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Room temperature intrinsic optical transition in GaN epilayers: The band-
to-band versus excitonic transitions
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M. Asif Khan
APA Optics Inc., Blaine, Minnesota 55449

~Received 18 April 1997; accepted for publication 2 June 1997!

The mechanism of room-temperature~RT! intrinsic optical transition in high quality and purity GaN
epilayer grown by metalorganic chemical vapor deposition~MOCVD! has been investigated. Our
results show that the band-to-band instead of excitonic transition is the dominant transition in
MOCVD grown GaN epilayer at RT. This conclusion is supported by the observation of the
excitation intensity dependence of the photoluminescence emission peak position and by a model
calculation. The band-to-band transition energy at RT at the limit of low carrier concentration has
been determined to be 3.429 eV. Since the band-to-band transition is the dominant optical transition
at RT, it thus suggests that the electron-hole plasma is most likely responsible for gain in GaN blue
lasers similar to the case in other III–V semiconductor lasers. ©1997 American Institute of
Physics.@S0003-6951~97!00231-3#
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GaN has recently been recognized as one of the m
important semiconductors1,2 due to its potential for many de
vice applications, including UV-blue light emitting diode
~LEDs! and laser diodes~LDs!. There has been a conside
able amount of research effort directed toward the und
standing of its optical properties. Many important band-ed
transitions, including free and bound excitons, and band
impurity transitions have been investigated thoroughly
GaN epilayers as well as in quantum wells.3–7 Among all the
band-edge transitions, one important optical transition
not yet been identified in GaN epilayers is the band-to-b
or free-electron to free-hole transition. One of the most i
portant questions remains to be answered is that what is
dominant intrinsic optical transition in undoped GaN epila
ers at room temperature~RT!. In high quality and purity
crystals, either the exciton or band-to-band transition is
pected to be the dominant optical transition at RT depend
on their radiative recombination rates and the exciton bi
ing energy. However, a clear identification is not trivial sin
the exciton binding energy in III nitrides is about the R
thermal energy. Although the photoluminescence~PL! emis-
sion in GaN epilayers has been studied in GaN at RT,
exact mechanism has not yet been identified. In a Si do
GaN/AlGaN quantum well,8 due to the effects of screenin
of ionized Si donors, the band-to-band transition has b
observed at RT. From the fundamental physics point of vi
the band-to-band transition provides direct information
garding energy gap as well as the interactions between
free electrons and holes. In the aspects of device app
tions, the band-to-band recombination is one of the m
important optical processes to be utilized in many optoe
tronic devices, including LEDs and LDs. On the other ha
understanding the mechanisms of optical transitions in G
at RT is particularly important since most devices operate
RT. If the band-to-band transition is the dominant transit
at RT in GaN as our experimental results and calculat
indicate, then the formation of biexciton and excitonic m

a!Electronic mail: jiang@phys.ksu.edu
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ecules in GaN at RT under high carrier injection condition
difficult, which in turn implies that the electron-hole plasm
~EHP! is most likely responsible for gain in GaN blue lase
similar to other III–V semiconductor lasers.9

In this letter, we report the observation and the prop
ties of the band-to-band transition in GaN epilayers. T
observed excitation intensity dependencies of the emis
peak positions, the emission intensity, and the emission l
width all indicate that the band-to-band transition is t
dominant recombination process in metalorganic chem
vapor deposition~MOCVD! grown GaN epilayers at RT
With the identification of this important transition in th
present study and the excitonic transitions in previo
studies,3–6 we have obtained a coherent picture for the fu
damental optical transitions in GaN.

The wurtzite, nominally undoped high quality and puri
n-type GaN epilayers used here were grown on a sapp
substrate by using low pressure MOCVD.4 The thickness of
the GaN epilayer was about 3.8mm. A low RT electron
concentration ~due to unintentional doping! about 5
31016 cm23 and high electron mobility of 600 cm2/Vs were
determined by Hall measurements. The laser system and
perimental details have been described previously.3,4

Figure 1 shows the PL spectra of the GaN epilayer m
sured at several temperatures fromT530 to 300 K. Narrow
linewidth at low T and the absence of any impurity trans
tions again indicate the high quality and purity of the ma
rials studied here. The spectral peak positions of the em
sion lines shift toward lower energies asT increases,
following the temperature variation of the band gap. Seve
emission lines can be clearly resolved from the 30 K sp
trum. The emission lines at about 3.4857 eV (AX) and
3.4921 eV (BX) are due to the recombination of the fre
A- andB-exciton ground state (n51), respectively.3–5 The
point we want to make from Fig. 1 is that it is difficult t
follow the A- and B-exciton transition peaks from the tem
perature variation of the PL spectra. The energy differe
between the excitonic and the band-to-band transitions is
pected to be close to the exciton binding energy which
6355/3/$10.00 © 1997 American Institute of Physics
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 This a
about 20 meV,3–5 the broad linewidth however makes it im
possible to determine the origin of the PL emission at RT
shown in Fig. 1.

For the band-to-band transition, the peak position of
emission line would shift toward lower energies with i
creasing excitation intensity,I exc, due to the enhanced man
body and screening effects of free carriers.10 The first order
exchange energy due to the many body effect of the
electrons and holes using the Thoma-Fermi screening po
tial is given by10

DEguexch5~22e2kF /pe!@11~pk/2kF!

2~k/kF!tan21~kF /k!#. ~1!

Herek is the reciprocal screening length11 andkF the Fermi
wave vector:

k52.733104~me /m0!1/2~n1/6/e1/2! cm21, ~2!

kF53.094n1/3 cm21, ~3!

whereme(m0) is the electron effective~free! mass,e is the
dielectric constant,n is the free-carrier concentration. Fro
Eqs. ~1! to ~3!, if k/kF!1 ~or for relatively large values o
n!, we have,

DEguexch5~22e2kF /pe!}2kF}2n1/3}2I exc
1/3 . ~4!

The last step in Eq.~4! is based on the fact thatn is propor-
tional to I exc, n}I exc. We thus obtain for the band-to-ban
transition an expression for the PL emission peak positio

E5Eg~n→0!1DEguexch5Eg~n→0!2aI exc
1/3 , ~5!

wherea is a proportionality constant.
Figure 2 shows PL spectra of a GaN epilayer measu

at RT for four different excitation intensities. We have fitte
PL spectra near the emission peaks by the Gaussian f

FIG. 1. cw PL spectra of a MOCVD grown high quality and purity Ga
epilayer measured at different temperatures. The arrows at 30 K spec
indicate the peak positions of the ground states of theA- and B-exciton
transitions.
636 Appl. Phys. Lett., Vol. 71, No. 5, 4 August 1997
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tions to accurately determine the peak positions. The arr
indicate the peak positions of the PL spectra. It is clear t
the emission peak position shifts toward lower energies w
increasingI exc. In Fig. 3, we plotted the peak positionEp , of
the PL emission line as a function of (I exc)

1/3. It clearly
shows a linear relation betweenEp and (I exc)

1/3 and is a
direct evidence for the band-to-band transition.10,12The solid
line in Fig. 3 is the least-squares fit of data with Eq.~5! and

m
FIG. 2. cw PL spectra measured atT5300 K for several representative
I exc. The solid lines near the PL maxima are the least-squares fit of
using the Gaussian functions and the arrows indicate the fitted peak
tions.

FIG. 3. The spectral peak positions of the PL emission line at RT,Ep vs
(I exc)

1/3. The solid line is the least-squares fit of data with Eq.~5!.
Smith et al.
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 This a
the fitted value ofEp(0)53.429 eV corresponds to the ban
to-band transition energy at the limit of a single pair of ele
tron and hole at RT. Since Eq.~5! is not expected for an
excitonic transition, it thus indicates that the band-to-ba
transition is the dominant optical transition at RT in hig
quality and purity MOCVD grown GaN epilayers.

In Fig. 4, we plotted theI exc dependence of the emissio
intensity,I emi, at RT. I emi depends onI exc superlinearly fol-
lowing

I emi}I exc
b . ~6!

The linear line in Fig. 4 is the least-squares fit of data w
Eq. ~6! and the fitted exponentb52.32, which is again con
sistent with the assignment of the band-to-band transit
The inset of Fig. 4 plots theI exc dependence of the full width
at half-maximum~FWHM! of the PL emission line at RT
and reveals that FWHM also increases linearly withI exc as
indicated by the solid line. The increase of FWHM wi
I exc is also expected for the band-to-band transition si
increasingI exc would increase the energy distribution of th
electrons and holes and hence the linewidth.

We have also calculated the thermal equilibrium dis
bution of the free electron and hole versus exciton conc
tration at RT,13 which is consistent with our experiment
results reported here. Under thermal equilibrium at RT,
calculations indicate that the free-carrier concentration
higher than that of the bound states~free excitons! and that
the exact free carrier and exciton concentrations depend
the total carrier concentration. Here, the calculation re
together with experimental observation points to several
portant consequences. First, the radiative recombination
of the band-to-band transition in GaN cannot be very sm
at RT and should be comparable with that of the exci

FIG. 4. I exc dependence of the total emission intensity. The solid line is
least-squares fit of data with Eq.~6!. The inset is theI exc dependence of the
full width at half-maximum of the RT PL emission line, where the solid li
is a linear fit of data.
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transition since the total transition probability of the band-
band transition depends not only on the total free-carrier c
centration but also on its radiative recombination rate. S
ond, the band-to-band transition at RT observed here
consistent with the fact that GaN crystalline quality and p
rity are still not as high as those of other conventional III–
semiconductors, say GaAs. It has been indicated that
band-to-band transition becomes more probable at hig
temperatures and also in less pure or less perfect crys
where local field tends to break up the exciton into fr
carriers.14 Third, the fact that the band-to-band transition
the dominant transition at RT indicates that the free elect
and hole recombination is very important for device applic
tions, including blue LEDs and LDs. For example, the po
sibility of exciton molecules being responsible for the las
emission can certainly be precluded in GaN LDs. Four
excitons can still be formed at RT,15 but the important fact is
that the exciton transition is not the dominant transition
RT in MOCVD grown GaN epilayers. For different materia
and structures, the dominant intrinsic optical transitions
RT could be modified. Detailed studies are in progress.

In summary, PL emission properties have been inve
gated for high quality and purity MOCVD grown GaN epi
ayers to understand the mechanisms of optical transition
RT. By varying excitation intensity,I exc, it is found that the
emission spectral peak position,Ep , shifts toward the lower
energies following the expressionEp;I exc

1/3. Together with
the I exc dependencies of the PL emission intensity a
FWHM, we conclude that the band-to-band transition is
dominant optical transition in MOCVD grown GaN at RT.
thus should also be one of the most important transitions
many device applications using GaN.

The research at Kansas State University is supported
ARO and ONR and monitored by Dr. John Zavada a
Dr. Y. S. Park, NSF ~DMR-9528226!, and DOE
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