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In the paper a combined experimental and theoretical investigation of the longitudinal optical
phonon sidebands (PSBs) in the luminescence of free excitons in GaN at moderately high
temperatures was reported. The spectral features, including line broadening, shift, and asymmetry of
the one- and two-phonon PSBs, were revealed both experimentally and theoretically. It is found that
the linewidth of the one-phonon PSB is surprisingly always larger than that of the two-phonon PSB
in the interested temperature range. Moreover, the thermal broadening rates of the one- and
two-phonon PSBs are considerably different. We adopted the Segall-Mahan theory [B. Segall and
G. D. Mahan, Phys. Rev. 171, 935 (1968)] to compute the PSB spectra of the free excitons in GaN.
Only one adjustable parameter, the effective mass of the holes, was used in the calculations. For the
one-phonon PSB, an excellent agreement between theory and experiment is achieved when an
adequate effective mass of the holes was used. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.1944731]

I. INTRODUCTION

GaN is a wide direct-gap III-V semiconductor and usu-
ally crystallizes in a wurtzite structure. Although these basic
properties of GaN were known much earlier, extensive inves-
tigations about GaN have been undertaken only in the past
decade since the first successful demonstration of its appli-
cation in short-wavelength visible light-emitting devices.'
The current status in the study of GaN is that the empirical
development of GaN-based materials and devices is advanc-
ing rapidly and that fundamental understanding is struggling
to catch up.2 This is particularly true in the aspect of exciton—
phonon or electron—phonon interaction in spite of its funda-
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mental importance to the optical and electrical properties of
GaN and even to the performance of GaN-based devices.
Due to the ionic nature of GaN, the Frohlich-type longitudi-
nal optical (LO) phonon—exciton interaction is the strongest.
As a result of such interaction, the LO phonon sidebands
(PSBs) appear in the luminescence spectra of excitons. The
PSBs of free and bound excitons were observed by Dingle et
al. in 1971.% However, a systematic study of the PSBs and
the relevant exciton—phonon interaction issues in GaN was
not conducted until recent years. The available experimental
investigations‘l’12 of the PSBs of excitons in GaN have sig-
nificantly enriched the knowledge of the exciton—phonon in-
teractions. In these studies, most experimentalists employed
a simple empirical expression for the transition probabilities
of the LO phonon-assisted radiative recombination of free
excitons, suggested by Pelrmogorov,13 to fit the observed
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spectral line shape.4’6’8’9’“’12 A further understanding of the
PSBs and related problems clearly requires a detailed and
rigorous calculation, which is still lacking. By introducing an
extended Green’s-function approach, Segall and Mahan'* de-
veloped a more rigorous theory for computing the phonon-
assisted radiative recombination of free excitons in com-
pound semiconductors. They also showed that the
Permogorov’s empirical expression is essentially correct
around the threshold. In this work, we employ the Segall—-
Mahan theory to calculate the LO phonon-assisted excitonic
emission spectra in GaN at several typical temperatures, and
then directly compare the theoretical curves with the experi-
mental data.

In Sec. IT we briefly describe the experiment, while the
theoretical calculation is given in Sec. III. In Sec. IV we
compare and discuss the experimental data and calculated
curves. In the final section, the conclusion is given.

Il. EXPERIMENT

The experimental sample was a 2.88-um-thick GaN ep-
ilayer grown on sapphire (0001) with metalorganic vapor
phase epitaxy. In the photoluminescence measurements, the
sample was mounted on the cold finger of a Janis closed-
cycle cryostat with varying temperatures from 3.5 to 300 K
and excited by the 325-nm line of a Kimmon He-Cd
continuous-wave laser with output power of 37 mW. The
emission signal from the sample was dispersed by a Spex
750M monochromator and detected with a Hamamatsu R928
photomultiplier. The data acquisition, record, and monochro-
mator control were performed with a PC. Notice that no
lock-in amplifier was used because of a strong enough emis-
sion signal, which also indicates the high quality of the
sample.

lll. THEORETICAL CALCULATION

As mentioned earlier, we adopted the Segall-Mahan rig-
orous theory to compute the PSBs of free excitons in GaN.
Based on the Green’s-function approach, the Segall-Mahan
theory considered the effects of exciton—phonon interactions
at all orders and thus included the line broadening, shift,
asymmetry, and all renormalizations. Now we rewrite the
major equations of the Segall-Mahan theory for phonon-
assisted radiative recombination of free excitons.

The Hamiltonian for the coupled system involving exci-
tons, phonons, and photons can be written as

H=H0+HeX»R+HeX—L7 (1)

where H,, is the unperturbed part, H,,_; and H,, y are coupled
terms between excitons and LO phonons and between exci-
tons and photons, respectively. Following the Segall-Mahan
notation, the terms on the right side of Eq. (1) are expressed
by

Hy=2 e\gcixrg + 2 Wy a,+ > wgagay, (2a)
AK q K
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M,(K)
Heog= 2 —="[ctyax + agerg], (2b)
KV w[(
and
Heop= > V(C])M'C;,KWC)\’K(% + a;). (2¢)
MK g

Here, cyx(cyg), a,(a,), and ai(ay) are the creation (annihi-
lation) operator for excitons with momentum K and quantum
number A\, phonons of wave vector ¢, and photons of wave
vector K, respectively. e\, ,, and wy are the corresponding
energies, M,(K) is the exciton—photon matrix element, and
V(g) is the coupling strength between excitons and LO
phonons.

In the Segall-Mahan theory, the absorption coefficient is
calculated first and then the emission probability is found
using the following relationship:

Wem(hv) o< "5 W, (hv). 3)

For the exciton absorption assisted by one LO phonon, the
absorption coefficient has been derived as"’

47TBA1 62 ﬁ(l)l _1 _1 < EAl )2
h -
) = ) P he B RV
M.B 1172
x | = } N(hw)I(hv), (4)
MiA

with N(fw)) = (e %7 — 1)1,
The integral I(hv) is given by

-1
I(hv) = fdx[1+ th 2}

L2 (-
S [(1+m)?+S.P

41+ n)
0+ 2+ 8P

with Re and Im denoting the real and imaginary parts and

m F,(7)

2
Re Fe(n)—[eah]} , (5)

Fom) =,F, 2,1 = 772 = L [1 = 77+ 82— 28,3/
[(1+7)?+S7]).

Here, ,F, is the hypergeometric function and [¢ — /] denotes
the term obtained from the previous bracketed terms by in-
terchanging the e and /& subscripts. The definitions of S,, S},
7, a, Bay, B, M, M |, u,, and E, | can be found in Ref. 15.

For transitions of free excitons assisted by two LO
phonons, the absorption coefficient is given by](’

g, 4B [ ho\?
ath:E(sl)l/z he ,U« g ) ‘= T8 )
2 <Exn’>_Ex .
x(EE"‘hV>< E hV‘)NZ(hwl)Eln(hv),
xl — xn'/ T n
(6)

where
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FIG. 1. Measured luminescence spectra of free excitons in GaN at several
representative temperatures. The inset figure represents the resonant emis-
sion spectra of various excitons.

och ,B,,+Z dZI
In(hV)=f —f —[1UQza™H1][1|UQ2z"a™)|n]
0 < Jig,~ 2

X[+ ' =d+D) ]+ d+D)!

X[1UQRza YUz a M|n]+ (z — "),

with
b=(E, —hw,— hv)M/4uB,

d= (<Exn”> - ﬁwl - hV)M/4/.LB,

and

1
[n,1=0|Uln=1]=1S,(py) +”_2{ZS3(P11)

- %54(17;1)} —{pn— pet

where p;=qgam;/M (j=e or h),
Si(p) == p~ "2 (1 + p?) ™ Texp[- 2/(1 + p?)]
X {sin[2p/(1 + p*)IRe(1 — ip)**!
+cos[2p/(1 + pH)JIm(1 — ip)**1},

with Re and Im denoting the real and imaginary parts.

IV. COMPARISON BETWEEN EXPERIMENT
AND THEORY AND DISCUSSION

Figure 1 shows the measured photoluminescence (PL)
spectra on the low-energy side of the zero-phonon lines of
the GaN sample at several typical moderately high tempera-
tures. The inset figure represents corresponding zero-phonon
lines. At lower temperatures, the zero-phonon line (denoted
by D°X) of excitons bound at shallow donors
dominates.**'° Correspondingly, the PSBs of the bound ex-
citons are also relatively strong. As the temperature is raised,
the bound excitons efficiently dissociate from the donors and
become free excitons because of the weak localization and
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FIG. 2. Calculated one- and two-phonon-assisted luminescence spectra of
free excitons. Note that all the curves are normalized.

hence the small thermal activation energy of the bound ex-
citons. At about 80 K and above, the zero-phonon line [de-
noted by free exciton A transition (FXA)] of the free excitons
is stronger than that of the bound excitons. However, earlier
at 50 K, the PSBs of the bound excitons becomes almost
unobservable due to the relatively small coupling strength of
the bound excitons with the LO phonons.g’12 When the tem-
perature is higher than 100 K, the PSBs of free electrons and
holes appear.11 Therefore, we investigate the PSBs of the free
excitons in the temperature range from 50 to 100 K.

From Fig. 1, one can see the asymmetric line shape of
both the one- and two-phonon PSBs. Moreover, the asymme-
try of both lines increases with increasing temperature. These
results show that the asymmetric line shape of the PSBs is
likely an intrinsic property of the exciton—phonon interac-
tion. Another distinct feature in the spectra of Fig. 1 is the
rapid broadening of PSB peaks as the temperature increases.
A careful look at the spectra enables us to find that the tem-
perature dependences of the one-phonon and two-phonon
PSBs are likely to be different from each other. For example,
the broadening rate of the one-phonon PSB with temperature
seems higher than that of the two-phonon one. It is thus
reasonable for us to speculate that the lattice temperature and
the kinetic energy of excitons may have a greater influence
on the one-phonon PSB than on the two-phonon one. As
mentioned earlier, a theoretical calculation based on a rigor-
ous model is obviously needed in order to understand these
observed spectral features of the PSBs.

Figure 2 shows the calculated PSB spectra with the
Segall-Mahan theory briefly described in Sec. III. The values
of various parameters adopted in the calculation are listed in
Table I. The theoretical spectra clearly show the asymmetric
line shape of the PSBs, which indicates that the asymmetry
of the PSBs is a characteristic of the exciton—phonon inter-
action. Toyozawa theoretically explained the physical origin
causing the asymmetry of the PSBs. As pointed out by Toy-
ozawa, the quantum interference between the intermediate
states of excitons via LO phonons leads to the asymmetric
line shape of the phonon-assisted optical transition.'” In fact,
Segall and Mahan already proved that their theory is equiva-
lent to a main expression derived by Toyozawa under the
appropriate conditions, such as sufficiently separated bands
of exciton. For the GaN case studied in the present work, the
binding energy of the free exciton is about 25 meV."" The

Downloaded 29 Jan 2007 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



244712-4 Xu et al.

J. Chem. Phys. 122, 244712 (2005)

TABLE I. Parameters used in the calculation of the absorption coefficient.

Parameters Symbol GaN
Electron effective mass (units of m) m, 0.2
Hole effective mass (units of m) my 0.5
Ny 0.6
Exciton binding energy (eV) B 0.0254°
LO phonon energy (meV) hay 91.2°
Statistic dielectric constant e,=(e g)"? 8.9¢
High-frequency dielectric constant 5.35°

Dielectric constant at E4; in the absence of n=1 exciton
A(n=1) exciton position at 7 K(eV)

Zero-frequency polarizability due to n=1 A,B, or C
exciton (e L ¢)4mBy

e,=(n )"
g’ 8.0

50 K. E, =3.4949
60 K, E, ,=3.4944
80 K, E, ,=3.4928
100 K, E, ;=3.4900

0.0066

0.0227

0.030

“Reference 18.
PReference 11.
“Reference 17.

excited states of free excitons in GaN can be clearly resolved
in the luminescence spectrum at low temperature. The well-
separated exciton bands provide the intermediate states for
the optical transitions involving phonons. For the lumines-
cent processes, these transitions via the intermediate states
consist of a continuous background which interferes with the
discrete transition at E;s—hwy g (E;s is the lowest-lying state
of exciton and fiw; g is the LO phonon energy). Such inter-
ference produces a typical asymmetric line shape first de-
rived by Fano when he theoretically dealt with the scattering
of electrons by helium nuclei.”’ Therefore, the observed
asymmetric line shape of the PSBs is from the phonon-
induced Fano-type quantum interference.

Another spectral feature in the theoretical spectra shown
in Fig. 2 is the rapid broadening of the lines with tempera-
ture. It is known that the increase of the lattice temperature
will lead to an increase of the average center-of-mass kinetic
energy of excitons which changes the distribution of exciton
statistics.”' The influence of the exciton’s thermal distribu-
tion on the PSBs is mainly reflected by the Boltzmann factor
in Eq. (3) relating the absorption and emission. Our theoret-
ical calculations show that the phonon-assisted excitonic ab-
sorption is insensitive to the variation of the temperature. It
is thus concluded that the observed strong broadening of the
PSBs with the temperature is mainly due to the thermal dis-
tribution of excitons. In addition, the variation of the kinetic
energy of excitons also affects the exciton—phonon scattering
character, especially in the first-order scattering process. Ac-
cording to Segall and Mahan’s theory, excitons of low kinetic
energy or photons of energy slightly above the one phonon
threshold are of most interest for luminescence. They
showed that for the excitons with energies slightly above the
threshold, the first-order phonon-assisted emission probabil-
ity Pi(hv) is

Py ~ A2 MkeT, (7)

The A3? threshold behavior in the above equation arises
from the linear dependence of the scattering matrix element

on A, at small A, and the A2 density-of-state factor. Notice
that expression (7) is the dependence of the one-phonon
emission spectra on the kinetic energy of excitons suggested
by Permogorov.'3 Permogorov suggested such a dependence
on the basis of the approximate (3/2)kg value of the slope of
the measured one-phonon PSB widths versus the tempera-
ture. Indeed, we observed such an approximate value for the
one-phonon PSB of free excitons in GaN.” For the two-
phonon emission, around the threshold, the emission prob-
ability P,(hv) is

Py~ ALl (®)

From expressions (3) and (8), we can know that around the
threshold the two-phonon-assisted absorption probability is
approximately proportional to the density of states.

Figure 3 shows the full width at half maximum (FWHM)
height of measured (solid triangles and circles) and calcu-
lated PSB lines at different temperatures. The agreement be-
tween theory and experiment is very satisfactory considering
the uncertainties of some parameter values of GaN. From
Fig. 3, it is seen that the one-phonon line tends to be slightly
broader than the two-phonon peak. This is consistent with

2 a Experiment {1LO) 7

20l —— Theory (1LO) / ]
® Experiment (2LO)

18} —o— Theory (2LO) /

°

16+

14}
12}

Linewidth (meV)

10+

' 1 ) I 1

50 60 70 80 90 100

Temperature (K)

FIG. 3. Measured (solid triangles and circles) and calculated linewidths of
the one- and two-phonon PSBs against temperature.
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FIG. 4. Measured integrated intensity ratio of one- and two-phonon lines vs
temperature. The solid line is the best linear fitting curve.

the case of CdS." The reason causing this phenomenon is
that P,(hv) is a more rapidly varying function of A, than
P,(hv) is of A,.

From Egs. (7) and (8), it is easily derived that the ratio of
the integrated intensity of the one-phonon PSB lines to that
of the two-phonon PSB lines is simply proportional to the
temperature.B’14 The experimental values (solid squares) of
I11 0/ 151 o were illustrated in Fig. 4. The solid line is the best
linear fitting curve. As expected, I;; o/l o linearly varies
with the temperature.

Finally, we would like to briefly discuss the effect of
exciton—photon coupling which was taken into account in the
calculations. It is known that the exciton—photon coupling
leads to the formation of polaritonic states and special dis-
persion curves of the polaritons (see Fig. 3 in Ref. 14.). The
Segall-Mahan theory accounted for the weak exciton—
photon coupling case in which the exciton—photon interac-
tion is treated accurately. For the LO phonon-assisted lumi-
nescence process in such case, a polariton is scattered from
an initial state above the region of strong coupling (the
bottleneck region) to a final state below this region where the
polariton is essentially a photolike state. The coupling to the
LO phonon is through the exciton component of the polar-
iton. Under these circumstances, there is no appreciable dif-
ference between the perturbation theoretical results and the
results of this more accurate approach. In other words, the
polariton effect has only a weak contribution to the LO pho-
non PSB lines. In the GaN case studied in the present work,
the polariton effect will become substantial only when the
lattice temperature is higher than 160 K, according to our
calculations. However, the exciton—photon coupling would
have its most pronounced effect on the zero-LO phonon line
of the free excitons even at low temperatures.

V. CONCLUSIONS

In conclusion, the spectral features of LO phonon-
assisted radiative recombination of free excitons in GaN

J. Chem. Phys. 122, 244712 (2005)

were investigated in detail as a function of temperature. It is
shown that the temperature dependences of the one- and two-
LO-phonon-assisted optical transitions of the free excitons
are quite different. This can be reflected by the different tem-
perature dependences of their spectral parameters such as the
linewidth, asymmetry, and peak position. The Segall-Mahan
theory, taking both the exciton—phonon interaction and the
exciton—photon coupling (polariton) effect into account, has
been employed to quantitatively interpret these spectral fea-
tures. The theoretical results are in excellent agreement with
the experimental spectra when an adequate effective mass of
the holes was adopted in the calculation, which gives us a
deeper and better understanding of the exciton—LO phonon
interactions in GaN.

ACKNOWLEDGMENTS

This work was supported by the HK RGC CERG Grant
(No. HKU 7036/03P) and HKU Research Grant (No.
10205326).

's. Nakamura, S. Pearton, and G. Fasol, The Blue Laser Diode, 2nd ed.
(Springer, Berlin, 2000).

’N. M. Johnson, A. V. Nurmikko, and S. P. DenBaars, Phys. Today, 53, 31
(2000).

3R. Dingle, D. D. Sell, S. E. Stokowski, and M. Illegems, Phys. Rev. B 4,
1211 (1971).

4D, Kovalev, B. Averboukh, D. Volm, B. K. Meyer, H. Amano, and L.
Akasaki, Phys. Rev. B 54, 2518 (1996).

SLA. Buyanova, J. P. Bergman, B. Monemar, H. Amano, and I. Akasaki,
Mater. Sci. Eng., B 50, 130 (1997).

ow. Liu, M. F. Li, S. J. Xu, K. Uchida, and K. Matsumoto, Semicond. Sci.
Technol. 13, 769 (1998).

D. C. Reynolds, D. C. Look, B. Jogai, and R. J. Molnar, Solid State
Commun. 108, 49 (1998).

§M. Leroux, N. Grandjean, B. Beaumont, G. Nataf, F. Semond, J. Massies,
and P. Gibart, J. Appl. Phys. 86, 3721 (1999).

°S.J. Xu, W. Liu, and M. F. Li, Appl. Phys. Lett. 77, 3376 (2000).

0x B. Zhang, T. Taliercio, S. Kolliakos, and P. Lefebvre, J. Phys.: Con-
dens. Matter 13, 7053 (2001).

1S, J. Xu, W. Liu, and M. F. Li, Appl. Phys. Lett. 81, 2959 (2002).

12S. 1. Xu, in II-Nitride Semiconductors: Optical Properties II, edited by
M. O. Manasreh and H. X. Jiang (Taylor & Francis, New York, 2002),
Ch. 8, p. 339.

Hs. Permogorov, in Excitons, edited by E. I. Rashba and M. D. Sturge
(North-Holland, Amsterdam, 1982), p. 177.

'B. Segall and G. D. Mahan, Phys. Rev. 171, 935 (1968).

'SB. Segall, Phys. Rev. 163, 769 (1967). Note that there are typing errors in
the expressions of S, and S;, on page 772 of the reference. The correct
expressions should be S,=(m,, /M )0¥a and S,=(m,,, /M )0"a. An-
other problem is about the definition of parameter 7. We adopted the
definition given in Ref. 14 where 7% '=v=[B/(B+w+A)]"%.

'6B. Segall, Phys. Rev. 150, 734 (1966).

17y, Bougrov, M. E. Levinshtein, S. L. Rumyantsev and A. Zubrilov, in
Properties of Advanced Semiconductor Materials: GaN, AIN, InN, BN,
SiC, SiGe, edited by M. E. Levinshtein, S. L. Rumyantsev, and M. S.
Shur, (Wiley, New York, 2001), pp. 1-30.

'8Y. C. Yeo, T. C. Chong, and M. F. Li, J. Appl. Phys. 83, 1429 (1998).

Y. Toyozawa, I. Phys. Chem. Solids 25, 59 (1964); Optical Processes in
Solids (Cambridge University Press, UK, 2003), p. 196.

U, Fano, Phys. Rev. 124, 1866 (1961).

2'H. Zhao and H. Kalt, Phys. Rev. B 68, 125309 (2003).

Downloaded 29 Jan 2007 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



