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Temperature dependence of the radiative lifetime in GaN
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Using time-resolved photoluminescence spectroscopy, we determine the temperature dependence of the
radiative lifetime for GaN layers with doping levels from 1016 to 1018 cm23. The experimental results are
analyzed by a coupled rate-equation model taking into account band-to-band, free and bound excitons, as well
as donor-to-band recombination. An analytic expression for the radiative lifetime of this coupled system is
derived and fit to the data. Over the entire temperature range, radiative recombination is strongly affected by
the decay of either bound or free excitons. The temperature dependence and the absolute values for the
radiative lifetime are governed by the coupling between the individual populations. This coupling in turn is
determined by the binding energies of the respective species. Using a binding energy of 26.4 meV for the free
exciton, we obtain best-fit values of 3066 and 36.362 meV for the donor and the donor-bound exciton,
respectively.@S0163-1829~98!50648-0#
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Radiative recombination in semiconductors may occur
several mechanisms. The lowest energy state in an i
crystal is the free exciton-polariton, which, in principle, do
not decay because of momentum conservation.1–3 The actual
exciton-polariton lifetime is thus determined by scatteri
with phonons, impurities, and surfaces.1 At low tempera-
tures, however, the exciton may instead be captured by
impurities, and bound exciton transitions will then domina
recombination. At high temperatures, the polariton chara
of the exciton is gradually washed out, and it becomes
active in recombination as expected from a semiclass
point of view.1,4 However, band-to-band transitions no
compete with exciton recombination and gradually take o
for kT exceeding the exciton binding energy.

In an idealized semiconductor containing only one kind
impurity, we have thus to consider~at least! four coupled
recombination channels: band-to-band, free exciton, bo
exciton, and impurity-to-band. Provided that these chann
are spectrally distinct, one can monitor both relaxation a
recombination processes of the coupled system using t
resolved photoluminescence~PL! spectroscopy. The spectra
separation of these transitions is, however, in the range
few meV, and at high temperatures they will not be reso
able. This is true even for wide-gap semiconductors such
GaN, where the free and bound exciton as well as the s
low donor state all lie within an energy interval of at most
meV.5 For most GaN layers the reported PL linewidths a
on the same order even at low temperature.3 The measured
radiative lifetime is then a composite of the individual lif
times of each of the above mentioned transitions, and n
unique lifetime specific for the material system.

In this paper, we study both experimentally and theor
cally the temperature dependence of the radiative lifetime
GaN. The samples under investigation are grown onn-type
Si-terminated 6H-SiC~0001! substrates either by plasma
assisted molecular beam epitaxy6 ~MBE! or by low-pressure
metal-organic vapor phase epitaxy~MOVPE!.7 The samples
PRB 580163-1829/98/58~24!/15977~4!/$15.00
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differ in their thickness and buffer layer sequence, but, m
importantly, in their residual doping level measured by c
pacitance voltage~CV!, which ranges from low 1016 cm23

for the MOVPE samples~#3 and #4! to mid 1017 cm23 ~#2!
and low 1018 cm23 ~#1! for the MBE samples. Samples #
and #2 consist of a 0.52 and 0.3mm GaN layer, respectively
deposited directly onto the substrate. Sample #3 consists
0.5 mm GaN layer with a 0.5mm ~AlGa!N buffer layer,
while sample #4 contains a 1.3mm GaN layer with a 10 nm
AlN buffer layer. The radiative lifetime is determined b
time-resolved PL spectroscopy. The measurements are
formed using a frequency-tripled Ti:sapphire laser with
pulse width of 150 fs and a syncroscan streak-camera
tem. The excitation energy and fluence are set to 4.96 eV
1 nJ/cm2, respectively. The overall temporal resolution
this setup is 2 ps.

Figure 1 shows the cw PL spectra of three of the samp
at 5 K. The different doping levels of these samples manif

FIG. 1. Logarithmic display of the PL spectra of samples #1,
and #4 at 5 K. Note the drastically different linewidths and t
absence of any structure in all spectra~the sharp peak at 3.447 eV i
the spectrum of sample #4 is due to the outgoing resonance with
free-exciton state for fourth-order Raman scattering!.
R15 977 ©1998 The American Physical Society
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themselves most evidently in their different PL line sha
and linewidth. While the linewidth is about 4–6 meV fo
samples with a doping level around 1016 cm23, it increases
to 15–20 meV for samples in the mid 1017 cm23 range and
to above 100 meV for samples approaching degenerate
ing (231018 cm23). Simultaneously, the PL peak positio
shifts to higher energy. The excessive broadening of the l
energy tail is consistent with impurity-band formation a
band tailing,8 while the comparatively abrupt high-energ
cutoff together with the pronounced blueshift is evidence
non-k conserving transitions involving the Fermi edg
~Burstein-Moss effect in emission!.8 Most important, how-
ever, is the complete absence of any discernable structu
all of these spectra. For any further analysis, we have
assume that the observed PL line represents a superpo
of several transitions as already mentioned in the introd
tion.

In Fig. 2, we show the PL transients of three of t
samples at different temperatures. The measured decay t
are, in general, too short to be ascribed to radiative proce
only except for sample #1, which exhibits a decay time
about 250 ps between 5 and 30 K. It is furthermore intere
ing to note that most of these transients cannot be descr
by a monoexponential, but rather by a biexponential dec
Biexponential decays are characteristic of capture proce
in a multilevel system, and may here be interpreted as be
due to the capture to deeper~nonradiative! centers either in
the bulk or at the surface/interface of the layer.9 In any case,
when analyzing the decay time in the standard wa10

namely, by takingtPL(T)5@1/t r(T)11/tnr(T)#21, where
tnr includes all possible nonradiative contributions, a
I PL(T)5hPL(T)I PL(0), with hPL(T)5tPL /t r , the question

FIG. 2. PL transients of samples #1, #2, and #3 at differ
temperatures as indicated in the figure. The points are the ex
mental data, while the solid lines show mono- or biexponential
to them. The spectra of different samples are vertically offset
clarity. For each sample, the decrease in peak intensity with t
perature directly corresponds to an increasing radiative lifetime
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arises which value should be used fortPL in the case of a
biexponential decay. We circumvent this ambiguity here
noting that the radiative decay rate is equal to the peak
tensity of the transient divided by the incident fluence p
vided that the duration of the exciting pulse is much shor
than any recombination process in the sample.11 Since we do
not measure the PL intensity in absolute units, this proced
requires assigning a value fort r at the lowest temperatur
~note that this is equivalent to the standard procedure wh
a value forhPL is required!. Since the emission of GaN a
low temperatures is dominated by bound excitons, we set
radiative lifetime at 4 K to 250 ps,which is the value calcu-
lated for GaN in the frame of Rashba’s treatment.12

Figure 3 displays the radiative lifetimes thus obtained
well as fits to the data~see below! for all samples. There is a
clear trend toward longer lifetimes with decreasing dop
levels, as expected for, e.g., band-to-band-transitions. H
ever, the radiative recombination coefficientB for GaN is
only 4.4310211 cm3/s at 300 K,13 resulting in a band-to-
band lifetime of 2.3ms at a doping level of 1016 cm23.
Qualitatively, the rather short lifetimes measured even
samples #3 and #4 evidence the participation of excitons
to room temperature. The subtle differences between
samples at lower temperatures are, however, beyond
reach of qualitative considerations.

For quantitatively understanding the measured temp
ture dependence of the radiative lifetime, we finally perfo
a theoretical analysis based on a rate-equation model for
major recombination channels in GaN. The temporal evo
tion of the concentration of electrons (n5n01Dn), holes
(p5Dp), free (nx) and bound (nb) excitons, and occupied
donors (ND

0 ), is governed by the following coupled set o
differential equations:

dn/dt52Bnp1dxnx2 f xnp2crnND
11ceND

0 , ~1!

dp/dt52Bnp1dxnx2 f xnp2bDpND
0 , ~2!

dnx /dt52gxnx2brnxND
0 1benb2dxnx1 f xnp, ~3!

dnb /dt52gbnb1brnxND
0 2benb , ~4!

t
ri-
s
r
-

FIG. 3. Measured~symbols! and calculated~lines! radiative life-
times vs temperature for samples #1 to #4 as indicated in the fig
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dND
0 /dt52bDpND

0 1crnND
12ceND

0 2brnxND
0

1benb1gbnb . ~5!

The first terms of these equations account for radiative
combination. The following terms describe the formati
( f x) and dissociation (dx) of free excitons, the capture (br)
and emission (be) of a free exciton by a neutral donor, an
the capture (cr) and emission (ce) of an electron by a
charged and neutral donor, respectively. Together with th
equations, it is required that

ND5ND
0 1ND

11nb , ~6!

whereND is the total donor concentration in the layer, an

n5p1ND
1 , ~7!

accounting for charge conservation. Note thatND
1 is equal to

the background dopingn0 only in equilibrium, but not nec-
essarily under transient conditions.

While it is straightforward to formulate Eqs.~1!–~5!, their
solution is difficult both physically and numerically. All o
the six capture coefficients are, essentially, unknown,
their determination remains a formidable challenge for b
experiment and theory. All we know is that capture pr
cesses in semiconductors tend to be very much faster
recombination processes. This fact has an important co
quence:the individual populations of all levels decay with
common lifetime.It also, however, causes the above syst
of differential equations to be stiff, in that the slow proce
of interest disappears in the numerical noise following
initial, rapid process.

The solution of both of these obstacles lies in the exp
mental finding of PL lines which, when spectrally integrate
represent the sum of Eqs.~2!–~4! @or alternatively, of Eqs.
~1!, ~3!–~5!#. First of all, we may eliminate three of the un
known coefficients by utilizing detailed balance betwe
capture and emission processes, yieldingf x /dx5sx
52(Ex /Ry)exp(Ex /kT)/Ncv , br /be5sb52 exp(aEd /kT)/Nf ,
and cr /ce5sd52 exp(Ed /kT)/Nc , where Ry and Ex
5Ry/@11n/(2nM)# are the exciton binding energies fo
vanishing and finite carrier concentration, respectively, w
the Mott densitynM52.231017 cm23.13 Ed denotes the do-
nor binding energy, anda the fraction ofEd transferred to a
bound exciton.Ncv , Nf , andNc are the effective reduced
exciton, and conduction-band densities of states, res
tively. Next, we sum up Eqs.~2!–~4! which contain the mi-
nority carrier processes, and express the dynamic varia
as functions ofn only by assuming that quasistationary co
ditions for all relaxation processes are established.13,14 This
procedure eliminates all explicit capture terms.The resulting
equation reads

dn/dt52Z/~N1rP!, ~8!

where

Z5FB1sxgx1
sbsxgb~ND2n1p!

11sbsxnp
1

bd~ND2n1p!

n~11sbsxnp!Gnp,

~9!
-
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N5sxp1sbsxF p~ND2n1p!

~11sbsxnp!2 2
np

11sbsxnpG , ~10!

r5
11sd@112sbsxnp~n2p!#1n~11sbsxnp!

12sd@sbsxn
2~n2p!2n~11sbsxnp!#

,

~11!

P511sxn1sbsxF n~ND2n1p!

~11sbsxnp!2 1
np

11sbsxnpG ,
~12!

with

p5
r

2
~A11s~2/r !221!, ~13!

where

r 5
11sdn~12sbsxn

2!

sbsxsdn2 , ~14!

s5
n1sdn22ND

sbsxsdn2 . ~15!

Since we are interested in an actual~time-independent! life-
time, we finally consider the case ofDn!n0 , which is also
realized in our experiments. For this condition, Eq.~8! re-
duces todn/dt52geffn with the common radiative deca
rate of the coupled system

geff5gc

11sxn0@gx /gc1sb~ND2n0!~gb /gc!#1gd /gc

11sxn0@11sb~ND2n0!#
,

~16!

wheregc5Bn0 and gd5bd(ND2n0). It is easily seen that
this expression indeed mediates between the limitsgeff→gb
for T→0 andgeff→gc for T→`. Note that these limits are
independent of the magnitude of the other rates, contrar
the case of uncoupled systems decaying in parallel, wh
the rates simply add. Being thus confident that Eq.~16! is a
sensible approximation, we finally fit it to the experimen
data shown in Fig. 3.

The radiative rates and recombination coefficients h
been determined via the relation between oscillator stren
and radiative rate15 and the van Roosbroeck–Shockle
relation,4,13 respectively. The free parameters of first order
Eq. ~16! area, Ed , andND , the latter of which is separate
in a temperature-activated fraction given byn0

5(A114sdND21)/2sd and a constant to account fo
impurity-band formation at higher doping levels. Sincegx
has been derived semiclassically, it approaches unphysic
short values for low temperatures, causing the calcula
lifetime to have a~shallow! minimum. For improving the fit,
we thus add two free parameters of second order which
count for the polariton character by allowing the exciton lif
time to saturate or even increase with decreasing temp
ture. Note that, in contrast to a previous work,10 we do not
treat the exciton binding energy as a fit parameter which
assumed here to be 26.4 meV.

The fits obtained are in very satisfactory agreement w
the experimental data~see Fig. 3! and return physically rea
sonable values for the fitting parameters. Unique fits are
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tained for samples #3 and #4, yielding values ofa50.21
60.06, Ed53066 meV, and a total donor concentration
5.631016 and 1.931016 cm23, respectively. About 25% o
this concentration is not activated. In contrast, for samples
and #2 total concentrations of 5.631017 and 1.8
31018 cm23, respectively, are obtained, with a nonactivat
fraction of over 50%. For both of these samples,a is about
0.1 andEd about 18 meV, but with a considerably larg
error margin than for samples #3 and #4. Whether the lo
values fora and Ed are due to different donor species or
result of donor-band formation at these high doping lev
cannot be decisively answered. In any case, the values
tained are well within the range determined by other mea5

Finally, the phenomenological correction for the exciton lif
time turns out to be an essentially constant offset of ab
500 ps for all samples, meaning that the polariton chara
of the exciton takes over at temperatures below 50 K.

Finally, the fits allow us to determine the relative cont
bution of the individual recombination channels. At low tem
perature, (,20 K) recombination is governed by bound e
citons for all samples. Between 20 and 50 K, the bou
,
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excitons largely dissociate, and free exciton recombinat
becomes dominant. The coupling between free excitons
free carriers is important already at intermediate tempera
~100 K! and determines the slope of the radiative lifetim
with further increasing temperature. Note, however, that
radiative decay rate is substantially enhanced by the e
tonic contribution even at room temperature. In particul
the free exciton transition would spectrally dominate at ro
temperature for all samples but sample #1, for which scre
ing by the high electron background largely diminishes
free exciton decay rate. Correspondingly, donor-to-ba
transitions are of minor importance for all samples b
sample #1, for which they constitute a significant contrib
tion at intermediate and higher temperatures~100–300 K!.
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and K. H. Ploog, J. Cryst. Growth189/190, 790 ~1998!.
14O. Brandt, K. Kanamoto, M. Gotoda, T. Isu, and N. Tsukad

Phys. Rev. B51, 7029~1995!.
15O. Brandt, in III-V Quantum System Research, edited by K.

Ploog, Institution of Electrical Engineers~IEE!, Materials and
Devices Series 11~Peregrinus, London, 1995!, p. 70.


