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Transient photoluminescence of defect transitions in freestanding GaN
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Samsung Advanced Institute of Technology, P.O. Box 111, Suwon, Korea

(Received 5 February 2001; accepted for publication 7 March 2001

Deep level defects responsible for the 2.4 eV photoluminesc@tigeband in a freestanding GaN
template were studied by transient photoluminescence. A nonexponential decay of PL intensity
observed at low temperature is attributed to a donor—acceptor pair recombination involving a
shallow donor and a deep acceptor. At room temperature, a single-exponential PL decay with a
lifetime of 30 us was observed at the high-energy side of the band, whereas the second component
with a lifetime of about 75Qus was detected at the low-energy side of the band. The PL decay and
transformation of the PL spectrum at room temperature can be explained by transitions from the
conduction band to two deep acceptors. Electron-capture cross section has been estimated as 4
X 10 2t and 10 ° cn? for the yellow and green bands, respectively, contributing to the broad 2.4

eV band. ©2001 American Institute of Physic§DOI: 10.1063/1.137011]9

Yellow luminescencéYL) remains the most controver- the freestanding templatdorming the interface with sap-
sial object affecting optical properties of GaN. YL is a broadphire) was only mechanically polished, whereas the Ga face
band with a maximum at about 2.1-2.4 eV, which is univer-was polished and dry etched to a smooth “epiready” sur-
sally observed im-type wurtzite GaN. The exact position of face. The thickness of the GaN template was about/200
this band and its full width at half maximu®WHM) differ ~ The concentration of free electronsgj and their mobility
slightly in numerous publications. Several attempts to de{u,), obtained from the Hall effect measurements at room
scribe this band as a point defect subject to strong electrontemperature, are 1:810'® cm™2 and ~1200 cnf V~!s™%
phonon coupling have been matié.However, variation of respectively. PL was excited either with a cw He—Cd laser
position and shape of the YL band in different studies sug{photon energy 3.81 eVor a pulsed nitrogen las€# ns
gests that several point defects can contribute to this emigulses with 20 Hz repetition and photon energy of 3.68.eV
sion. Transient photoluminescen@®l) is helpful in the de-  The spectra were analyzed with a SPEX grating monochro-
termination of defect properties and sometimes it provides @ator with a Hamamatsu photomultiplier tube R955. Neutral
key for defect identification. There is major controversy be-density filters were used to attenuate the excitation density.
tween the transient PL decay times measured by differenthe pump density was in the range of £6-1 Wicn? for
research groups for YL. For example, Hoffmahal? and  cw excitation and~10°—10* Wi/cn? for pulsed excitation.
Korotkov et al” reported nonexponential decay of the YL in The temperature of the sample investigated varied from 15 to
the range 10'-1C® us at cryogenic temperatures. This de- 295 K with the aid of a closed cycle cryostat.
cay was quantitatively described in the Thomas—Hopfield To elucidate the mechanism of the radiative recombina-
modef of the donor—acceptor paiDAP) recombination. A tion and carry out a quantitative estimation of the radiative
very long lived emission with maximum at 2.35 eV and de-capture cross section, we analyzed the temperature depen-
cay time of about 300 ms at 10 K has been observed by Seigence of the electron concentration and mobility. From the
etal’ In contrast, very fast decay of the YL has been re-fit of the temperature dependence of the electron mobility,
ported in Refs. 8 and 9. A decay time of about 1 ns wasaccounting for applicable scattering mechanisms, we have
observed 82 K and related to strong contribution of free-to- estimated” the upper limit of the total acceptor concentration
bound transition§.Even a faster decay at room temperature ;g pe 2.4< 10*® cm—2. The concentration of a shallow donor
20 ps, has been reported by Hagtgal® and attributed to the  ang its activation energy have been calculated as 1.6
DAP recombination. X 10" cm~2 and about 26 meV, respectively, from the tem-

In this letter, we report on a study of time-resolved PL in perature dependence of the free electron concentration. Note
a freestanding GaN with very low concentration of pointyiso that the electron concentration decreased from 1.3
defects. The decay of the broad PL band with a maximum a{; 1416 tg ~10'2 cm3 as the sample temperature varied
about 2.4 eV has been analyzed at different temperatures agdym 273 to 25 K, whereas the concentration of the shallow
several recombination mechanisms were considered. donor in neutral staté\p , increased from about:$10™ to

_Thick GaN layers were grown by hydride vapor phase; 3x 106 ¢m~3in this temperature rang8From these Hall
epitaxy on c-plane sapphire substrate and then thermallystrect data, we expect that the DAP-type transitions involv-
separated from the substrate by a laser beam. The N face pfy 3 shallow donor dominate at low temperatures due to the
extremely low concentration of the equilibrium electrons in
@E|ectronic mail: mreshchi@saturn.vcu.edu the conduction band. On the other hand, the free-to-bound
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FIG. 1. Normalized intensity decay of the 2.4 eV band at 15 K. The solid!G- 2. Steady-state PL Sp%Ct“('*_Delid curve ?”d transient PL spectrum
curves are calculated using E@) with the following parametersa, =25  (Points for time delays of 107, 10", and 10 s at 15 K. All spectra are
A; Np=1.6x10" cm™2 andW,,, as noted near the curves. normalized to their respective maxima.

transitions(eA transitiong may become dominant at room range of 15-7Qus is still faster than the theory. The later
temperature since the concentration of free electrons substamay evidence that some alternative recombination mecha-
tially exceeds the concentration of the neutral donors. nism contributes to the low-temperature emission. Note that

Steady-state PL spectrum measured at 15 K exhibited Wmax in our fit is much larger than that obtained for the YL
set of sharp peaks in the excitonic region with the highesband by Hoffmaret al.(2.5x 10" s™%),* and Korotkovet al.
peak being at 3.471 e¢FWHM=1.0 me\j and two defect- (1.6X10° s™1).°
related bands. The excitonic transition has been attributed to  To be sure that the obtained decay is related to one PL
a neutral shallow donor bound exciton. The two defect-band only, we have measured the PL spectrum for time de-
related bands comprise a broad green band with a maximutays (t) up to 10us and compared it with the steady-state PL
at about 2.4 eV and the so-called shallow DAP band with thespectrum(Fig. 2. Evidently, the same ban@reen contrib-
main peak at 3.255 eV. The shallow DAP band exhibited aites to the decay in the range of 0.1-1€ No energy shift
transformation to theeA band in the temperature range of the band has been observed to an accuracy of 30 meV.
25-50 K, from which the ionization energy of the shallow This is consistent with the assertion that the DAP transitions
donor has been estimated as 27.5 méV. involve a shallow donot?

The PL intensity decay of the 2.4 eV band at 15 K is ~ With increasing temperature, the decay curve ap-
shown in Fig. 1. It is nonexponential with an instantaneougroaches an exponential one and the PL lifetime increases.
lifetime increasing from about 1 to 2@s with time delay. A Finally, the room temperature decay is exponential up to 100
very similar decay was observed when the excitation intenus with a characteristic time of about 3@s (Fig. 3). For
sity was varied about 3 orders of magnitude. We have attriblonger time delays, we also observed a much slower second
uted the nonexponential decay of the DAP-type recombinacomponent of the PL decaffig. 3). The slow component
tion as described in the Thomas—Hopfield mdtehere the  could be detected at photon energies betef5 eV and the
radiative recombination raté/ depends on the donor and spectrum for long time delays revealed the yellow band with
acceptor separatioR, the maximum at about 2.1 efig. 4). Previously, two bands

2R> with their maxima at about-2.15 and 2.43 eV have been

W(R) =Wmaxexp( -
ap

D

whereW,,,, is the transition rate in the imR—0 anday, is 10
the Bohr radius for the donor. We have estimatgd-25 A

for the shallow donor in the effective mass approximation.
Then the PL intensity decal(t) after the pulse excitation
was fitted by the Thomas—Hopfield expresSion

I(t)=47Np f W(R)e"WRIR2gR
0

PL Intensity (a.u.)

X

exp[mrNDF(eW<R>t—1)R2dRH, (2
0

10

10° 10
where Np is the donor concentration and was taken to be Time {usec)
1.6x10' cm™3, and the only fitting parameter Wal/ ..
The set of calculated curves with differewt,,,, demon-
strates that the best fit fo‘r a time delay below/A$is ob- o exponential decay with time constants of 88 (1) and 75Cus (2). The
tained with W,,~10'° s™* (Fig. 1), yet the decay in the solid curve represents the sum of curégsand (2).

FIG. 3. Normalized PL intensity decay of the 2.4 eV band at room tempera-
ture at photon energies of 2.0 and 2.5 eV. The dashed-line fits are indicative
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120 T ] centrations and different capture characteristics. However,
T=204K i our data alone are not sufficient for identification of the de-
100 - o DDDDD .1 7] fects responsible for the yellow and green bands in the stud-
. e ied sample.
80 | 0 1000 ] In conclusion, the transient decay behavior of the broad

—ssPL ] PL band with a maximum at about 2.4 eV in freestanding
GaN template at different temperatures was reported. At
temperatures below 40 K, the decay is nonexponential and
has been explained in the framework of the Thomas—
Hopfield model for DAP-type recombination involving shal-
low donors. At elevated temperatures, the decay becomes
] exponential with two components revealing fast recombina-
s T, 25 N tion (30 us) of the green band and slow recombinati@s0

Photon Energy (eV) wns) of the yellow band. We attribute the room-temperature

_ _ emission to transitions from the conduction band to two deep

(Fp'g'ntg fitre?riﬁsézfzyz"Ofs‘i%%t’“]'s_‘g_'[—f? Cfgl’s 2?1(:1 t{%”f':rgtzgjfcgﬁm acceptors. The electron-capture cross section by acceptors
spectra are normalized to their respective maximum. responsible for the yellow and green bands was deduced to
be about 4 10 2 and 10°*° cn?, respectively.
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