the type of defect. Usually, the application of epgndent megsurements.deflnltely show that they are of vi-
hydrostatic pressure leads to a hardening of the vibrationzﬁr"’lt'Onal origin, - most likely resonant modes of As
modes or in case of instability and phase transformation to gomplexes in the GaN layers.
softening of mode> But we found no shift of any defect
line. This constancy can only be explained by scattering
from defects, which do not feel the surrounding pressure. The authors are indebted to all growth teams, especially
Therefore, normal local modes, in which As atoms areD. J. As, D. Schikora, and B. Sctiker for providing the
placed either on the Ga or N sites, may be excluded. PossibleaN/GaAs samples. We also thank K. Syassen for the help
defect candidates are vacancies or atoms captured insidewdth the pressure measurements and |. Loa and P. Thurian
vacancy or inside of any kind of cage that protects the defor the assistance during the magnetic-field-dependent mea-
fects from the applied pressure. The gallium vacancies isurements.
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