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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@o 10'® cm™3. 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 3® and 36.3%2 meV for the donor and the donor-bound exciton,
respectively[S0163-1828)50648-0

Radiative recombination in semiconductors may occur bydiffer in their thickness and buffer layer sequence, but, most
several mechanisms. The lowest energy state in an ideahportantly, in their residual doping level measured by ca-
crystal is the free exciton-polariton, which, in principle, doespacitance voltag¢CV), which ranges from low %6 cm3
not decay because of momentum conservatidihe actual  for the MOVPE sample§#3 and #4 to mid 10" cm™3 (#2)
exciton-polariton lifetime is thus determined by scatteringand low 168 cm™2 (#1) for the MBE samples. Samples #1
with phonons, impurities, and surface#t low tempera- and #2 consist of a 0.52 and Qu8n GaN layer, respectively,
tures, however, the exciton may instead be Captured by th@epOSitEd directly onto the substrate. Sample #3 consists of a
impurities, and bound exciton transitions will then dominate0.5 um GaN layer with a 0.5um (AIGa)N buffer layer,
recombination. At high temperatures, the polariton characteyhile sample #4 contains a 18n GaN layer with a 10 nm
of the exciton is gradually washed out, and it becomes adIN buffer layer. The radiative lifetime is determined by
active in recombination as expected from a semiclassicdime-resolved PL spectroscopy. The measurements are per-
point of view!* However, band-to-band transitions now formed using a frequency-tripled Ti:sapphire laser with a
compete with exciton recombination and gradually take ovepulse width of 150 fs and a syncroscan streak-camera sys-
for kT exceeding the exciton binding energy. tem. The excitation energy and fluence are set to 4.96 eV and

In an idealized semiconductor containing only one kind ofl nJ/cnf, respectively. The overall temporal resolution of
impurity, we have thus to considéat least four coupled this setup is 2 ps.
recombination channels: band-to-band, free exciton, bound Figure 1 shows the cw PL spectra of three of the samples
exciton, and impurity-to-band. Provided that these channelgt 5 K. The different doping levels of these samples manifest
are spectrally distinct, one can monitor both relaxation and
recombination processes of the coupled system using time- 10°
resolved photoluminescené€BL) spectroscopy. The spectral
separation of these transitions is, however, in the range of a
few meV, and at high temperatures they will not be resolv-
able. This is true even for wide-gap semiconductors such as
GaN, where the free and bound exciton as well as the shal-
low donor state all lie within an energy interval of at most 15
meV> For most GaN layers the reported PL linewidths are
on the same order even at low temperatfuféne measured
radiative lifetime is then a composite of the individual life-
times of each of the above mentioned transitions, and not a
unique lifetime specific for the material system.

In this paper, we study both experimentally and theoreti-
cally the temperature dependence of the radiative lifetime in G, 1. Logarithmic display of the PL spectra of samples #1, #2,
GaN. The samples under investigation are growmeype  and #4 at 5 K. Note the drastically different linewidths and the
Si-terminated 6H-SiM001) substrates either by plasma- absence of any structure in all spediitze sharp peak at 3.447 eV in
assisted molecular beam epitdxiMBE) or by low-pressure  the spectrum of sample #4 is due to the outgoing resonance with the
metal-organic vapor phase epitalOVPE).” The samples free-exciton state for fourth-order Raman scattexing
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times vs temperature for samples #1 to #4 as indicated in the figure.
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biexponential decay. We circumvent this ambiguity here by
noting that the radiative decay rate is equal to the peak in-

FIG. 2. PL transients of samples #1, #2, and #3 at differentI?nSity of the transignt divided bY .the incidept fluence pro-
temperatures as indicated in the figure. The points are the experf/ded that the duration of the exciting pulse is much shorter
mental data, while the solid lines show mono- or biexponential fitsthan any recombination process in the san’rb@mc_e we do
to them. The spectra of different samples are vertically offset fo0t measure the PL intensity in absolute units, this procedure
clarity. For each sample, the decrease in peak intensity with temf€quires assigning a value fot at the lowest temperature
perature directly corresponds to an increasing radiative lifetime. (note that this is equivalent to the standard procedure where

a value foryp, is required. Since the emission of GaN at
themselves most evidently in their different PL line shapelow temperatures is dominated by bound excitons, we set the
and linewidth. While the linewidth is about 4—6 meV for radiative lifetime 44 K to 250 pswhich is the value calcu-
samples with a doping level around*#@m™3, it increases lated for GaN in the frame of Rashba’s treatmént.
to 15-20 meV for samples in the mid ¥@&m3 range and Figure 3 displays the radiative lifetimes thus obtained as
to above 100 meV for samples approaching degenerate dopell as fits to the datésee belowfor all samples. There is a
ing (2x 10" cm~3). Simultaneously, the PL peak position clear trend toward longer lifetimes with decreasing doping
shifts to higher energy. The excessive broadening of the lowtevels, as expected for, e.g., band-to-band-transitions. How-
energy tail is consistent with impurity-band formation andever, the radiative recombination coefficiBitfor GaN is
band tailing‘f while the comparatively abrupt high-energy only 4.4x 1011 cm/s at 300 K3 resulting in a band-to-
cutoff together with the pronounced blueshift is evidence forband lifetime of 2.3us at a doping level of 6 cm™2.
nonk conserving transitions involving the Fermi edge Qualitatively, the rather short lifetimes measured even for
(Burstein-Moss effect in emissipf Most important, how-  samples #3 and #4 evidence the participation of excitons up
ever, is the complete absence of any discernable structure t§ room temperature. The subtle differences between the
all of these spectra. For any further analysis, we have t@amples at lower temperatures are, however, beyond the
assume that the observed PL line represents a superpositiggach of qualitative considerations.
of several transitions as already mentioned in the introduc- For quantitatively understanding the measured tempera-
tion. ture dependence of the radiative lifetime, we finally perform

In Fig. 2, we show the PL transients of three of thea theoretical analysis based on a rate-equation model for the
samples at different temperatures. The measured decay timggjor recombination channels in GaN. The temporal evolu-
are, in general, too short to be ascribed to radiative process@sn of the concentration of electron®i€ny+An), holes
only except for sample #1, which exhibits a decay time of(p=Ap), free (n,) and bound K,) excitons, and occupied
about 250 ps between 5 and 30 K. It is furthermore interestgonors N%), is governed by the following coupled set of
ing to note that most of these transients cannot be describegfferential equations:
by a monoexponential, but rather by a biexponential decay.

Biexponential decays are characteristic of capture processes dn/dt=—Bnp+d.n,—f.np— crnN5+ceN°, )

in a multilevel system, and may here be interpreted as being

due to the capture to deep@ronradiative centers either in __ _ _ 0

the bulk or at the surface/interface of the lajén.any case, dpfdt==Bnp+d.n—T.np~bopNp, @
when analyzing the decay time in the standard Way,
namely, by takingzp (T)=[1/7(T)+1/7,(T)] %, where
7 iNcludes all possible nonradiative contributions, and 0
1pi(T) = 7pL(T) 1 p(0), With 7p(T)=7p./7,, the question dn,/dt=— ypny+ b nNNp —beny, 4

TIME (ps)

dn/dt=— y,n,—b,n N3 +beny,—dyn+ f,np, (3
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dN3/dt=—bppN3+c,nNj — ceNS —b,n,NY P(Np—n+p) np

(1+o,onp)2 1+ 0,0np

N=op+op,oy , (10

+beNp+ ypNyp - 5
1+ oy 1+ 20,04np(n—p)]+n(1l+oponp)

The first terms of these equations account for radiative re- p= 1T— oq opon2(N—p)—N(1+ ogonp)]

combination. The following terms describe the formation dLTb%x P boxNP (11)

(f,) and dissociationd) of free excitons, the capturd)

and emissionlf.) of a free exciton by a neutral donor, and

the capture ¢,) and emission ¢;) of an electron by a P=1+on+opoy

charged and neutral donor, respectively. Together with these

N(Np—n+p) np
(1+ opoyn p)2 1+ opoynp

equations, it is required that (12
with
Np=NZ+Np+ng, (6)
r
— (1 xa(2m2_
whereNp is the total donor concentration in the layer, and P= 2( 1+s(2in)*~1), (13
n=p+ NIJDr , (7) where
_ 2

accounting for charge conservation. Note tNgt is equal to r= 1+agn(1 szoxn ) , (14)
the background doping, only in equilibrium, but not nec- Opox0OdN
essarily under transient conditions. 5

While it is straightforward to formulate Eqél)—(5), their 5= n+agn“—Np (15)

solution is difficult both physically and numerically. All of L0 gn?
the six capture coefficients are, essentially, unknown, an%
their determination remains a formidable challenge for botq
experiment and theory. All we know is that capture pro-
cesses in semiconductors tend to be very much faster thal
recombination processes. This fact has an important cons
guencethe individual populations of all levels decay with a
common lifetimelt also, however, causes the above system _
of differential equations to be stiff, in that the slow process yq;= ycl+axn0[ ¥xlyet 0(No~ o) (7/ 7)1 7d/y°,

of interest disappears in the numerical noise following the 1+ ayne[1+op(Np—nNo)]

initial, rapid process. (16)

The solution of both of these obstacles lies in the experiwhere y.=Bn, and y4=by(Np—n,). It is easily seen that
mental finding of PL lines which, when spectrally integrated, this expression indeed mediates between the limits—y,
represent the sum of Eq&2)—(4) [or alternatively, of Egs. for T—0 and yes— v, for T—o. Note that these limits are
(1), 3)—(5)]. First of all, we may eliminate three of the un- independent of the magnitude of the other rates, contrary to
known coefficients by utilizing detailed balance betweenthe case of uncoupled systems decaying in parallel, where
capture and emission processes, Yieldiffg/d,=o, the rates simply add. Being thus confident that @) is a
=2(E,/RY)expEx/KT)/N,,, b, /be=op=2 exp@Ey/kT)/N;,  sensible approximation, we finally fit it to the experimental
and c,/Ce=04=2expEy/kT)/N;, where Ry and E, data shown in Fig. 3.
=Ry/[1+n/(2ny)] are the exciton binding energies for  The radiative rates and recombination coefficients have
vanishing and finite carrier concentration, respectively, withbeen determined via the relation between oscillator strength
the Mott densityny, =2.2x 10" cm™3.** E4 denotes the do- and radiative rafé and the van Roosbroeck—Shockley
nor binding energy, and the fraction ofE, transferred to a  relation®®respectively. The free parameters of first order in
bound excitonN.,, N¢, andN, are the effective reduced, Eq.(16) area, E4, andNp, the latter of which is separated
exciton, and conduction-band densities of states, respein a temperature-activated fraction given by,
tively. Next, we sum up Eqg2)—(4) which contain the mi- =(\1+404Np—1)/204 and a constant to account for
nority carrier processes, and express the dynamic variablegmpurity-band formation at higher doping levels. Singg
as functions oh only by assuming that quasistationary con- has been derived semiclassically, it approaches unphysically
ditions for all relaxation processes are establisiéd This  short values for low temperatures, causing the calculated
procedure eliminates all explicit capture ternThe resulting  |ifetime to have ashallow) minimum. For improving the fit,
equation reads we thus add two free parameters of second order which ac-

count for the polariton character by allowing the exciton life-
dn/dt=—Z/(N+pP), (8)  time to saturate or even increase with decreasing tempera-
ture. Note that, in contrast to a previous wofkye do not
treat the exciton binding energy as a fit parameter which is
assumed here to be 26.4 meV.
opoxyp(Np—n+p)  by(Np—n+p) 0 The fits obtained are in very satisfactory agreement with
1+ oponp n(1+ opo4np) P the experimental datésee Fig. 3 and return physically rea-
(9 sonable values for the fitting parameters. Unique fits are ob-

ince we are interested in an acti@éie-independentlife-
ime, we finally consider the case ain<<ny, which is also

alized in our experiments. For this condition, E§) re-
uces todn/dt=— ye4n with the common radiative decay
rate of the coupled system

where

Z=|B+ oyt
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tained for samples #3 and #4, yielding valuesasf0.21  excitons largely dissociate, and free exciton recombination
+0.06, E4=30+6 meV, and a total donor concentration of becomes dominant. The coupling between free excitons and
5.6x 10 and 1.9<10'® cm ™3, respectively. About 25% of free carriers is important already at intermediate temperature
this concentration is not activated. In contrast, for samples #1100 K) and determines the slope of the radiative lifetime

and #2 total concentrations of @07 and 1.8 With further increasing temperature. Note, however, that the
X 108 cm 3, respectively, are obtained, with a nonactivatedradiative decay rate is substantially enhanced by the exci-

fraction of over 50%. For both of these samplass about tonic contribution even at room temperature. In particular,

0.1 andE,4 about 18 meV, but with a considerably larger the free exciton transition would spectrally domma_te at room
}emperature for all samples but sample #1, for which screen-

error margin than for samples #3 and #4. Whether the IoweIng by the high electron background largely diminishes the

values fora andE4 are due to different donor species or At ce exciton decav rate. Correspondinaly. donor-to-band
result of donor-band formation at these high doping level o y rate. P gy,
ransitions are of minor importance for all samples but

cannot be decisively answered. In any case, the values ob- le #1 f hich th ) anifi i

tained are well within the range determined by other méans >aMPle #1, for which they constitute a significant contribu-

Finally, the phenomenological correction for the exciton Iife-tlon at intermediate and higher temperatufe80-300 K.

time turns out to be an essentially constant offset of about We are indebted to Bin Yang for MBE growth andden

500 ps for all samples, meaning that the polariton charactedff (Universitd Stuttgary for MOVPE growth. We further-

of the exciton takes over at temperatures below 50 K. more thank Holger Grahn, Patrick Waltereit, and Ferdinand
Finally, the fits allow us to determine the relative contri- Scholz (Universita Stuttgar} for valuable discussions and

bution of the individual recombination channels. At low tem- critical reading of the manuscript. Furthermore, we acknowl-

perature, €20 K) recombination is governed by bound ex- edge partial financial support of this work by the Deutsche

citons for all samples. Between 20 and 50 K, the bound-orschungsgemeinschaft.

1J. J. Hopfield, Phys. ReWl12, 1555(1958. 90. Brandt, B. Yang, H.-J. \lasche, U. Jahn, J. Ringling, G.
2L. C. Andreani and A. Pasquarello, Phys. ReviB8928(1990. Paris, H. T. Grahn, and K. H. Ploog, Phys. Rev58& 13 407
3S. Pau, Z. X. Liu, J. Kuhl, J. Ringling, H. T. Grahn, M. A. Kahn, (1998.

C. J. Sun, O. Ambacher, and M. Stutzmann, Phys. Re%7B 103, s. Im, A. Moritz, F. Steuber, V. He, F. Scholz, and A.

7066 (1998. Hangleiter, Appl. Phys. LetZ0, 631(1997).

“H. B. Bebb and E. W. Williams, ilsemiconductors and Semimet- *O. Brandt, H. Yang, and K. Ploog, Phys. Rev. 3, R5215
als, edited by R. K. Willardson and A. C. Beékcademic Press, (1996.
London, 1972, Vol. 8. 12E |, Rashba, Sov. Phys. Semicor&].807 (1975.

5S. Fischer, D. Volm, D. Kovalev, B. Averboukh, A. Graber, H. C. *0. Brandt, H.-J. Wasche, H. Yang, J. R. Mihauser, R. Klann,
Alt, and B. K. Meyer, Mater. Sci. Eng., B3, 192(1997. and K. H. Ploog, J. Cryst. Growth89/190 790(1998.

6B. Yang, O. Brandt, A. Trampert, B. Jenichen, and K. H. Ploog,**O. Brandt, K. Kanamoto, M. Gotoda, T. Isu, and N. Tsukada,
Appl. Phys. Lett.(to be published Phys. Rev. B51, 7029(1995.

7J. Off and F. Scholzunpublishedl 150. Brandt, inlll-V Quantum System Reseajchdited by K.

8E. lliopoulos, D. Doppelapudi, H. M. Ng, and T. D. Moustakas,  Ploog, Institution of Electrical Engineef$EE), Materials and
Appl. Phys. Lett.73, 375(1998. Devices Series 11Peregrinus, London, 1995p. 70.



