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Photoluminescence studies of band-edge transitions in GaN epitaxial
layers grown by plasma-assisted molecular beam epitaxy
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Department of Physics, Kansas State University, Manhattan, Kansas 66502-2601

A. Salvador, B. N. Sverdlov, A. Botchkarv, and H. Morkoc
Materials Research Laboratory and Coordinated Science Laboratory,
University of Illinois at Urbana–Champaign, Urbana, Illinois 61801

~Received 15 September 1995; accepted for publication 16 November 1995!

Continuous-wave and time-resolved photoluminescence spectroscopies have been employed to
study the band-edge transitions in GaN epitaxial layers grown by plasma assisted molecular beam
epitaxy. In addition to the neutral-donor-bound exciton transition~the I 2 line!, a transition line at
about 83 meV below the band gap has been observed in an epitaxial layer grown under a lower
plasma power or growth rate. This emission line has been assigned to the band-to-impurity transition
resulting from the recombination between electrons bound to shallow donors and free holes
(D0, h1). Systematic studies of these optical transitions have been carried out under different
temperatures and excitation intensities. The temperature variation of the spectral peak position of the
(D0, h1) emission line differs from the band gap variation with temperature, but is consistent with
an existing theory for (D0, h1) transitions. The dynamic processes of the (D0, h1) transition
have also been investigated and subnanosecond recombination lifetimes have been observed. The
emission energy and the temperature dependencies of the recombination lifetime have been
measured. These results have provided solid evidence for the assignment of the (D0, h1) transition
and show that the motions of the free holes which participated in this transition are more or less
restricted in the plane of the epitaxial layer at temperatures below 140 K and that the thermal
quenching of the emission intensity of this transition is due to the dissociation of neutral donors. Our
results show that time-resolved photoluminescence spectroscopy can be of immense value in
understanding the optical recombination dynamics in GaN. ©1996 American Institute of Physics.
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I. INTRODUCTION

GaN and AlxGa12xN wide band gap semiconducto
have been intensively studied1–6 recently for applications in
two areas:~1! optical devices, including blue-UV light
emitting diodes~LED! and laser diodes. The fabrication of
GaN commercial blue LED with the highest luminosity r
ported to date is just one example;7 ~2! electronic devices,
including devices which can operate in hostile environme
such as high temperature and under high radiation doses
under extreme conditions such as high frequency and h
power. One such example is the fabrication
Al xGa12xN/GaN metal-semiconductor field-effect transisto
~MESFETs! with high cutoff frequencies for microwave an
millimeter wave applications.8,9 In particular, because GaN
and AlN form a continuous alloy system whose direct ba
gap at room temperature ranges from 3.4 to 6.2 eV, th
applications for many novel optical devices are very pro
ising.

There has been a considerable amount of research e
directed toward the understanding of the optical propertie
GaN and AlxGa12xN. The band-edge luminescence fro
GaN crystals at low temperatures is known to consist of li
resulting from excitons~either free or bound excitons! and
donor-to-acceptor~DAP! transitions. The identification o

a!Permanent address: Department of Applied Physics, Xi’an Jiaotong
versity, People’s Republic of China.
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free and bound exciton and impurity transitions was made
Pankove et al.10 Dingle et al.,11–13 and subsequently by
many other researchers.14–20Their work has provided a rea-
sonable account of the optical properties of wurtzite GaN
However, many basic physical parameters, which are impo
tant in fundamental physics as well as in practical applic
tions, are still unknown. In particular, the study of optica
recombination dynamics in these materials are scarce. Th
is no doubt that the understanding of the carrier dynamics
GaN and AlxGa12xN can provide immense value in design
ing and optimizing optoelectronic devices based on the Ga
system as well as in optimizing material growth conditions
This has been proven previously for materials such as Ga
and ZnSe.

Most recently, we have performed a series of studies
the dynamic processes of optical transitions in GaN epitax
layers deposited by different techniques under different co
ditions. These include intrinsic exciton recombination in su
perior quality as well as high-purity epitaxial GaN layer
deposited by the new molecular beam epitaxy~MBE! and
metalorganic chemical vapor deposition~MOCVD!
techniques,21,22 impurity–bound exciton recombination inn
and p type layers deposited by MOCVD,23 and a band-to-
impurity recombination inn-type layers deposited earlier by
plasma-assisted MBE.24 In this work, the photoluminescence
properties of the neutral-donor–bound exciton transitio
(I 2) and the band-to-impurity transition (D

0, h1) in n-type
ni-
267575/9/$10.00 © 1996 American Institute of Physics
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TABLE I. Summary data of two GaN samples under investigation.

Thickness
~mm!

ECR power
~W!

Growth rate
~mm/h!

Mobility
~cm2/V s!
~300 K!

Free electron
concentration

~300 K!

Dominant
emission lines
~10 K! ~eV!

Sample A
~A1180!

3 120 0.135 150 1018 cm23 3.474

Sample B
~A1187! 3 70 0.11 10 2.631017 cm23

3.474,
3.422–3.415,

3.338
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GaN layers deposited by plasma-assisted MBE have b
studied in detail by extending the measurement temperat
range from 10 to 300 K and the excitation intensity variatio
by 3 orders of magnitude. The temperature dependence
the (D0, h1) emission intensity reveals the thermal quenc
ing process of this transition line, which is related to ioniz
tion of neutral donors. The dynamics of this emission lin
have been investigated by time-resolved spectroscopy.
emission energy and temperature dependencies of the rec
bination lifetime have been measured. These results h
provided solid evidence for the assignment of th
(D0, h1) transition and show that the motions of the fre
holes which participated in this transition are more or le
restricted in the plane of the epitaxial layer at temperatu
below 140 K. Our results indicate that the shallow don
impurities involved in the (D0, h1) transition are different
from the native donors of nitrogen vacancies and are n
responsible for the high free electron concentrations in Ga

II. EXPERIMENT

The wurtzite GaN samples used in the present wo
were grown by the plasma-assisted MBE described earlier
a sapphire~Al2O3! substrate with a 50 nm AlN buffer layer.24

The substrate temperature during the growth was 750 °C.
electron cyclotron resonance~ECR! source provided the re-
active nitrogen while Ga and Al were evaporated using co
ventional effusion cells. Sample A was grown under a micr
wave plasma power of 120 W and has a room temperat
electron concentration~n! of about 1018 cm23 and mobility
of about 150 cm2/V s as determined by Hall measuremen
Sample B was grown under a lower microwave plasm
power of 70 W at a lower growth rate than sample A and h
a room temperature electron concentration of about 2.631017

cm23 and mobility of about 10 cm2/V s. In sample A, the
dominant emission line was associated with the recombi
tion of the neutral-donor–bound exciton~the I 2 line!. In
sample B, in addition to theI 2 line, there were two other
emission lines near 3.420 and 3.338 eV. The growth con
tions, sample parameters obtained at room temperature,
the dominant low temperature emission lines of these t
samples have been summarized in Table I.

For photoluminescence measurements, samples were
tached to copper sample holders and placed inside a clo
cycle He refrigerator with a temperature variation from 10
320 K. A temperature controller enabled us to stabilize t
temperature to within 0.1 K. Photoluminescence spec
were collected in a reflecting mode. Excitation pulses
hys., Vol. 79, No. 5, 1 March 1996
 as indicated in the article. Reuse of AIP content is sub
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about 7 ps at a repetition rate of 9.5 MHz were provided b
a cavity-dumped dye laser~Coherent 702-2CD! with
Rhodamine 6G dye solution, which was pumped by
yttrium–aluminum–garnet~YAG! laser ~Coherent Antares
76! with a frequency doubler. The output from the dye las
was frequency doubled again by a second frequency doub
to provide tunability in the UV region. The laser output afte
the second doubler has an average power of about 20 mW
tunable photon energy up to 4.5 eV, and a spectral width
about 0.2 meV. The laser beam size on the sample was ab
0.5 mm in diameter. A single-photon counting detection sy
tem was used to record the time-resolved photoluminesce
spectra. With the use of a deconvolution technique develop
by Photon Technology International Inc.~PTI!, the overall
time resolution of the detection system was about 50 ps. T
excitation intensity was controlled by a set of UV neutra
density filters with different attenuation parametersD, and
was thus proportional to 102D.

III. RESULTS AND DISCUSSION

A. cw spectra

1. The I 2 transition

Figure 1 shows cw emission spectra of sample
~n51018 cm23! measured at three representative tempe
tures, showing one dominant emission line at 3.474 eV at
K. The energy position of this emission line is consiste
with the transition of excitons bound to neutral donors ass
ciated with nitrogen vacancies (D0, X) or the I 2 transition
line.2,3 The energy position of theI 2 transition depends
slightly on the sample. Different values from 3.470 to 3.47
eV have been reported, which may be related to sample qu
ity, such as impurity concentration and interface morpholog
The full width at half-maximum~FWHM! of the I 2 emission
line at T510 K is about 7 meV which indicates that the
sample under investigation is of relatively high crystallin
quality. For the luminescence spectrum measured atT510 K,
there is a weak peak at about 3.42 eV. The origin of th
transition peak will be discussed together with the resu
obtained from sample B, in which the emission intensity o
this transition line is much enhanced. The inset of Fig.
shows the excitation intensity dependence of the integra
intensity of theI 2 transition.

The observedI 2 spectral peak position shift with tem-
perature is due to the energy gap variation with temperatu
We have plotted the temperature dependence of theI 2 peak
position as shown in Fig. 2. The overall feature obtained he
Chen et al.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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is consistent with previous results.10,20 Since the energy dif-
ference between theI 2 and the energy gap should be inde
pendent of temperature, the temperature dependence of
I 2 peak position can be fitted by the temperature depende
of the energy gap by using the empirical equation,

E0~T!5E0~0!2aT2/~b1T!, ~1!

whereE0(0) is theI 2 transition energy atT50 K anda and
b are constants referred to as Varshni thermal coefficien
The solid curve in Fig. 2 is the least-squares fit of data
using Eq. ~1!. The fitted values areE0(0)53.475 eV, a

57.0631024 eV/K, andb51.063103 K.
The FWHM of theI 2 emission line also increases with

an increase of temperature, which is due to increas
exciton–phonon interactions at higher temperatures. In
inset of Fig. 2, we have plotted the FWHM of theI 2 emis-
sion line,G, as a function of temperature, which shows thatG
increases linearly with temperature. The temperature dep
dence of the emission linewidth caused by exciton–phon
interactions has the form25,26

G~T!5G01gLAT1gLO /@exp~ELO /kT!21#. ~2!

The second and third terms in Eq.~2! are due to the interac-
tion of excitons with the longitudinal acoustic~LA ! and lon-
gitudinal optical~LO! phonon modes of the lattice.gLA and
gLO are, respectively, the LA coefficient and the LO line

FIG. 1. cw photoluminescence spectra of sample A~n51018 cm23! mea-
sured at three representative temperatures, which shows that the dom
emission is theI 2 line due to the recombination of excitons bound to neutr
donors with the peak position at 3.475 eV atT510 K. A weak peak at about
3.42 eV atT510 K is due to band-to-impurity transition~D0, h1). The
inset shows the excitation light intensity~Iexc! dependence of theI 2 intensity
measured at 10 K.Iexc is proportional to 102D with D being the neutral
density filter attenuated parameter. Excitation photon energy was 4.26 e
J. Appl. Phys., Vol. 79, No. 5, 1 March 1996
is article is copyrighted as indicated in the article. Reuse of AIP content is su

129.118.248.40 On: Mon
-
the
nce

ts.
by

ed
the

en-
on

-

width parameters,ELO is the LO phonon energy of GaN, and
G0 is the linewidth atT50 K, which correlates with the con-
centration of inhomogeneities or impurities in the sample.

The linear behavior shown in the inset of Fig. 2 implies
that the exciton–LA phonon interaction dominates in GaN a
temperatures above 40 K, due to the large value of LO ph
non energy,ELO , in GaN ~about 92 meV!. By neglecting
exciton–LO phonon interactions, Eq.~2! can be reduced to,

G5G01gLAT. ~3!

The solid line in the inset is the least-squares fit of data usin
Eq. ~3! and the fitted values areG055 meV andgLA50.16
meV/K. Thus the results show clearly that theI 2 emission
linewidth broadening in MBE grown samples is predomi
nantly determined by acoustic phonon scattering at tempe
tures above 40 K.

2. Band-to-impurity (D0,h1) transitions

We have also studied the photoluminescence propert
of a second sample~B!, which was grown at a lower growth
rate and has a lower electron mobility than sample A. In Fig
3, we have plotted the cw luminescence spectra of sample
obtained at 10 K for four different excitation intensities
which shows theI 2 along with two additional emission lines
at about 3.42 and 3.34 eV. Each spectrum in Fig. 3 has be
normalized to its maximum emission intensity either nea
3.42 eV or at theI 2 emission peak position. The spectra
peak position of the emission line at around 3.42 eV varie
from 3.414 to 3.422 eV depending on excitation intensit

inant
al

V.

FIG. 2. The temperature dependence of theI 2 emission peak position of
sample A as obtained from Fig. 1. The solid line is the least-squares fit
data with Eq.~1!. The inset shows the full width at half-maximum~FWHM!
of the I 2 transition as a function of temperature, where the solid line is th
least-squares fit by a linear relation with temperature of Eq.~3!.
2677Chen et al.
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and is very close to that of an emission band~at about 3.424
eV! associated with the presence of oxygen impurities
ported previously by Chunget al.19 There, the intensity of
this emission band was found to be strongly dependent
the oxygen implantation dosage. It has been pointed out t
oxygen impurities may also act as substitutional donors.19,27

In the case presented here, the 3.42 eV transition could
associated with the presence of other substitutional donor
well, which would show up at about the same energy po
tion. We have assigned the emission band near 3.42 eV to
recombination between electrons bound to substitutional
nor impurities and free holes, the band to impurity, or th
(D0, h1) transition as proposed by Chunget al.19 Other
transition mechanisms, including donor–acceptor-p
~DAP! recombination and the recombination between t
free electrons and neutral acceptors, are unlikely as discus
previously.24 For the (D0, h1) transition, the emitted energy
is hn5Eg2ED at low excitation intensities at 0 K. From the
energy position of the emission line~3.420 eV! and the en-
ergy gapEg of GaN at low temperatures of about 3.50
eV,20,28 we obtain a binding energy ofED583 meV for the
substitutional donors in GaN. Our results obtained for t
two samples investigated here indicate that the presence
substitutional donor impurities has very little correlation wit
the high room temperature free carrier concentration o
served in GaN, given the fact that the donor impurity relat
emission near 3.420 eV is very weak in sample A, althou
the room temperature free carrier concentration in sample
is higher than that in sample B~see Table I!. This interpre-
tation is also consistent with the fact that the binding ener

FIG. 3. cw photoluminescence spectra of sample B~n52.631017 cm23!
measured atT510 K and under different excitation light intensities,Iexc,
with Iexc being proportional to 10

2D. Each spectrum has been normalized t
its maximum emission intensity.
2678 J. Appl. Phys., Vol. 79, No. 5, 1 March 1996
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of the substitutional donor impurities observed here is mu
larger than a value of about 30 meV~Ref. 28! for the N
vacancies which are responsible for the high native don
defect concentration in GaN.

Several features can be observed from Fig. 3. For t
I 2 transition, both the peak position and FWHM are indepe
dent of excitation intensity. The sharpest feature in Fig. 3
the relative intensity ratio of theI 2 to the (D

0, h1) emission
line. The I 2 transition is the dominant emission line at low
excitation intensities. As excitation intensity increases~D de-
creases!, the relative emission intensity of the (D0, h1)
transition increases. AtD50, the emission intensity of the
(D0, h1) transition is almost an order of magnitude highe
than that of theI 2 transition. We want to indicate that the
absolute emission intensities for both of these emission lin
increase with an increase of excitation intensity. This is illu
trated in Fig. 4, which shows a semilogarithmic plot of th
integrated photoluminescence intensities of theI 2 and the
(D0, h1) emission lines observed in sample B as functio
of the excitation intensity attenuated parameterD. We see
that the luminescence intensities of both emission lines
crease approximately linearly with excitation intensity. How
ever, the intensity increase rate for the (D0, h1) transition
is larger than that for theI 2 transition. The inset shows the
spectral peak positions of the (D0, h1) emission line,Ep ,
as a function ofD, which indicates thatEp increases with
excitation intensity. A total shift of about 5 meV is observe
when the excitation intensity is changed by 3 orders of ma
nitude. This is expected for the band-to-impurity transitio
which involves the participation of free holes. As the excit

o

FIG. 4. Semilogarithmic plot of integrated photoluminescence intensities
theI 2 and the~D

0, h1) emission lines observed in sample B as functions
the excitation intensity attenuated parameterD. The inset shows the spectra
peak positionEp of the ~D0, h1) emission line as a function ofD.
Chen et al.
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tion intensity increases, the free hole concentration a
hence the quasi-Fermi level of the free holes also increa
which will result in a spectral peak position shift to highe
energies.29–31 On the other hand, the peak position is als
expected to shift toward lower energies as the delay tim
increases due to the decrease of the free hole concentra
or the quasi-Fermi level, which will be discussed later.

Figure 5 shows the luminescence emission spectra
sample B obtained at three representative temperatures.
absolute emission intensities for all emission lines shown
Fig. 5 decrease with increasing temperature. However,
relative intensity ratio of theI 2 to the (D0, h1) emission
line increases with an increase of temperature. At tempe
tures above 100 K, the integrated intensity of theI 2 line
actually decreases more rapidly with temperature than
(D0, h1) line. In Fig. 6, we have plotted in a semilogarith
mic scale the integrated intensity of~a! the I 2 and ~b! the
(D0, h1) emission linesversusthe reciprocal of tempera-
ture ~Arrhenius plot!, which shows a steeper slope for th
I 2 transition at above 100 K. At the high temperature regio
both theI 2 and (D

0, h1) emission intensities show an acti
vated behavior.

The spectral peak positions of the three observed em
sion lines shown in Fig. 5 all shift toward lower energies a
temperature increases. For a clear presentation, we have p
ted in Fig. 7 the temperature dependencies of the spec
peak positions for these three emission lines. The emiss
line at about 3.34 eV~whenT510 K! disappears at tempera-
tures above 150 K. The temperature dependence of theI 2
emission line is identical to that observed in sample A a
can be described by the energy gap variation with tempe

FIG. 5. cw photoluminescence spectra of sample B measured at three
resentative temperatures at an excitation intensityD50. Each spectrum has
been normalized to its maximum emission intensity.
J. Appl. Phys., Vol. 79, No. 5, 1 March 1996
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ture. In sharp contrast, the (D0, h1) and the third emission
lines at around 3.34 eV do not follow the variation of th
band gap with temperature. As a result, the spectral p
separation between theI 2 and the (D0, h1) emission lines,
DE, decreases monotonically with temperature, as Fig. 8
lustrates. The inset of Fig. 8 shows the spectral peak sep
tion between the (D0, h1) and the third emission lines,dE,
which is a constant throughout the investigated tempera
range, which seems to suggest that the (D0, h1) and the
third emission lines are of the same physical origin, i.e.,
3.338 eV line is either a phonon replica of the (D0, h1)
emission line or another (D0, h1) transition. However,dE
is about 75 meV, which is different from the currently a
cepted values of the LO phonon energy of 92 meV and
TO phonon energy of 70 meV. This seems to suggest that
3.338 eV line is due to another (D0, h1) transition. Time-
resolved measurements seem to indicate that the 3.338
emission line may have a longer recombination lifetim
However, due to the presence of the broadbands resu
from the DAP recombination at the low energy side, we a
unable to comment on whether the two emission lines
3.420 and 3.338 eV have the same or different dynam
behaviors from time-resolved measurements. Further inv
tigation is needed to identify the origin of the 3.338 eV em
sion line.

The properties of the band-to-impurity transition
(D0, h1) and (A0, e2), in CdS have been studied prev
ously by Colbow.29 The temperature dependence of the sp
tral peak position of the (D0, h1) transition can be written
as

E~D0,h1!5EG2ED1kT, ~4!

rep-FIG. 6. Arrhenius plots of the integrated luminescence intensities of~a! the
I 2 and ~b! ~D0, h1) emission lines in sample B.
2679Chen et al.
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whereEG andED are energy gap and donor binding energ
respectively. The third term,kT, in Eq. ~4! is due to the
kinetic energy and the energy dependence of the transit
probability of free holes in bulk materials. The peak energ
position of theI 2 transition is

E~ I 2!5EG2Ex2Ebx , ~5!

whereEx andEbx are the binding energies of free excito
and donor–bound exciton, respectively. Thus from Eqs.~4!
and ~5!, the temperature dependence of the spectral pe
separation between theI 2 and the (D

0, h1) transition lines,
DE, can be written as

DE5E~ I 2!2E~D0, h1!5ED2Ex2Ebx2kT, ~6!

which shows thatDE decreases linearly with temperatur
with the slope being the Boltzmann constantk sinceED ,
Ebx , andEx are independent of temperature.

Equation ~6! also indicates thatDE5ED2Ex2Ebx at
T50 K. By extrapolating the data points in Fig. 8 to 0 K, w
obtain a value forDE of 58.7 meV atT50 K. On the other
hand, by taking the binding energy ofD0 to be 83 meV as
obtained from Fig. 3 and the binding energies of free excit
~Ex) and donor–bound exciton (Ebx), respectively, to be 19
and 7 meV as obtained for other superior quality GaN laye
deposited by the most recent MBE and MOCVD
techniques,21,22 we obtain a value ofDE of 57 meV at 0 K.
The consistency inDE obtained by the two different mea-
surements provides additional solid evidence for the assi
ment of the 3.420 eV emission line as a band-to-impuri
transition. Since the~A0, e2) transition can be excluded by

FIG. 7. The temperature dependencies of the three dominant luminesce
spectra peak positions of sample B.
2680 J. Appl. Phys., Vol. 79, No. 5, 1 March 1996
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considering the energy position of the emission line, th
emission line near 3.42 eV can be conclusively assigned
the ~D0, h1) transition.

However, the slope of the spectral peak separation~DE!
versustemperature plot shown in Fig. 8 is notk, instead it is
close to 0.5k. One of the possible causes is the two-
dimensional~2D! motion of free holes in the epitaxial layer
instead of uniform three-dimensional~3D! motion in bulk
martials. We have repeated Colbow’s calculation for th
~D0, h1) transition by considering both 2D and 3D motions
and we obtain an expression for its peak position as

E~D0, h1!5EG2ED1akT, ~7!

wherea50.5 and 1 for the 2D layer and 3D bulk materials,
respectively. From this, we thus have,

DE5ED2Ex2Ebx2akT. ~8!

The slope obtained from the least-squares fit between da
points in Fig. 8 and Eq.~8! is 0.58k, which indicates that the
~D0, h1) transition observed in the epitaxial layer is differ-
ent from that in the bulk. Our results show that the motion o
free holes is mainly constrained in the plane of the epitaxia
layer at temperatures below 140 K. However, the free hol
motion along thez axis ~growth direction! is not completely
precluded, which shows up asa being slightly larger than
0.5.

nce

FIG. 8. The temperature dependence of the energy separation between
I 2 and the~D

0, h1) emission peaks,DE, in sample B. The solid line is the
least-squares fit of data with Eq.~8!. The inset shows the temperature de-
pendence of the energy separation between the~D0, h1) and the third
emission peak~near 3.338 eV!, dE, in which the solid line is a guide to the
eyes indicating thatdE is a constant value of about 75 meV.
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B. Time-resolved photoluminescence spectra and
recombination dynamics

1. Time-resolved emission spectra

Time-resolved emission spectroscopy has been
ployed to study the dynamics of theI 2 and the band-to-
impurity transitions. We find that the recombination lifetim
of the I 2 transition is about 0.1 ns in the samples investiga
here. Due to high impurity concentrations, its systematic
pendence on temperature and excitation intensity canno
obtained in these samples. We concentrate our time-reso
luminescence study on the~D0, h1) transition in sample B.
Figure 9 shows a semilogarithmic plot of the temporal
sponse of the~D0, h1) transition measured near its pea
position atT510 K. The system response to the laser pul
~7 ps! has been indicated as ‘‘system,’’ which was used
the deconvolution of raw data. The wiggling line is the e
perimental data, while the solid line is the least-squares fi
single exponential decay with the deconvolution of syst
response. The residual of the least-squares fit is also inclu
in the bottom of Fig. 9. As we can see, the decay of t
~D0, h1) transition in GaN is a single exponential,I (t)
5I 0e

2t/t, with t being the recombination lifetime. We hav
measured the luminescence temporal responses such a
shown in Fig. 9 at different emission energies covering
entire emission band~see Fig. 11! as well as at different
temperatures from 10 to 150 K~see Fig. 12!. In all cases, the
decay of the luminescence is single exponential.

Figure 10 shows the time-resolved emission spectra
the ~D0, h1) transition measured atT510 K for several
representative delay times. Here, the delay timet50 has
been chosen at the positions of maximum intensity in
luminescence temporal responses such as that shown in
9. The arrows in Fig. 10 indicate the spectral peak positio
at different delay times. Several features can be obser
from Fig. 10. First, the peak positions of the emission li
shift toward lower energies with an increase of delay tim
Second, the linewidth of the emission band also increa
with delay time. Third, the luminescence decays faster
higher emission energies than at lower emission energ
which is due to the nature of this transition line as discus
previously.24

2. Recombination lifetimes

The emission energy dependence of the recombina
lifetime for the~D0, h1) emission line is depicted in Fig. 11
which shows that the lifetime~t! is of the order of subnano
seconds and decreases with an increase of emission en
From Fig. 11, the upper limit value of the radiative recom
bination lifetime of the~D0, h1) transition associated with
substitutional donor impurities is about 1 ns at 10 K in Ga
which is shorter than the typical lifetime of the order
several nanoseconds for this type of transition in better st
ied materials such as doped GaAs.31 If the ~D0, h1) emis-
sion line involves only a single impurity energy level, th
dependence of the recombination lifetime on emission
ergy is not expected. The results obtained here clearly in
cate that the binding energyED of the donor involved for the
~D0, h1) transition has a distribution. The behavior o
J. Appl. Phys., Vol. 79, No. 5, 1 March 1996
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served here is most likely due to the binding energy depe
dence of the radiative recombination rate, i.e., the behav
of t~E! is associated with the distribution of the donor bind
ing energy,ED .

By assuming shallow, discrete, and nonoverlapping im
purities, the maximum transition probabilities for the
~D0, h1) transitions at 0 K have been calculated
previously,30,31 which showed that the radiative recombina
tion lifetime of a band-to-impurity transition depends on
ED and can be described by,t}ED

3/2}(Eg2hn)3/2, with hn
being the emission energyE. Experimentally observed emis-
sion energy dependence of the recombination lifetime of t
~D0, h1) transition measured in the entire emission ban
can be described well by

t5A~E02E!3/2, ~E<E0! ~9!

as shown by the solid curve in Fig. 11, where the fitte
values forE0 andA are 3.454 eV and 68.9 ns/eV1.5, respec-
tively. The reason for the difference between the fitted valu
of E0 andEg is not clear at this stage.

The temperature dependence of the recombination lif
time of the ~D0, h1) transition has also been measured i
the temperature range between 10 and 150 K at their cor
sponding emission peak positions and Fig. 12 shows the
sult. At temperatures below 50 or above 120 K, the lifetim
is independent of temperature, suggesting very efficient r
diative recombination at low temperatures, in agreeme
with the results of Fig. 4. However, a strong temperatu
dependent lifetime is observed in the temperature range
tween 50 and 100 K.t changed rapidly in this temperature
region and varied from 0.63 to about 0.3 ns.

This behavior can be accounted for by an increas
nonradiative recombination rate at a higher temperatu
The temperature dependence of the nonradiative decay r
can be described bygnon5g0 exp(2E0 /kT), whereg0 and
E0 are the nonradiative decay rate at the limit ofT→` and
the activation energy of the nonradiative process of th
~D0, h1) transition. If we further assume that the radiativ
recombination rate,g r , of the ~D0, h1) transition is inde-
pendently of or weakly dependent on temperature, then t
measured recombination lifetime of the~D0, h1) transition
is described by

t5@g r1g0 exp~2E0 /kt!#
21. ~10!

Equation~10! has been used to fit experimentally measuredt
as shown in Fig. 12 and cannot fit the data. Instead, in t
entire temperature range investigated here, the measured
combination lifetimet can be fitted very well by the form

t5@g r1g0 exp~2E0 /kT!#211C, ~11!

as shown as the solid curve in Fig. 12. The fitted values a
g r52.9 ns21, g052.93105 ns21, andE0578.5 meV. This
behavior seems to suggest that at temperatures above 50
the total lifetime is determined by both radiative and nonra
diative recombination. The activation energyE0 obtained
here is very close to the binding energy of the dono
ED583 meV, which implies that the nonradiative process o
the ~D0, h1) transition is caused by thermal dissociation o
2681Chen et al.
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D0. This is also consistent with the result of thermal quenc
ing of the ~D0, h1) emission intensity shown in Fig. 6.

The fitted value ofC is 0.3 ns. This constant term of 0.3
ns in Eq.~11! is a little difficult to justify. The best explana-
tion we have in this stage is that it may be related to carr
transformation from other recombination channels, by su
processes as the decay of the bound-exciton~I 2) into the
~D0, h1) recombination channel. If this is the case, the d
cay of the~D0, h1) transition will be determined by this
transfer time at high temperatures if this time is the longe
among the radiative and nonradiative recombination lif
times and the transfer time. A value of 0.3 ns is reasona
for this transfer process.

IV. CONCLUSIONS

In conclusion, we have studied photoluminescence pro
erties near the band-edge under different conditions
n-type GaN epitaxial layers grown by plasma assisted MB
For the sample grown at a lower growth rate, an emissi
line of about 83 meV below the band gap has been obser
in addition to the well-known neutral-donor–bound excito
~I 2) transition. This emission line has been assigned to t
~D0, h1) transition associated with the presence of subs
tutional donor impurities. The temperature dependence of
peak position has confirmed such an assignment. Tim
resolved emission spectroscopy has also been employe
study the carrier dynamics of this transition. The decay
this emission line is found to be exponential with lifetime
on the subnanosecond scale. The emission energy and t

FIG. 9. The semilogarithmic plot of the temporal response of the band-
impurity emission line in sample B measured near its peak position atT510
K. The instrument response to laser pulses~7 ps width! is indicated as
‘‘system’’ and the wiggling line is the experimental data. The solid line is th
least-squares fit using a single exponential decay with the deconvolution
the instrumental response. The residues of the least-squares fit are als
cluded in the bottom. The excitation photon energy was 4.260 eV.
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FIG. 10. Time-resolved photoluminescence spectra of the~D0, h1) emis-
sion line in sample B measured atT510 K. The arrows indicate the spectra
peak positions at different delay times. Delay timet50 has been chosen at
the positions of the maximum intensity in the luminescence temporal
sponses such as that shown in Fig. 9.

FIG. 11. The emission energy dependence of the recombination lifetime
the ~D0, h1) emission line in sample B measured atT510 K. The solid
line is the least-squares fit of experimental data by using Eq.~9!.
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perature dependencies of the recombination lifetime ha
been measured. Our results indicate that the binding ene
of the donor impurities has a distribution. Additionally, th
absence of the~D0, h1) emission line in the sample with a
higher room temperature free carrier concentration indica
that the possibility of substitutional donor impurities bein
responsible for high free carrier concentrations in GaN c
be precluded. Our results also show that the motion of fr
holes in epitaxial layers is restricted mostly in the grow
plane at temperatures below 140 K, which would modify a
existing theory for the band-to-impurity transitions in bul
materials.
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