
PHYSICAL REVIEW B, VOLUME 63, 125211
Temperature-varied photoluminescence and magnetospectroscopy study of near-band-edge
emissions in GaN
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Near-band-edge emissions from wurtzite GaN films grown on sapphire by metalorganic chemical vapor
deposition have been studied by temperature-varied photoluminescence and magnetospectroscopy. Free-
exciton emissions of theA band (FEA) andB band (FEB) as well as the neutral donor-bound exciton (D0,X)
emission were identified. An extensive temperature-varied study of the donor-bound exciton emission shows
that at low temperatures (T<25 K) the main channel of thermal dissociation of the (D0,X) complex is through
the release of a free exciton with thermal activation energy very close to the exciton binding energy. A
temperature-varied study of the strong bound-exciton emission at 11.7 meV below the FEA line indicates that
this complex dissociates through the release of a free exciton. We present arguments that due to the character
of its temperature decay, this emission cannot originate from an ionized donor-bound exciton (D1,X). An
exciton bound to a shallow acceptor (A0,X) is a likely candidate for this emission. A magnetospectroscopy
study with magnetic field varied up to 9 T allows us to identify the first excited state~2S state! of theA-band
free exciton at 3.5035 eV@(EFE

2S)A2(EFE
1S)A518.360.4 meV#. Using the Aldrich-Bajaj potential to account for

electron-phonon interaction in GaN, we performed a variational calculation of the binding energies for an
A-band free-exciton ground (Ebind

1S 524.8160.52 meV) and first excited (Ebind
2S 56.5160.12 meV) state. By

matching the calculated values with experimentally determined energy separation between these states, we
obtain theA-band hole nonpolaron massmh* 50.5260.04.

DOI: 10.1103/PhysRevB.63.125211 PACS number~s!: 78.55.Cr, 81.05.Ea, 81.15.Gh, 81.40.Tv
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I. INTRODUCTION

GaN and related materials and structures have been in
sively studied with remarkable breakthroughs in the grow
of these materials and device applications in recent year1–5

Photoluminescence~PL! and other optical spectroscopy tec
niques have been employed as important methods to in
tigate these materials for quality control, impurity identific
tion, native structural defects characterization, tern
composition determination, and so on. Because of the lim
in the material quality produced so far, PL emission lin
widths in GaN are usually not sufficiently narrow to dete
effects such asj - j coupling and Zeeman splitting, whic
would help in a positive identification of the new lines.
some cases, broad linewidths prevent the observation of
tively weak emissions altogether. Residual compress
strain of thin~a fewmm! GaN films results in an energy shi
of optical transitions and thus renders useless classifica
of transitions just by their energy positions. However, rec
improvements in the quality of epitaxial GaN films have f
cilitated the detection of new near-band-edge emissions
fine structures.6–15

To identify the origin of some optical transitions in GaN
we conducted a detailed temperature, magnetospectrosc
and excitation power PL study on a number of doped a
undoped GaN films in this paper. Usually, with increasi
temperature, excitons bound to shallow impurities are
0163-1829/2001/63~12!/125211~7!/$15.00 63 1252
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pected to dissociate thermally, while free-exciton emiss
should persist due to the large binding energy~;25 meV! of
free excitons in GaN. Neutral donor-bound exciton (D0,X)
emission is one of the dominant emissions in GaN at l
temperatures. The dissociation of the (D0,X) center can pro-
ceed via the release of a free exciton, a free electron
Auger nonradiative recombination,16 depending on the ratio
of exciton binding energy (Ebind

X ) and exciton localization
energy (Eloc

X ). Since the GaN is a strong emitter due to t
direct band gap and strong binding between electron
hole, the nonradiative Auger process is expected to com
poorly with the strong radiative recombination only. Fro
the temperature dependence of the (D0,X) PL intensity, it
was found17 that the decay of a shallow donor-bound excit
is a two-channel process with activation energies 4.561 and
3262 meV corresponding to exciton localization energy a
shallow donor binding energy, respectively. Exciton loc
ization energy determined from the temperature study is t
;40% lower than the corresponding localization energy
termined from PL data. Recently, there have been reports
the emission from excitons bound to ionized donors7,8

(D1,X) in GaN. The ability of an ionized center to bind a
exciton depends on the ratio of the electron and hole ma
s. (D1,X) complex is stable for materials with values ofs
less than some critical valuescritical . If the mass ratio is
higher than the critical value, the complex is not stable d
©2001 The American Physical Society11-1
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to the small hole binding energy. Variational calculations
Skettrup, Suffczynski, and Gorzkowski18 and Rotenberg and
Stein19 predictscritical to be 0.426 and 0.45, respectively. Th
electron effective mass is relatively well established in Ga
whereas for the hole effective mass there is a rather
spread in reported values. Recent publications reported
~Ref. 20! ,me,0.236 ~Ref. 21! and 0.4 ~Ref. 22! ,mh

,0.75.23 Thus the currently available estimate of electro
hole mass ratio 0.29,s,0.59 is not conclusive with respec
to thescritical criterion. For comparison, we should note th
in direct wurtzite materials where the ionized donor-bou
exciton complex has been identified@CdS,24 CdSe,25 and
ZnO ~Ref. 26!# the s ratio is below 0.24.

A temperature-dependent PL study can give a valua
insight into the stability of the (D1,X) center. There are two
most likely channels of thermal dissociation of the (D1,X)
complex: through the release of a free exciton and thro
the release of a hole. If the dissociation proceeds through
release of a free exciton, the activation energy of this proc
should be equal to the exciton localization energy on theD1

center, which can be precisely determined from the PL sp
trum. In materials where the binding energy of the hole
the neutral donor is sufficiently weak, a break off of the ho
may be energetically more favorable than a break off o
free exciton. The prevailing mechanism would depend on
donor ionization energy, exciton binding energy, and ioniz
donor localization energy. Knowing these parameters,
can make a reasonably accurate prediction for the disso
tion channel and its thermal activation energy, and comp
this prediction with activation energy determined from t
PL intensity temperature study of the (D1,X) line.

In our GaN films, free-exciton~FE! and bound-exciton
~BE! emissions are well resolved and exciton localizat
energies can be precisely determined. Determination of
free-exciton binding energy is less straightforward and u
ally requires knowledge of the band gap from reflectan
measurements. An alternative way to measure the bind
energy is to identify the first excited state~2S state! of the
free exciton. The first excited state of FEA has been recently
predicated by Shanet al.27 in a photoreflectance~PR! study
and by Volmet al.23 in PL spectra. Transition energy wa
used as a primary criterion in identifying the 2S state. These
authors calculated the FEA binding energy using the Cou
lomb potential approximation and obtained 2161 meV ~Ref.
27! and 26.760.5 meV.23 This is a rather large discrepanc
considering that in both studies the GaN epilayer was gro
on sapphire by metalorganic chemical vapor deposition
the thickness of a fewmm, so that both epilayers can b
considered equally strained. Therefore, this discrepa
might come from the incorrect identification of the 2S state.

In this paper, we employed magnetospectroscopy to id
tify the first excited state of FEA . Since the excited excitonic
states have much larger diamagnetic shifts than the gro
state, one can positively identify the 2S state directly from
magneto-PL spectra. Using experimental data for the ene
separation between the ground and the first excited states
perform a variational calculation on the free-exciton bindi
energy in the approximation of the Aldrich-Bajaj28 potential
12521
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~which models the electron-hole interaction! and obtain the
value of the heavy-hole mass.

II. EXPERIMENT

The experimental GaN samples were grown on~0001!
sapphire, coated with a thin~;200 Å! GaN buffer, by met-
alorganic chemical vapor deposition~MOCVD! technology.
All the GaN films with thickness ranging from 1.8 to 3mm,
undoped or Si-doped, are transparent and have mirror
surface. Sample information, including epilayer thickne
doping type, and carrier concentration are listed in Table
Carrier concentrations were determined by Hall–Van
Pauw measurements at room temperature. The Si-do
films generally resulted inn-type characteristics with carrie
concentrations of n;1016– 1018cm23. Undoped GaN
samples showed a lowern-type carrier concentration ofn
;1015– 1016cm23. But some epitaxial layers were highly re
sistive and the carrier concentrations in these samples w
not measured. Because these samples are of a high purity
believe that high resistivity is due to the low concentration
impurities rather than a high level of compensation.

Photoluminescence~PL! spectra were obtained using th
325-nm line of a cw He-Cd laser with;500-mW excitation
power focused to;300 mm resulting in;0.5-W/cm2 exci-
tation power density. Samples were cooled to liquid-heliu
temperatures in a variable temperature~1.5–300 K! liquid-
helium cryostat with optical access. The PL signal was d
persed by a 0.85-m double spectrometer, and detected
cooled S-20 photomultiplier tube operating in the photo
counting mode.

Magnetospectroscopy measurements were carried out
superconducting magnet cryostat in Faraday geometry w
magnetic field varying from 0 to 9 T and samples cooled t
liquid-helium temperatures.

III. EXPERIMENTAL RESULTS

A. Si-doped GaN epilayer andI X emission

Figure 1 shows the low-temperature~LT! photolumines-
cence of a Si-doped GaN film~sample no. 1!, measured at 10
and 27.5 K, respectively. The PL spectrum is dominated
three narrow linewidth peaks in the near-band-edge reg

TABLE I. Sample information—GaN epitaxial layer characte
istics.

Sample no.
Thickness

~mm! Doping

Carrier concentration
~300 K!
n ~cm23!

1 3.3mm Si ,1015 a

2 2.0mm undoped ,1015 a

3 1.8mm Si 2.5331018

4 2.0mm Si 6.2731016

5 1.9mm undoped 3.831015

aSamples no. 1 and no. 2 are highly resistive. An upper range
estimated according to the Hall instrumental measurement lim
tion.
1-2
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As the temperature is raised, two low-energy emissi
~3.4735 and 3.4790 eV! decrease in their PL intensity sig
nificantly relative to two high-energy emissions~3.4852 and
3.4932 eV!, but the peak energy positions of these fo
bands are almost unchanged. When the temperature exc
60 K, two low-energy emissions are quenched while t
high-energy ones stay and vary following the band-g
variation with the temperature~data not shown here!. We
therefore assign high-energy lines at 3.4852 and 3.4935
to A-band andB-band free-exciton transitions, respective
and low-energy lines to bound-exciton complexes, resp
tively. The energy separation between theA andB free ex-
citon in our sample is 8 meV, consistent with oth
studies27,29 of thin ~severalmm! GaN epilayers grown on
sapphire. The line labeled FEA

2S at 3.5035 eV, shown in the
inset of the figure, is 200 times weaker than the FEA line and
can be observed at low temperatures and in very high-qu
samples only. The origin of this line will be discussed lat
The peak at 3.4790 eV is assigned to the shallow (D0,X)
transition. We measured the shallow donor localization
ergy in this sample to be 6.2 meV, in agreement with
values reported in the literature.8,23 All near-band-edge lines
can be reasonably well fitted with Gaussians, which indica
that each of these lines is an inhomogeneously broade

FIG. 1. Low-temperature PL spectra of a lightly Si-dop
MOCVD-grown GaN sample no. 1. Bound-exciton emissions
3.479 and 3.4735 eV markedly reduce their PL intensity as
temperature is raised from 10 to 27.5 K due to thermal dissociat
Dashed lines represent the fit with Gaussian line shapes~dotted
lines!. The inset shows a strong phonon replica of theI X emission at
3.382 eV, and a transition at 3.5035 eV due to the first excited s
of the free exciton~A band!.
12521
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single transition. This allows an accurate study of the re
tionship of intensity versus temperature and excitation po
in these samples.

The line labeledI X is located 12 meV below the free
exciton line FEA . It is very strong at low temperature and
observed only in some of our samples. A strong LO-phon
replica is also observed at 3.382 eV~I X-LO in the inset of
Fig. 1!. The intensity ratio of the no-phonon line to phono
replica emission is;50 in all of our samples in which this
emission is present. With increasing temperature, both
zero-phonon line and the phonon replica of theI X emission
reduce their intensity drastically and disappear comple
beyond 60 K. Based upon the temperature dependence o
I X line, its narrow linewidth~;4.0 meV!, high oscillator
strength, and energy position just below theA-band free ex-
citon and (D0,X) transitions, we conclude that this emissio
I X , originates from a bound-exciton complex. The nature
this PL line will be further discussed later. The line label
(A0,X) at 3.458 eV is located 27 meV below the free-excit
line FEA . This line has been previously assigned to the
citons bound to a neutral Mg acceptor.30 The line labeled
FEA-LO at ;3.40 eV is a one-phonon assisted emission
theA-band free exciton. Its line shape is asymmetric with
extended high-energy shoulder and intensity maxim
somewhat above the energyE5EFEA

2ELO53.393 eV. This
line shape reflects the Maxwellian energy distribution of fr
excitons with their kinetic energy measured relative to
exciton band minimum. The line shape of the FEA-LO emis-
sion is contrasted to the line shape of theI X-LO line, which
is inhomogeneously broadened and has the same line s
as the no-phonon emission at 3.473 eV. This is consis
with the assignment of theI X emission to the bound excito
complex since excitons bound to impurities do not ha
kinetic-energy homogeneous broadening.

Other emissions present in this sample include shal
donor-acceptor-pair~DAP! recombination with a no-phonon
line at 3.28 eV and deep-level yellow emission cente
around 2.2 eV~not shown here!. The intensity of deep-leve
and DAP emissions was stronger in high-resistivity samp
no. 1 and 2 (I band edge/I deep level;102) compared ton-type
samples (I band edge/I deep level;104). Weak PL intensity of the
DAP and deep-level emissions compared to the near-ba
edge emissions indicates the low concentration of deep-l
impurities and a high sample quality.

B. Magnetophotoluminescence spectroscopy

To address the problem of exciton binding energy in Ga
we have conducted a magnetospectroscopy study of the n
band-edge emissions. Figure 2 shows the low-tempera
PL spectrum of sample no. 2~undoped GaN! in a semiloga-
rithmic scale at different magnetic field in Faraday geome
~magnetic field is parallel to the laser excitationK vector!.
We do not observe Zeeman splitting in any of the near-ba
edge emissions which is consistent with magnetospect
copy studies done by other groups on (D0,X) ~Ref. 6! and
FE ~Ref. 31! emissions. There is also no observable diam
netic shift in any excitonic emissions except for the emiss
labeled FEA (n52). Indeed, the value of the diamagnet
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CHTCHEKINE, FENG, CHUA, AND GILLILAND PHYSICAL REVIEW B 63 125211
shift for the exciton ground state is expected to be sm
compared to the emission linewidths. However, the exci
in the first excited state is expected to be more strongly
fluenced by the magnetic field due to the larger exciton
dius ;60 Å ~compared to;30 Å for the ground state!. In-
deed, we calculated the diamagnetic shift according
e2B2^uCu2&/(8mexc

2) for 1S and 2S and 2P states32 of the
A-band exciton. The results of our calculation are shown
Fig. 2. The emission energy of the line at 3.504 eV h
shifted up;2 meV, consistent with our calculation for th
n52 states. On the other hand, the FEA line at 3.485 eV is
unaffected by magnetic field, also consistent with our cal
lation. With increasing magnetic field, then52 state splits
into SandP states. This splitting contributes to the broade
ing of the observed emission at higher fields. However,
splitting is too small to resolve in our samples. Thus,
identify this emission as the first excited state of theA-band
exciton. To confirm our assignment of the 2S transition at
3.504 eV, we estimate the binding energy of theA-band free
exciton in the Coulomb potential approximation to
4
3 @EFE(1S)2EFE(2S)#524.4 meV, consistent with the re
sults obtained using other methods in recent literature.23,27

IV. THEORETICAL ANALYSIS AND DISCUSSION

A. Photoluminescence intensity analysis

The functional form of the temperature dependence of
PL emission intensity with one or more channels of non

FIG. 2. PL spectra of sample no. 2 at different magnetic field
the Faraday configuration. Only emission at 3.504 eV exhibit
diamagnetic shift and thus is identified as then52 state of FEA .
Calculated diamagnetic shifts are shown for the 1S, 2S, 2P0 , and
2P61 states of theA-band exciton.
12521
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diative decay can be expressed in terms of the radiative t
sition rateWR and temperature:33

h5
I ~T!

I ~0!
5

1

11(
i

v i

WR
3expS Ei

kTD , ~1!

whereh is the luminescence efficiency,v i is a temperature-
independent constant,Ei is the activation energy ofi th chan-
nel of nonradiative decay, andI (0) and I (T) are the inte-
grated PL intensity at 0 K andT.0 K, respectively.

In this work, we consider one- and two-channel models
nonradiative decay for bound-exciton complexes. In the c
of one channel of nonradiative decay, Eq.~1! becomes

h5
1

11C13expS E1

kTD . ~2!

For two channels of nonradiative decay, it is

h5
1

11C13expS E1

kTD1C23expS E2

kTD , ~3!

whereCi5v i /WR .
Figure 3 shows the temperature dependence of the i

grated intensity for the (D0,X) and I X emission from four
GaN films. As shown, the temperature dependence of
(D0,X) emission in samples no. 3, no. 4, and no. 5 is w
described with the two-channel dissociation model of E
~3!. The thermal activation energyE1 of the (D0,X) emis-
sion from all samples is in excellent agreement~within 0.3
meV! with the energy of the exciton localization energy d
termined optically~see Table II!. In GaN, the exciton local-
ization energy~;6 meV! for the (D0,X) complex is much
smaller than the free-exciton binding energy (Ebind

X

;25 meV) and the shallow donor binding energy@29 meV
~Ref. 34!#. Therefore, it is reasonable to conclude that t
release of a free exciton is the dominant channel of ther
dissociation for the (D0,X) complex at low temperature
(T<25 K! in GaN.

At higher temperatures, a new thermal dissociation ch
nel with activation energyE2>28 meV ~see Table II! is
clearly observed. This dissociation channel may be due
the decay of the (D0,X) complex via simultaneous excito
delocalization and exciton dissociation35 with activation en-
ergy E25Ebind

X 1Eloc
X >30 meV. Alternatively, a neutral do

nor ionization process, with activation energyE25ED
>29 meV, may also affect the PL intensity of the (D0,X)
emission, since it reduces the number of the neutral-do
centers to which photoexcited excitons can bind from
(D0,X) complex.17 A detailed study of the exciton kinetics i
required to determine which of these two channels gove
the temperature dependence of the (D0,X) emission at
higher temperatures.

The temperature dependence of theI X emission is well fit
by the one-activation energy Arrhenius formula@Eq. ~2!#.
The thermal dissociation energy of theI X emission is mea-

n
a

1-4
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sured to be 10.3 meV, see Table II. This activation energ
consistent with the energy position of theI X emission, which
is 11.7 meV below the free-exciton emission FEA at 3.485
eV. Thus the detailed temperature study confirms the ass
ment of theI X emission as a bound-exciton complex a
indicates that in the experimental temperature range~5–45
K!, the main mechanism of thermal dissociation of this co
plex is the release of a free exciton.

B. Polaron effects

In polar materials, a charged particle interacts stron
with the lattice, therefore the polaron effect should be tak
into account. The polaron radius for an electron and a hol
GaN can be estimated to be 14 and 9 Å, respectively.
exciton radius in GaN is 31 Å. Since the sum of polaron ra
is comparable to the exciton radius, we expect that elect
phonon interaction has a significant effect on the exci
binding energy in GaN. It can be shown that the interact
between an electron and a hole via an exchange of long
dinal optical phonons results in an increase of the exc
binding energy. To calculate the exciton binding energy t
ing into account the electron-phonon interaction, we ha
performed a variational calculation with the electron-hole
teraction described by the Aldrich-Bajaj28 potential. The ef-
fects of band mixing are expected to be important in G

FIG. 3. Temperature dependence of integrated PL intensit
(D0,X) emission~samples no. 3, no. 4, and no. 5! and I X emission
~sample no. 1!. Fits with Eq.~2! ~sample no. 1! and Eq.~3! ~samples
no. 3, no. 4, and no. 5! are shown with solid lines. In the exper
mental temperature range, the thermal dissociation of the (D0,X) is
well described by a two-channel process, whereasI X complex dis-
associates through one channel. Plots are displaced verticall
easier viewing.
12521
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since the separation between the first and second val
bands~;8 meV! is relatively small. Since the Aldrich-Baja
potential uses the effective-mass approximation, we ass
that these effects are included in the value of the hole ef
tive mass. Thus the parameters that determine the exc
binding energy are the effective masses of the electronme*
and the holemh* and the dielectric constant in the optical«`

and static«0 limits. Since the dispersion and electron effe
tive mass are rather well established for gallium nitride,
can determine the effective hole mass by varying it to fit o
experimental data. We take the nonpolaron electron effec
massme* 50.2, which corresponds to the electron polar
massme

p50.22 measured recently by cyclotron resonance20

Static and optical dielectric constants are taken as«059.5
and«`55.35, respectively.36 The variational calculation was
carried out for both ground and first excited states. From
experimentally determined difference in the binding ene
of 1S and 2S states, we have solved the following transce
dental equation for the effective hole massmh* :

Ebind
1S ~mh* !2Ebind

2S ~mh* !518.360.4 meV. ~4!

For the hole nonpolaron effective mass, we obtainmh*
50.5260.04. The corresponding polaron hole mass ismn

p

50.5960.045. For the exciton binding energy, we obta
Ebind

1S 524.8160.52 meV andEbind
2S 56.5160.12 meV for the

ground and excited state, respectively. Binding energy of
exciton in a ground state calculated with the Coulomb pot
tial for the determined hole polaron mass is 24.1 meV. Th
the electron-phonon interaction results in an increase of
binding energy by 0.7 meV, which is roughly 3% of th
Coulomb potential value. The corresponding increase in
binding energy for the first excited state is 0.5 meV. T
polaron effect is smaller for the 2S state due to the large
distance between the electron and hole for the exciton
cited state and therefore the reduced interaction between
electron and hole through the exchange of phonons. Th
fore, the Coulomb potential provides a rather accurate
proximation for GaN when used with polaron masses
electrons and holes.

C. Origin of the I X emission

Recently, there have been several reports of emission
cated at;12 meV below the first free-exciton line. Thi
emission was assigned to the neutral acceptor-bound exc

TABLE II. Theoretical fitting results for the integrated intensi
versus temperature forI X and (D0,X) emissions with Eqs.~2! and
~3!, respectively. Exciton localization energy for each emission~de-
termined optically! is given for comparison.

Sample no. EmissionE1 (meV) E2 (meV) C1 C2 Eloc

~meV!

1 I X 10.3 374 11.7
3 (D0,X) 6.2 33 91 7836 6.2
4 (D0,X) 5.9 28 67 2072 6.2
5 (D0,X) 6.2 24 136 8964 6.0
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(A0,X) by Pakulaet al.,37 Kawakamiet al.,29 and Grandjean
et al.38 and to the ionized donor-bound exciton (D1,X) by
Reynoldset al.7 and Santicet al.8 In our sample no. 1 and
sample no. 2, an emission labeledI X is observed at 11.7 meV
below FEA . Because of their nearly identical spectral po
tion relative to the FEA line and the presence of the chara
teristic strong LO-phonon replica,8,29 we believe that the
emissionI X observed in our samples is identical to the em
sions reported by the above groups.

Let us consider the stability of the ionized donor-bou
exciton complex. As mentioned earlier, the (D1,X) complex
is more stable in materials with a smaller ratio of the elect
and hole effective masss5me /mh . This can be understoo
qualitatively by noting that in the (D1,X) complex, the elec-
tron is tightly bound to the positively charged donor, whi
makes the hole effectively see a neutral center (D1,e).
Since holes with smaller mass have larger kinetic ene
they can overcome the weak attractive potential of the n
tral donor more easily. Therefore, keeping the hole bound
the donor is a weak link in the stability of the (D1,X) com-
plex. In our study, we determined the ratio of electron a
hole polaron massess5me

p/mh
p50.22 ~Ref. 20! /0.589

50.374. We can estimate the hole binding energy
(D1,X) in GaN using the calculation of Skettrup, Suffczy
ski, and Gorzkowski18 with the help of the plot in Fig. 1 in
their report. To find an upper limit for the hole binding e
ergy, we take an electron-hole mass ratio ofs50.3, which is
more favorable to the stability of the (D1,X) complex. With
shallow donor binding energyEd529 meV,34 we obtain the
hole binding energyEh;0.3 meV~in the Coulomb potentia
approximation used by Skettrup, Suffczynski, a
Gorzkowski18!. As was mentioned earlier, in polar semico
ductors the electron-phonon interaction can increase
binding energy of an electron and a hole. However, in
case of the (D1,X) complex, the hole is far removed from
the donor, whereas the electron is tightly bound to it. Us
the calculation by Skettrup, Suffczynski, and Gorzkowsk18

we estimate the expectation value of the distance betw
the electron and the hole and between the hole and the d
to be;120 Å for s50.3. Since the sum of the polaron rad
for electrons and holes is only;20 Å, the effect of the
electron-phonon interaction on the (D1,X) binding energy
should be much less significant than that on the free-exc
binding energy. Using the result of our calculation for t
correction of the free-exciton binding energy due to t
electron-phonon interaction~0.7 meV for the 1S state!, we
obtain an upper limit of the hole binding energy in th
(D1,X) center to be 1 meV.

We measured the exciton localization energy for theI X to
be 12 meV. Since the hole binding energy is so small co
pared to the exciton localization energy, the energy of
hole removal determines the thermal dissociation energ
the (D1,X) complex. In other words, the lowest-energy the
mal dissociation should proceed via the loss of a hole w
activation energy Ea<1 meV. On the contrary, ou
temperature-varied measurements show that the decay o
I X emission is a single channel process with an activa
energyEa510.3 meV. This indicates the release of an ex
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ton and strongly argues against the ionized donor-bound
citon model for theI X emission.

Let us further examine other possible candidates that m
be responsible for theI X emission, for example neutral ac
ceptor, neutral donor, or an isoelectronic trap~ionized accep-
tor cannot bind an exciton in GaN!. If I X emission were
related to a neutral donor, we would have been able to se
in samples with various carrier concentrations, just li
(D0,X) emission at 3.479 eV. On the contrary, we and oth
authors8,29,38 observe strongI X emission in samples with
lower than average carrier concentrations. For our sample
is unlikely that theI X emission is related to a donor eleme
that is present only in our high resistivity samples since th
samples were grown in a particularly clean environment. I
also unlikely thatI X is due to an exciton bound to a dee
donor, since strong lattice interaction favors nonradiative
cay through lattice relaxation, whereasI X emission is the
strongest at low temperatures.

We note that theI X emission is presented exclusively
high-resistivity or slightlyn-type samples. This is consisten
with the model of an exciton bound to a neutral shallo
acceptor since in samples with high electron concentratio
holes are minority carriers and the shallow acceptor lev
are predominantly ionized and therefore cannot bind an
citon. As was mentioned earlier, theI X emission is marked
by the strong LO-phonon replica, whereas the (D0,X) emis-
sion at 3.479 eV does not have a strong phonon replica in
samples. This is also consistent with the acceptor mode
the I X line since acceptor levels are deeper than shal
donor levels and therefore have stronger coupling with
lattice. Table II shows that parameterCi for the I X emission
is about three to six times larger than that for the (D0,X)
emission. This is likely to be primarily a result of the diffe
ence between radiative lifetimes of (A0,X) and (D0,X) com-
plexes sinceCi5v i /WR . Smith et al.30 have measured the
radiative lifetime of the neutral acceptor-bound exciton (Eb
525 meV) to bet5450 ps, which is 4.5 times longer tha
the lifetime of the (D0,X) line.39 Since the radiative lifetime
of the bound exciton scales with its binding energy, we c
estimate the lifetime of ourI X emission using a plot given by
Smith et al.30 of the radiative lifetime of the (A0,X) emis-
sion versus transition energy. Thus we gett rad;300 ps for
the I X2(A0,X) emission at 3.473 eV. The (D0,X) radiative
lifetime has been measured by Chenet al.39 to be t (D0,X)
5130 ps. Neglecting the difference inv i , we can obtain
t (A0,X) /t (D0,X)5300 ps/130 ps;2.3. This is in qualitative
agreement with the fitting results in Table II. Therefore, it
reasonable to believe that the neutral acceptor–bou
exciton model forI X emission is the one most consiste
with our data.

V. CONCLUSION

In summary, we have conducted a systematic study
near-band-edge emissions in high-quality GaN epitax
films grown on sapphire. FEA(1S and 2S! and FEB(1S)
emissions and several bound-exciton emissions are ide
fied. Extensive temperature-varied study shows that at t
peraturesT<25 K, the shallow neutral donor-bound excito
1-6
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complex dissociates through the release of a free exciton
higher temperatures (T>25 K), the second dissociatio
mechanism with activation energyE2>28 meV becomes im-
portant. This process may include exciton breakup and
donor ionization. A transition located at;12 meV below the
first free exciton is investigated. Thermal activation ene
of this bound-exciton emission withElocal511.7 meV is
found to be 10.3 meV, and it also indicates that the m
channel of dissociation for this complex is the release o
free exciton. Our stability analysis of the (D1,X) complex in
GaN indicates that it should proceed with significan
smaller activation energy through the release of a free h
Therefore, we resolve the uncertainty on the origin of t
emission and conclude that this complex cannot origin
from an ionized donor. It is suggested that this boun
m
o
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d

P

.
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.
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exciton complex belongs to a shallow neutral acceptor. M
netospectroscopy study allows us to reliably identify t
emission due to the first excited state of theA-band free
exciton. Using the Aldrich-Bajaj potential to model th
electron-hole interaction in polar semiconductors, we p
formed a variational calculation of free-exciton binding e
ergy in the ground and first excited states. Comparing
results of the calculation with our experimental data,
have determined the polaron and nonpolaron hole effec
massesmh

p50.5960.045 andmh* 50.5260.04, respectively.

ACKNOWLEDGMENTS

We acknowledge Dr. K. K. Bajaj, Dr. D. J. Wolford, Dr
I. Ferguson, and I. N. Krivorotov for helpful discussions.
.

.

-

d

.

*Corresponding author. E-mail: zfeng@axcelphotonics.co
Present address: Axcel Photonics Inc., 45 Bartlett Street, Marlb
ough, MA 01752.

1S. Nakamura and G. Fasol,The Blue Laser Diode~Springer, Ber-
lin, 1997!.

2GaN and Related Materials, edited by S. J. Pearton~Gordon &
Breach, Amsterdam, 1997!.

3Gallium Nitride (GaN) I, edited by J. I. Pankove and T. D. Mous
takas, Semiconductors and Semimetals Vol. 50~Academic, San
Diego, 1998!.

4Group III Nitride Semiconductor Compounds—Physics and A
plications, edited by B. Gil~Clarendon, Oxford, 1998!.
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