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Binding energy for the intrinsic excitons in wurtzite GaN
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We present the results of an experimental study on the binding energy for intrinsic free excitons in wurtzite
GaN. High-quality single-crystal GaN films grown by metalorganic chemical vapor deposition were used in
this study. Various excitonic transitions in GaN were studied using reflectance measurements. The observation
of a series of spectral features associated with the transitions involving the ground and excited exciton states
allows us to make a straightforward estimate of exciton binding energy using the hydrogenic model. Our
results yield a binding energh,,=0.021+0.001 eV for theA andB excitons, and 0.0280.001 eV for the
C exciton in wurtzite GaN within the framework of the effective mass approximation.
[S0163-182606)11948-2

In recent years, much effort has been devoted to the study The GaN samples used in this work were nominally un-
of wide-band-gap semiconductor materials and theidoped single-crystal films grown by metalorganic chemical
multilayer heterostructures for optoelectronic device applicayapor deposition 00001 sapphire and 6H-SiC substrates.
tions, such as laser diodes and light-emitting diodes operajy|N puffer layers were deposited on the substrates at about
ing in the uItraonet-qu_e-green range. Cu.rrently,. GaN is775°c pefore the growth of the GaN epilayers. The GaN
among the most extensively studied materials. It is knOWr]ayers were deposited at 1040 °C directly on the AIN buffers.

that GaN has a wurtzite structure in natural form, and has .
wide direct band gap of3.42 eV at room temperatuf800 The thickness of the GaN layers ranged frgm 2.5 toghe
The samples were attached to the cold finger of a closed-

K), which provides efficient radiative recombination and - _
makes GaN very attractive to the short-wavelength opticafycle refrigerator and cooled down to the desired tempera-
applications in the blue and ultraviolet wavelength rahge. tures for optical measurements. For conventional reflection
The outstanding thermal and chemical stability of the wide-measurements, quasimonochromatic light from a xenon lamp
band-gap nitrides also allows GaN-based electronic and oglispersed by a-M monochromator was focused on the
toelectronic devices to operate at high temperatures and amples at near-normal incidence, and the reflection signals
hostile environment$?> were detected using a lock-in amplification system. A
So far, there have been numerous studies reporting thehopped HeCd laser beam was used to provide optical modu-
evidence of fine structures observed in the energy regiotation when the photomodulation measurements were per-
near the band edge of GaN using various opticaformed.
measurements:*3 In spite of these detailed studies, the de- Results of conventional reflection measurements taken
scription of the band structure and exciton energy levels irffrom two samples of GaN on sapphire with epilayer thick-
GaN has remained in a state of confusion. In this report weesses of 2.5 and 72m at 10 K are shown in Fig. 1. The
present the results of an experimental study of optical tranreflection spectra exhibit three spectral resonances corre-
sitions associated with the ground and excited exciton stategponding to intrinsic free-exciton transitions labeled by
in wurtzite GaN single-crystal epilayers using conventionalA, B, and C with the vertical arrows. The excitons re-
reflection and photomodulated reflectan@@R) measure- ferred to as thé\, B, and C excitons are related to the
ments at low temperatures. In particular, the unambiguou¥y-I'S, T'Y(upper bangI'$ andT'Y(lower band-I'$ inter-
observation of sharp derivativelike PR spectral features reband transitions in GaN, respectively. TBeexciton signa-
lated to the 3 and 2 states ofA-, B-, andC-exciton  ture appeared weak in the spectra because the transition pro-
transitions, as well as the fundamental band-to-bandess, strictly speaking, is theoretically forbidden for the wave
(I'Y-T'%) transition, allows a precise determination of the en-vector of the incident light along the axis (klic) and the
ergy positions for those transitions, making it possible topolarization perpendicular to the axi&(c).}?'* Of most
directly estimate the binding energy for the excitons usingnterest, there is a set of weak but resolvable spectral features
the hydrogenic model. In addition, the longitudinal- marked bya and b in the spectral region on the higher-
transverse splitting and phenomenological damping paramenergy side of the maiA andB transitions in both reflection
eter of the polaritons associated withandB excitons were  spectra. While the spectral featur&sB, andC can be un-
estimated by taking into account the spatial dispersion of thenistakably identified to be associated with intrinsic free-
dielectric function of GaN. exciton transitions in the spectfa the nature of the and
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FIG. 1. Reflection spectra taken from a 25 and a 7.2uem | by
GaN sample at 10 K. The weak spectral structures on the reflection «~ 4
curves are indicated by the vertical arrows. The difference in the 8
energy positions ofA-, B-, and C-exciton resonances between o
two samples are caused by built-in residual strain. %
b features in Fig. 1 is not immediately clear. We found that {
the energy separation between thendb features is very 2 A
close to the separation of the- and B-exciton transitions. A-exciton n=1 2 o LB
The individual distance between th exciton and thea o 346348380352
feature as well as thB exciton_ a_nd theb feqture was also 346 347 348 349 350 351 352 353
found to be about the same. Similar properties were observed Photon Energy (eV)

in the exciton spectrum of CdS by Thomas and Hopfield, g 2. 10-k PR spectrum taken from the 7uga GaN/sapphire
which led to the determination of the binding energy for (g and a 3.7xm GaN/SiC(b). Open circles are experimental data,
andB excitons in the material by attributing the correspond-and solid lines represent the best result of the least-squares fit to the
ing spectral features to=2 excited exciton states based on data. The identifications of the various spectral features are given
their polarization propertie¥.However, it is very difficult to by the notations.

use a polarization-dependent approach in this work because

of the very limited thickness of the samples used and thelue to the modulation may be expressetf as

poor signal-to-noise ratio of the andb features in the re-

flection spectra. Fortunately, photomodulation spectroscopy AR/R=alAe€;+bAey, 1)

is an alternative approach capable of detecting weak signals

; . e . \e{herea andb are referred to as Seraphin coefficients and
so as to accurately determine their transition energies an ; . X
. are related to the unperturbed dielectric functierr e

make a positive identification for the nature of the tran3|-jLi while Ae. andA e, are the changes in the real and the
tions. As illustrated in Fig. 2, where photomodulated reﬂec'imz:éi,nary paer%[s of iﬁe modulate(? Sielectric  function
tance(PR) spectra taken from a sample of GaN on sapphire fespectivelyl.5 The differential changes in the reflectivity ap-

and a sample of GaN on SiC are given, the PR spectra nd N .

only consist of a series of sharp structures corresponding t ear as sharp derivativelike Ilne.shapes n t_he modu!gted re-
most of the observed spectral features in the reflection spe < ctan_ce ;pectrum, corresponding to specific tran5|t|ons In
tra, but also exhibit, more strikingly, a pronounced enhance- e Brillouin zone. As clearly demonstrated by Fig. 2, the

ment of the barely observed weak spectral structures on thO e:é(rvse%e?rtg?rl] frtlr:((::tcl;rr]SZn?iLcj)%glarzlneitti)ogoafasjr:rireerg but
reflection curves such as tleeandb features. ’

The difference between conventional reflection and phoyvelre grdeatlty %nr:ancgd Ththe PR spectf[a. iated with
toreflectance is that the former is a straightforward refleCtiV'thenvg:ierrS Oobieer:/rgtljneo ti?:z;nter;%)gi?i?)ﬂslogr? daisdsgr?':iaf‘ye th\:)vée
ity measurement without additional optical modulation, and P

the latter is a differential method utilizing modulation of the
built-in electric field through photoinjected carriers by a pe-
riodically modulated light beam, such as the chopped laser AR/R=R E [CeUE—E+iT) ™ @)
beam used in this work. The change in reflectivityR/R, T U ’

unknown spectral features, the PR spectral features are fitted
to the functional forn®-18
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where C; and #; are the amplitude and phase of the line originates from thd*?,—l“é transition, as denoted in Fig(a&),
shape, andt; andT’; are the energy and the empirical broad- which corresponds to the= state for the excitonic tran-
ening parameter of the transitions, respectively. The exposition.

nentn is a characteristic parameter which depends on the The binding energy for th€ exciton can also be derived
type of critical point and the order of the derivative. The from the theoretical fitting to the PR spectrum taken from a
values of n=5/2 andn=2, which correspond to three- 3.7-um GaN sample grown on SiC as shown in Figb)2
dimensional  interband and excitonic  transitions,using the same approach. This sample exhibits a much stron-
respectively*®® are generally used to fit the derivativelike ger C-exciton transition signal in the reflection spectrum, as
spectral structures. We found that the line positions anghown in the inset of the figure, compared to the samples of
widths of the PR spectral features could only be fit usingGaN on sapphire. The energy positions for e B-, and
n=2 due to their excitonic nature. The solid lines in Fig. 2 C-exciton transitions in this sample are 3.470, 3.474, and
are the best least-squares fits to the experimental data usigdg91 eV, respectively. In addition to the derivativelike spec-
Eqg. (2). The small deviation between the fit and the experi-tral features arising from the transitions associated with the
mental data on the higher-energy side of the main PR spegr=1 exciton states of th&, B, andC excitons, the spectral
tral features suggests that the andB-exciton profiles at 10 features related to the transitions involving tive 2 exciton

K are both inhomogeneously and homogeneously broadenegtates of theA and C excitons could be clearly observed in
The energy positions for tha-, B-, and C-exciton transi- the PR spectrum. The best fit yields a 0.0172-eV energy
tions in the GaN/sapphire sample shown in Figa)2are  separation between thesland X states of theC exciton,
3.491, 3.499, and 3.528 eV, respectively. These values asghich corresponds to a binding energy €0.023 eV, and
higher than those obtained from virtually strain-free bulkretains a ~0.016-eV difference between thA exciton
GaN reported in Refs. 4-6 due to the effects of residualn=1) anda feature as indicated in the figure.

strain caused by the mismatch of lattice parameters and ther- |t has to be pointed out that the exciton binding energies
mal expansion coefficients between the GaN epilayer and thgiven above are estimated under the assumption of an isotro-
substraté:*>*°The best fits result in an energy separation ofpic reduced spherical mass for the excitons in GaN. In real-
0.008 eV between tha and b features, which is almost ity, wurtzite GaN is a hexagonal crystal with axial symme-
identical to theA-B separation, and a 0.016-eV difference try: the effective-mass equation for hydrogenic states should,
for both A-a andB-b separations within experimental error in principle, be modified because the reduced effective mass
(<0.001 eV. Similar properties could also be observed inas well as the dielectric constant is actually anisotropic. Nev-
the other GaN samples: while the absolute energy positioertheless, the results presented here are in good agreement
for the mainA- andB-exciton transitions varies from sample with the theoretical values obtained by variational
to sample slightly due to the influence of residual strain, thecalculation$® (20.3 me\f and perturbation theofy (19.8
energy differences of tha-a andB-b features were found meV) based on the hydrogenic model. In addition, a reduced
to be ~0.016 eV for all the samples, and the energy separaeffective exciton masg. can be derived from our results
tion between thex andb features was found to closely fol- using the relation

low that between the mai\- and B-exciton features at E,=e*u/2(4mhe)?=13.6Qu/e? eV, (4)
lower energies for each individual sample. These observa-

tions indicate that tha andb features are indeed associated With the low-frequency dielectric constant ef9.5%* to be

with A- and B-exciton transitions. Therefore, we attribite ~ #~0.15Mo. The obtained value is consistent with the value
andb to then=2 excited states (& of the excitons. Such 0f ~0.16m, estimated using an effective mass ofr@gfor
identifications permit a direct estimate of the binding energythe electrons and On&, for the holes in wurtzite GaK:

for A andB excitons from the separation between the1 ~ Therefore, the simple hydrogen series of E8). is still a
andn=2 states for excitons assuming the hydrogenic modeYalid approach for the determination of the binding energy
based on the effective mass approximation is applicable. Ador excitons in GaN.

cording to Elliott’s theory?* exciton energy levels are given It is known that excitons can interact strongly with pho-
as tons to form a mixed state referred to as a polariton in direct-

) gap materials due to spatial dispersion of the dielectric

En=—Ep/n*, (3 constan®>? It is interesting to estimate the longitudinal-
wheren is an integer and,, is the binding energy. From the fransverse splitting energies and phenomenological damping
results presented above, we obtain a binding energ,of Parameters of the polaritons associated whtland B exci-
~0.021*0.001 eV forA andB excitons. This can be further ons with the consideration of spatial dispersiore., the
manifested by the result of theoretical fitting to the extraWave-vector dependenceof the dielectric function. 7The
spectral structure in the portion of the PR spectrum betweely@ve-vector-dependent dielectric function is givert sy
thea andb features. We found that it is necessary to intro- _ 2 2 2_ 2 2_;
duce one more oscillator with a third-derivative Iing shape to el k)= eflt (o — o)/ (07— 0"+ K7 —Tol)}. 5)
improve the fit to the experimental data. The good agreement
between the theoretical fit and the observed spectrum indWhere €., is a frequency- and wave-vector—independent
cates a spectral feature corresponding to a band-to-band tralpackground dielectric constant; andw, are the transverse
sition at 3.512 eV. The approximate 0.021-eV energy sepaand longitudinal resonance frequenciekat0, andl is the
ration from this band-to-band signature to the transitionphenomenological damping constant. The spatial dispersion
position of then=1 state of theA exciton is consistent with is described byBk?= (A wt/M)k? with M as the effective
the estimated binding energy for the exciton. Therefore, iexciton mas$! Figure 3 shows a comparison of the theoreti-
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tainty. The best fits to the reflection spectra taken from vari-
ous samples used in this work yield a longitudinal-transverse
splitting A +(= 0 — w1)~0.001 eV and a damping constant
I'~0.00275h eV for A-excitonic polaritons, andA
~0.0015eV and"~0.003% eV for B-excitonic polaritons.
However, these obtained values should be regarded as the
lower limit for A| 1 since the influence of possible mixing of

A- and B-exciton states and exchange coupling due to the
small energy separation was not taken into account using the
simple model described by E¢p).

In summary, we have studied the excitonic transitions in
high-quality GaN epitaxial films with the emphasis on esti-
mating the binding energy for the intrinsic excitons in GaN.
Strong, sharp derivativelike spectral structures of exciton
transitions associated with the ground state and excited states

Reflectivity (arb.units)

-exci = =2 o - )
e .'.4‘(.3).«‘:'}99. ‘n|71. T L of A, B, andC excitons in GaN epitaxial layers observed in
3.480 3.485 3.490 3.495 3.500 3.505 3.510 3.515 3.520 photoreflectance spectra enabled us to accurately determine
Photon Energy (eV) the transition energies and make positive identifications for

those structures. Within the framework of the effective-mass
approximation, we were able to make a straightforward esti-
mate of the binding energy for these intrinsic excitons. With
consideration of the spatial dispersion of the dielectric func-
tion, the longitudinal-transverse splittings and the phenom-

cal fit using Eq.(5) to the experimental spectrum taken from enolqgical damping consta}nts AF and B-excitonic_ polari—
the 2.5um GaN/sapphire sample. The dotted lines in thetons in GaN were also estimated by theoretical fitting to the
. e S ‘conventional reflection spectra.
figure indicate the energy positions of transverse and longi-
tudinal branches of th& andB excitons. The fitting results We are pleased to acknowledge helpful discussions with
suggest that the energy position of the transverse excitorRrofessor X. C. Xie. This work at OSU was supported by
(A w1) is an appropriate reference point for the determinatioPAFOSR, DARPA, ONR, and ARO. The work at NCSU was

of exciton binding energy within the experimental uncer-supported by ONR under Contract No. NO0014-92-3-1477.

FIG. 3. Comparison of a theoretical fit taking into account spa-
tial dispersion of the dielectric function to the 10-K reflection spec-
trum of 2.5um GaN/sapphireK|ic andELc).

1J. 1. Pankove, inDiamond, Silicon Carbide and Related Wide *W. Shan, A. J. Fischer, J. J. Song, G. E. Bulman, H. S. Kong, M.
Bandgap Semiconductqredited by J. T. Glass, R. F. Messier, T. Leonard, W. G. Perry, M. D. Bremser, and R. F. Davis, Appl.

and N. Fujimori, MRS Symposia Proceedings No. 165&ite- Phys. Lett.69, 740(19986.

rihals Research Society, Pittsburgh, 1898 515, and references i:B (E3 Zzg:;zs i?g(:) t]]c a{]I.Pl_:ggzlretliié F;?yssblijggié?é;?\?%al

therein. - E. ; . Bal-
?S. Strite and H. Morkgcl. Vac. Sci. Technol. B0, 1237(1992,  kanski(North-Holland, Amsterdam, 1980Chap. 4 A.

and references therein. V. B. Sandomirskii, Fiz. Tverd. Tel&, 324 (1964 [Sov. Phys.
3H. Morkog, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. 17 Solid States, 261 (1964)]. .

Burns, J. Appl. Phys76, 1363(1994. 0. J. Glembocki and B. V. Shanabrook, Superlatt. MicrostrBict.

235(1987.
18E. H. Pollak and O. J. Glembocki, SPIE Pr@a6, 2 (1988.
194, Shen, S. C. Shen, F. H. Pollak, and R. N. Sacks, Phys. Rev. B

‘R. Dingle and M. llegeme, Solid State Comm®).175(1971.
SR. Dingle, D. D. Sell, S. E. Stokowski, and M. lllegems, Phys.
Rev. B4, 1211(197)). 36, 3487(1987).

6
75\} '\éﬂnem?rilpgyﬁ' R:V.XBI.E'I 636(19;4)\'] " 3 ;OW. Shan, R. J. Hauenstein, A. J. Fischer, J. J. Song, W. G. Perry,
-Shan, T.J. Schmidt, X. H. Yang, S. J. Hwang, J. J. Song, and \, ' ‘gremser, R. F. Davis, and B. Goldenberg, Phys. Rev. B

B. Goldenberg, Appl. Phys. Let66, 985 (1995.
,.B erg, Appl. Phy (1995 54, 13 460(1996.
B. Gil, O. Briot, and R.-L. Aulombard, Phys. Rev.32, R17028  2ip j Ejjiott Phys. Rev108 1384 (1957.
(1995. 22G. Mahler and U. Schier, Phys. Status Solidi B1, 629(1974.

M. Smith, G. D. Chen, J. Y. Lin, H. X. Jiang, M. Asif Khan, C. J. 235 xy and X. C. Xie(unpublished
Sun, Q. Chen, and J. W. Yang, J. Appl. Phy8, 7001(1996.  24Semiconductors, Physics of Group IV Elements and Ill-V Com-
19G. D. Chen, M. Smith, J. Y. Lin, and H. X. Jiang, S. H. Wei, M. pounds edited by K. H. Hellwage and O. Madelung, Landolt-
Asif Kahn, and C. J. Sun, Appl. Phys. Le@8, 2784(1996. Bornstein (Springer-Verlag, Berlin, 1992 p. 178, and refer-
11p. C. Reynolds, D. C. Look, W. Kim, O. Aktas, A. Botchkarev,  ences therein.
A. Salvador, H. Morkocand D. N. Talwar, J. Appl. Phy80,  2°S. I. Pekar, zZh. Eksp. Teor. Fi&3, 1022 (1957 [Sov. Phys.
594 (1996. JETP®6, 785(1958].
125, Chichibu, A. Shikanai, T. Azuhata, T. Sota, A. Kuramata, K. ?%J. J. Hopfield and D. G. Thomas, Phys. R&82, 563 (1963.
Horino, and S. Nakamura, Appl. Phys. LedB, 3766(1996. 213, Lagois, Phys. Rev. B3, 5511(1985.



