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Resonant Raman scattering on free and bound excitons in GaN

A. Kaschner,* A. Hoffmann, and C. Thomsen
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We comprehensively investigated the resonant Raman scattering effect in GaN at low temperatures applying
a frequency-doubled titan-sapphire laser as quasicontinuous excitation source. The scattering cross sections of
the E2~high!, A1~LO!, and 2A1~LO! phonon modes exhibit a resonance enhancement at the donor- and
acceptor-bound excitons. The enhancement of theA1~LO! modes is even stronger than for the nonpolar
E2~high! mode due to a Fro¨hlich interaction. Furthermore, the temporal behavior of the phonons near the
resonance was studied using time-resolved spectroscopy. We found that the resonance process below the bound
excitons is likely to proceed via the free exciton as intermediate state.
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I. INTRODUCTION

Resonant Raman scattering~RRS! has been studied for
variety of semiconductor materials, such as CdS,1 GaP,2 and
GaAs,3 since the late 1960. In particular, effects of RRS
free and bound excitons in CdS were extensiv
investigated4–6 because crystals of high structural qual
were synthesized and intentionally doped. In the III-V nitri
material system the resonance enhancement of the Ra
scattering cross section was used to detect inelastic scat
light from small sample volumes, for instance, in buried A
GaN structures7 and indium fluctuations in the ternary allo
InGaN.8–11There are a few studies on RRS in GaN.12–16One
of the first RRS experiments on GaN was carried out
Lemoset al.15 For excitation energies from 800 to 300 me
below the band gap, they did observe a resonance enha
ment of theA1~TO!, E1~TO!, andE2~high! modes. In previ-
ous experiments a fixed excitation energy and a tempera
variable cryostat are used to match the excitation energy
the resonance. In Ref. 12 temperatures between 300 and
K were applied and, therefore, no resonance with bound
citons could be observed. RRS on acceptor-bound exci
in GaN at temperatures of 80 and 130 K was reported in R
14. In the present study we applied a frequency-doub
titan-sapphire laser as quasicontinuous excitation sourc
investigate RRS in GaN at low temperatures, where bo
excitons exist. Furthermore, we studied the temporal beh
ior of the phonons near the resonance using time-reso
spectroscopy.

II. EXPERIMENT

The sample under study was a not intentionally dop
220-mm-thick GaN film grown by hydride vapor phase ep
taxy ~HVPE!. Sapphire~0001! with a sputtered ZnO buffe
layer was used as substrate.17 The Raman spectra were take
in a quasibackscattering geometry: i.e., the exciting la
beam hit the sample under 45°. Due to the large refrac
index of GaN, the propagation direction of the beam in
material deviates only a few degrees from the sample n
mal. The sample was excited with a frequency-doubled tit
sapphire laser providing excitation wavelength between
and 387 nm. The laser was operated in pulsed mode wi
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repetition rate of 80 MHz. Proper color filters were used
improve the ultraviolet-to-infrared ratio of the exciting beam
The sample was mounted in a cryostat operating at supra
helium temperature~1.8 K! or liquid nitrogen temperature
~77 K!. The signal was detected through a subtract
double-grating monochromator with a UV-enhanc
multichannel-plate photomultiplier. For time-resolved me
surements the system response to a laser pulse with a
width at half maximum~FWHM! of approximately 30 ps
was taken into account for analysis of the transients us
deconvolution techniques. For the photoluminescence~PL!
measurements the sample was mounted in a He bath cry
and a HeCd laser was used as excitation source.

III. RESULTS AND DISCUSSION

A. RRS at 1.8 K

Prior to the RRS experiments, we investigated the lum
nescence properties of a variety of GaN samples in orde
select a crystal exhibiting high crystalline quality and bo
acceptor- and donor-bound excitonic luminescence. Figu
shows a PL spectrum of the sample under study. In the in
the region of excitonic luminescence is depicted on a lo
rithmic scale for clarity. The spectrum is dominated by t

FIG. 1. Photoluminescence spectrum of the investigated sam
at 1.8 K. The inset shows the region of the free and bound exci
on a logarithmic scale.
©2001 The American Physical Society14-1
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luminescence of excitons bound to neutral donors (I 2) at
3.473 eV. On the high-energy side of theI 2 , we find the free
excitonXA ~3.479 eV! and as a shoulderXB ~3.485 eV!.18 A
weak multiple structure peaking at energies of 3.494, 3.4
and 3.499 eV can be assigned to excited states of free
bound excitons according to Ref. 19. In addition to t
strongI 2 , we also find a weaker luminescence around 3.4
eV originating from recombination of acceptor-bound ex
tons (I 1). The chemical nature of the acceptor was sugges
to be Zn, which can diffuse from the buffer layer at hig
growth temperatures.20,21

Figure 2 shows spectra taken at different excitation en
gies. The excitation for the two lower spectra is above
energy of the freeA andB excitons~FX!. The 1LO and 2LO
phonon replicas of the freeA excitons and the donor- an
acceptor-bound excitons are observed. An additional lu
nescenceD at 380 nm and its 1 LO replica at 391 nm
apparent~also D-2LO can be observed, but is not show
here!. From the energetic position one could assignD as
donor-acceptor pair~DAP! recombination22,23 or a 2LO rep-
lica of I 1 . However, the structure does not exhibit the typic
DAP line shape with merging LO replicas and a bro
FWHM. The interpretation ofD being theI 1-2LO can be
excluded, because of its very long luminescence de
which does not fit into the 12.5-ns window provided by o

FIG. 2. Spectra at 1.8 K taken for different excitation energies
the vicinity of the donor-bound exciton. Beside the phonon repli
of the free and bound excitons and the phonon modes, a d
luminescence~D! can be observed.
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system with a repetition rate of 80 MHz. Furthermore, theD
luminescence can be excited with energies belowI 1 . We
rather think that the origin ofD is the recombination of ex-
citons, deeply bound, for instance, at dislocations or ot
defects. We observe up to a three-phonon replica of thD
luminescence, which indicates a strong coupling to the cr
tal lattice and is typical for this kind of defects. The excit
tion wavelength of 357 nm~3.473 eV! is exactly in reso-
nance with theI 2 state. The structures in the correspondi
spectrum appear broadened. Here one cannot distinguish
tween the LO replica of theI 2 and theA1~LO! phonons
generated by the Raman effect, whereas in the two up
spectra of Fig. 2 a clear shift of the mentioned structure
obvious. We observe theE2~high!, A1~LO!, and 2A1~LO!
phonon modes of GaN—having intensities comparable w
the luminescence features—resonantly enhanced using
excitation close to theI 2 energy. A subsequent reduction o
the excitation energy leads to a shift of the phonon lin
parallel to the exciting laser line with an energetic differen
corresponding to theE2~high!, A1~LO!, and 2A1~LO! energy
~Fig. 3!. Within the experimental accuracy of our expe
ment, the shift of 2A1~LO! line equals a value of twice the
shift of theA1~LO! line. In previous experiments10 we found
that actually the relationv2LO,2v1LO holds. For mul-
tiphonon processes the phonons are no longer restricte
the center of the Brillouin zone and, therefore, the freque
of the 2A1~LO! band is slightly lower than theA1~LO! fre-
quency multiplied by 2.

In Fig. 4~a! the normalized intensities of theA1~LO! and
2A1~LO! mode are depicted as function of the excitin
wavelength. We have chosen the intensity of theD lumines-
cence to normalize the phonon intensities for comparab
reasons. One has to be aware thatD itself has an excitation
behavior, which influences the intensity ratio with shiftin
the excitation wavelength towards 380 nm. Both theA1~LO!
and 2A1~LO! phonon modes show a significant resonan
behavior when the excitation energy approaches theI 1 and

n
s
ct

FIG. 3. Peak energy vs excitation energy of the modes app
ing in the spectra at 1.8 K. The thick line represents the excita
energy itself, whereas the thin lines are shifted by the energie
the E2(high) ~solid square!, A1(LO) ~open circle!, and 2A1(LO)
~star! phonon modes of hexagonal GaN.
4-2
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I 2 , respectively. The bound excitation resonances supe
pose a background which continuously increases with
creasing wavelength. As described for CdS,4 this background
is presumably due to the free-exciton contribution.

We also find theE2~high! phonon mode appearing res
nantly enhanced in the spectra. An antiresonance beha
like for the E2~low! in CdS ~Ref. 5! is not observed. Nor-
malizing theA1~LO! mode intensities to theE2~high! inten-
sity yields a different picture@Fig. 4~b!#. Tuning the excita-
tion from 390 to 357 nm results in a by two orders
magnitude increasedA1~LO!/E2~high! ratio ~compare with
Refs. 12 and 16!. The E2~high! mode is also resonantly en
hanced in the vicinity of the bound excitons, because of
vanishing denominator in the Raman scattering cross sec
However, theE2~high! mode is nonpolar and does not inte
act via Fröhlich interaction as the LO modes do. Therefo
in Fig. 4~b! we only see the polar portion of the resonan
process. The probability to generate a real electron-hole
as intermediate state in the Raman process decreases wi
energetic distance from the band gap. As a result, this h
large effect on the scattering intensities.

It seems to be a general effect that the 2A1~LO! scattering
intensity is larger than theA1~LO! intensity in the vicinity of
excitonic resonances.10,12,14 At first sight this is surprising
since a nonresonant second-order process is usually b

FIG. 4. Intensity of theA1(LO) and 2A1(LO) mode normalized
on the intensity of the defect luminescenceD ~a! and E2(high)
phonon mode~b! vs excitation energy at 1.8 K. Lines are a guide
the eye only.
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ders of magnitude less probable than a first-order Ram
process. For our sample theA1~LO!/2A1~LO! intensity ratio
is smaller than unity in the energy region between 3.25 a
3.50 eV ~Fig. 5!. A possible explanation for the behavio
between 3.40 and 3.50 eV can be given within the polari
model according to Refs. 24 and 25. TheA1~LO! scattering
is proportional to the square of the wave vector of the crea
phonon. When the energy of the excited polaritons is
creased, their wave vectors increase, leading to a hig
A1~LO! scattering intensity, whereas the 2A1~LO! process
does not depend on the polariton wave vector. This argum
tation qualitatively explains the increasingA1~LO!/2A1~LO!
intensity ratio between 3.40 and 3.50 eV~compare with Fig.
2 in Ref. 24!. The increase in theA1~LO!/2A1~LO! intensity
ratio for decreasing energies between 3.40 and 3.20 e
just a result of the increasing energetic difference to the
citonic resonance: i.e., the intensity ratio converges towa
the value for the nonresonant case whereA1~LO! is domi-
nant. It is expected that in principle the behavior is simi
for all GaN samples. However, the absolute values for
A1~LO!/2A1~LO! intensity ratio depends, for instance, on t
free-carrier concentration, doping,26 and structural quality of
the sample. We found for a variety of samples a relat
increase of the 2A1~LO! mode with increasing structura
quality.

B. RRS at 77 K

Most of the donor-bound excitons are dissociated at 77
due to theI 2 binding energy of approximately 6 meV. Sinc
the acceptor binding energy is considerably larger than
donor binding energy, the acceptor-bound excitons are
marginally dissociated. Resonant Raman scattering
acceptor-bound excitons can be studied exclusively at 7
without superposition of the effect of the donor-bound ex

FIG. 5. Intensity ratio of theA1(LO) and 2A1(LO) phonon
mode as a function of energy. For a better comparability with Fig
of Ref. 24, the intensity and energy axes are exchanged. Note
the data points in the ellipse are determined by the respective
phonon replica, since the corresponding phonon modes are no
served at these excitation energies.
4-3
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tons whose density is much higher at 1.8 K. Figure 6 sho
various spectra taken at 77 K using different excitation en
gies. In the lowest spectrum the acceptor-bound exciton
the corresponding 1LO replica can be seen. In addition
these broad structures, three very narrow lines appear a
excitation energy of 3.416 eV~362.95 nm!. Whereas theI 1
andI 1-LO vanish at even lower excitation energies, the th
narrow lines still appear in the spectra. The peak position
these three lines are represented in a similar figure~Fig. 7!
then for the 1.8-K case~Fig. 3!. From Fig. 7 it is obvious tha
the sharp lines in the spectra of Fig. 6 correspond to
E2(high), A1(LO), and 2A1(LO) Raman modes of hexago
nal GaN.

The results of the 77-K measurements are sketched
resonance profile~Fig. 8!. Here the intensity of the 2A1(LO)
mode was normalized to that of theE2(high) mode. As dis-
cussed above, one can distinguish between the polar ve
nonpolar scattering mechanisms with this method. Howe
no other feature present in all spectra could be used for
malization. We find an astonishingly good agreement of
I 1 luminescence maximum with that of the Raman resona
profile, which evidences theI 1 states to be the real interme
diate energy levels for the resonant Raman process. Tu
the excitation energy to lower energies~larger wavelength!
results in a decrease in Raman scattering efficiency, bu
379.1 nm all three Raman modes are still observable. Ra

FIG. 6. Spectra at 77 K taken for different excitation energies
the vicinity of the acceptor-bound exciton. The symbols mark
E2(high) (#), A1(LO) (* ), and 2A1(LO) (** ) modes.
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scattering in resonance with acceptor-bound excitons
previously reported for a similar GaN sample.14 In distinc-
tion to the previous measurements, where the band gap
tuned by temperature variation and a fixed laser energy
used, the present experiment gives direct evidence for
resonance process with acceptor-bound excitons using di
ent excitation energies at a fixed temperature.

Comparing the results from Secs. III A and III B, we fin
a resonance enhancement of the Raman scattering e
when the energy of the incoming photon matches the ene
of acceptor- and donor-bound excitons, respectively. The
man modes are not observed when the excitation energ
slightly above the bound exciton energy. In this case o
phonon replicas of the bound excitons are present in

n
e

FIG. 7. The peak energy vs excitation energy of the mo
appearing in the spectra at 77 K is depicted. The thick line rep
sents the excitation energy itself, whereas the thin lines are sh
by the energies of theE2(high), A1(LO), and 2A1(LO) phonon
modes of hexagonal GaN.

FIG. 8. Intensity of the 2A1(LO) mode normalized on the in
tensity of theE2(high) phonon mode vs excitation energy~77 K!. A
maximum appears at the energetic position of theI 1 line. Lines are
a guide to the eye only.
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RESONANT RAMAN SCATTERING ON FREE AND BOUND . . . PHYSICAL REVIEW B64 165314
spectra. This is different to the case of CdS, where b
phonon replica and resonantly enhanced phonon modes
observable at the same time under such excita
conditions.4,27 Within the polariton model, which has to b
applied in the case of a strong exciton-light interaction, b
processes are very similar and can be described as pola
scattering with phonons. If the initial state of the scatte
polariton is purely excitonic, then the inelastic scattering c
be regarded as a LO replica of the excitonic luminescenc
the initial state is purely light, Raman scattering is observ

C. Time-resolved Raman and luminescence experiments

There are few publications on phonon lifetimes in Ga
Siegleet al.28 used time-resolved anti-Stokes Raman scat
ing and determined an upper limit for the decay time
nonequlibrium LO phonons in GaN to 4 ps. Bergmanet al.29

evaluated phonon lifetimes in GaN via the energy-time
certainty measuring the Raman linewidth. Except for
E2(low) mode, they found phonon lifetimes shorter than
ps. The homogeneous linewidth is mainly determined by
purity scattering and crystal anharmonicity. It was sugges
that LO phonons in GaN decay into TO and LA phonons
explain the short phonon lifetimes, because a decay into
LA phonons is unlikely due to energetic considerations.30 In
the present work we investigate the decay times of phon
and phonon replicas under excitation conditions close to
citonic resonances by means of time-resolved spectrosc

For the excitonic luminescence processes, we obtain
cay times of 90 ps~FX!, 270 ps (I 2), and 440 ps (I 1) within
an experimental accuracy of610%. It is noteworthy that the
I 2 (I 1) onset time matches the FX (I 2) decay time, which
suggests corresponding transfer processes~Fig. 9!. Com-
pared with previously published values,16,31,32these are sur-
prisingly long decay times, especially for the FX andI 2 .
Only Harriset al.33 reported a FX decay time of 125 ps fo
high-quality HVPE GaN. The sample used in our experim
is also of good crystalline quality, having a low defect de
sity. Also, the fact may contribute that the sample is irra
ated by a small portion of the not frequency-doubled infra
laser light in addition to the actual exciting wavelength
spite of using a color filter. The energy of the infrared light
sufficient to fill deep defect levels and, thus, can block n
radiative recombination channels. Hence the decay t
draws nearer to the real radiative lifetime.

Figure 10 shows the transition in the temporal behav
from theI 2 phonon replica to theA1(LO) phonon mode. The
secondary peaks appearing for some of the transients
measurement artifacts and do not affect the decay times
termined by the deconvolution procedure. Exciting aboveI 2 ,
we obtain decay times of more than 200 ps for theI 2-1LO
corresponding to theI 2 decay time. For excitation energie
below theI 2 energy, only the resonantly enhanced phon
modes are present in the spectra. The decay is dominate
a fast component. The transients look similar to the sys
response to a laser pulse, and deconvolution yields de
times of a few ps, which is less than the accuracy of t
experiment. If the excitation energy matches exactly theI 2
energy~357.00 nm!, the transient appears to be composed
16531
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a fast and a slow component. In this case one cannot dis
guish between the phonon replica of the luminescence
the phonon mode as from its energetic position. The struc
in the spectrum consists of both of these processes. To
best of our knowledge this is the first direct observation
the change in the temporal behavior during the continu
transition from the phonon replica of excitonic luminescen
to the phonon modes.

Another proposition of our work was to check the follow
ing idea. The intermediate exciton state in a resonant Ra
process is real and not virtual as for off-resonant excitat
conditions. Therefore, one can suppose that the time betw
the exciting laser pulse and the emission of the scatte
photon is determined by the lifetime of the exciton involve

Beside the very fast component, i.e., a few ps as repo
in Refs. 28 and 29, the transients of the phonon modes c
sist of a second component decaying witht2 . The decay
time t2 versus excitation wavelength is depicted in Fig. 1
The very longt2 times of more than 600 ps at excitatio
wavelengths of 357.70 and 358.30 nm originate from a
minescence structure superimposing theA1(LO) mode. Be-
tween 359.10 and 363.40 nm thet2 value is close to theI 2
decay time. An interesting feature appears for waveleng
larger than 368.00 nm. The slow decay constant varies in
range from 60 to 110 ps with an amplitude ratiot2 /t1 of
1/20. Remarkably, these values agree with the FX decay t

FIG. 9. Transients~open circles! of the free and bound exciton
on logarithmic scale taken at 1.8 K under excitation with 353.4
and the corresponding fit~lines!.
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within the experimental accuracy. It should be mention
that theE2(high) and 2A1(LO) mode show a similar behav
ior. There is no other luminescence energetically super
posing the phonon modes in these cases. Thus we fo
evidence from the temporal behavior of the phonon mo
that the resonance process for excitation below the bo
excitons proceeds via the free exciton as intermediate s
The portion oft2 is small, because the electron-phonon
teraction proceeds on a time scale which is short compare
the FX decay time. Hence the decay of resonantly exc
phonons is mainly determined by the fast componentt1 , but
still there is a certain fraction in the transients reflecting
excitonic lifetime.

IV. SUMMARY

We found experimental evidence for resonance Ram
scattering in GaN with donor- and acceptor-bound excito
The E2(high), A1(LO), and 2A1(LO) Raman modes are

FIG. 10. Transients of the LO phonon replica ofI 2 and the
A1(LO) phonon mode, respectively, taken for various excitat
energies. A drastic change in the decay behavior is obvious du
the transition.
.
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resonantly enhanced when the energy of the incoming p
ton matches the bound exciton energy or is slightly belo
Whereas the polar LO modes are also subject to the Fro¨hlich
interaction, the nonpolarE2(high) mode interacts only via
deformation-potential interaction. This is reflected in t
LO/E2(high) ratio, which increases towards the exciton
resonances. At 77 K, where most of the donor-bound e
tons are dissociated, we continue to observe a strong r
nance with the acceptor-bound excitons nicely confirm
the results in Ref. 14. We suggest Zn diffusion from t
buffer layer in the GaN film to be the chemical origin of th
acceptor states.

Furthermore, we investigated the change in the decay
havior during the transition from phonon replicas to res
nantly enhanced phonon modes. As expected, the pho
replicas exhibit the same decay constant as the bound e
ton, whereas the decay of the phonons is dominated by a
component, which is only a few ps, i.e., below the accura
of this experiment. However, we found a larger decay c
stant with a lower amplitude in the decay characteristic
all phonons. For excitation conditions below the bound
citons, this second decay time is close to the measured
exciton decay constant. We suggest that the free excito
the intermediate state for the resonance process in this
gion.
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FIG. 11. Slow decay constant (t2) of theA1(LO) phonon decay
as function of the excitation wavelength. The arrows indicate
decay times of free and bound excitons. Lines are a guide to
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