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Carrier recombination dynamics in GaN grown by hydride vapor-phase epitaxy has been studied by
means of transient photoluminescence under high photoexcitation conditions that are close to
stimulated emission regime. The luminescence transient featured an exponential decay with the time
constant of 205 ps at room temperature. The transient was shown to be in good agreement with a
model of saturated centers of nonradiative recombination with the trap densitg@f cm 2 and

carrier recombination coefficients ef10°8 cm®/s. In such a regime, the lifetimes of electrons and
holes have a common value of 410 ps. 2003 American Institute of Physics.

[DOI: 10.1063/1.1590736

Formation of high-quality bulk-like GaN layers is of pure HCI over liquid gallium(7 N) at 800 °C. At a growth
great importance since they are used as substrates for furthe@mperature of 955 °C, we obtained a layer thickness of 105
epitaxy of light emitting structures and can facilitate efficientum for a growth time 61 h using 40 sccm HCI. The equi-
light extraction from light emitting diodel? Conventional  librium electron density was estimated to he,=5
heteroepitaxial growth of GaN on low temperature GaN orx 10*® c¢cm™3.

AIN buffer layers deposited on AD; and SiC substrates The sample was excited by the fourth harmofuboton
results in films containing high dislocation densities energyhry=4.66 eV} of the actively-passively mode-locked
(10°-10"° cm™?) due to lattice mismatch between the film yttrium—aluminum—garnet Nid laser (pulse duration of

and the substrate. These threading dislocations affect botﬂqzzo ps, repetition rate 2.7 Hz, maximum pump energy 20
optical and electrical properties and are believed to hindef.J). The size of the excitation spot was approximately 1 mm.
the improving of device performance. The best quality GaNLuminescence was collected in backward geometry and dis-
epilayers are obtained by using homoepitaxial growth ovepersed by a 0.4 m grating monochromator. Toluene optical
bulk GaN crystals:* However, at present, the size and Kerr shutter was used for temporal resoluti@® ps of the
growth rate of the high-pressure crystals are limited. Hydridguminescence. The experiments were carried out at room
vapor phase epitaxiHVPE) offers large growth rates with temperature.

relatively good quality of crystai3® However, optical prop- Figure 1 displays typical time-resolved luminescence
erties under high excitation conditions, which are importantspectra of the HVPE grown GaN for an excitation energy
for establishment of laser and high-power light emitting di-density ofl,=1.2 mJ/cm. The spectra are seen to contain
ode operation regime, are not well investigated in HVPEgne broad emission band peaked in the vicinity of the band-
grown GaN. Recently, we have shown that in hlghly EXCitedgap energ)(~3_4 e\/). The band becomes narrower and red-
GaN, deep-trap saturation can occur and luminescence traghifts with time. Figure 2 displays the time-integrated lumi-
sient can provide a common electron and hole lifetimenescence spectrum and the spectral dependence of the
which is one of the crucial indicators of the materialsjnstantaneous decay time. The luminescence decay time is
quality.” Here we present estimations of carrier lifetime in seen to be strongly dependent on the photon energy with a
HVPE grown GaN under high excitation. ~ highest value at the peak of the luminescence spectrum and a

The nominally undoped GaN film was deposited in adecrease at both the high- and low-energy wings of the band.
home built, horizontal HVPE reactor using a metalorganicthe observed luminescence dynamics is typical of the radia-
chemical vapor depositiotMOCVD)-grown GaN layer e recombination of high-density electron-hole plasma
(~1.9um) on a sapphire substrate as a tempfafae HVPE (EHP)"* that occurs under intense photoexcitation with the
reactor was equipped with a two-zone furnace and operateghcitonic states screened by the carrier systfama thick-
at atmospheric pressure. Nitrogen was used as a carrier 9gasss of the excited region afy~0.1 um? the estimated
(1 sim and NH as a nitrogen precursd#00 sccm. The ijtia| carrier density is-10° cm ™3, i.e., essentially higher
reactor was designed to obtal_n laminar flow and allows miXinan the Mott density®1° Narrowing of the EHP band with
ing of the NH; and the GaCl just above the susceptor. Thejme is due to decrease in carrier density and, predominantly,
GaCl growth species wert situ synthesized by passing que to decrease in temperature of plasma and long-

wavelength optical phonorfs'~*2 Analysis of the high-
3Electronic mail: saulius.jursenas@ff.vu.lt energy wing of the recorded EHP band within a simple one-
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- 10" . 1 FIG. 3. Transient behavior of the luminescence intensity at 3.4 eV photon

3.0 3.2 34 36 3.8 energy for two excitation densitiek,=1.2 mJ/cm and 1,=3 mJ/cn?
(open and solid points, respectivehSolid line, calculated luminescence

Photon energy (eV) intensity; dashed line, calculated carrier densitylfpr 1.2 mJ/cr.

FIG. 1. Luminescence spectra of a HVPE grown GaN film for the excitation

densityl ;=1.2 mJ/cr recorded for backward geometry at different delay The decay rate of the band-to-band luminescence in a

time. The spectra are arbitrarily shifted along the vertical axis. Points, ex- . ductor i lated to th ier lifeti h it

periment; solid lines, calculation. The deduced carrier temperature is ingiSeMmiconauctor is relate .0 ; e .Camer. ! e ime, however, |

cated at each spectrum. depends on the photoexcitation intensity in a complex man-

ner, and rely on several factors such as population of the

particle approact (simulated spectra are shown by lines in capture traps by electrons and holes, plasma heating and de-
Fig. 1) indicates that the carrier temperature reaches a valu@eneration, and various multiparticle interactions.

of 392 K at zero delay and relaxes exactly to the equilibrium ~ To account for the observed luminescence transients,
value in the first 100 ps. It should be noted that owing to aconsider a typical model for spontaneous carrier
small thickness of the excited region, the radiation that estecombinatiof® for ann-type crystal o> po). For simplic-
capes perpendicularly to the surface is mainly due to spority, we assume one dominant type of capture centers with the
taneous emission of EHP. However, laterally stimulateddensityN; and recombination coefficienbg andby, for elec-

emission may also occur resulting in reduced carrier lifetimerons and holes, respectively. Neglecting excitonic effects,
on the initial decay stage. carrier diffusion and photon recycling, the temporal evolu-

Open points in Fig. 3 depict variation of the lumines- tion of the concentration of electrons, holes, and recombina-
cence intensity at the peak position of the emission kant tion cgnters is governed by the following set of differential
eV) for I;=1.2 mJ/cm. The luminescence decay is seen to€equations:

be almost exponential with a time constantrpfy,, =205 ps. _ _ kot

Increased excitation intensityl {=3 mJ/cnt; solid points dn/dt=G(t) b, (An+no)Ap=—ben; (An+no), @
in Fig. 3 results in an occurrence of nonexponential decay dp/dt=G(t)—b,(An+ng)Ap—bynlAp, )
on the initial stage of relaxatiort €100 p3g. However, in the

later stage of the relaxation, the exponential decay yields the dn;/dt=—bgn,"(An+ng)+bynlAp, ©)

same value of the time constant. i )
whereG(t) is the generation rate, p, An, andAp, are the

r | . | . | total concentra}tions apd the excess densities of electrons and
—o—decaytime 7| 290 holes, respectively, with=ny+An andp~Ap; n;” andn?

are the concentrations of the filled and empty recombination
centers, respectively, with,” + n?z N;; andb, is the coef-

luminescence |

4200 —~
72]
] & ficient of bimolecular recombination. The Iluminescence
4 150 GEJ yield due to band-to-band recombination is
1 = |Lum(1)=b, Ap(H[AN(t) + o). (4)
7 100 § In such an approach, depending on the excitation den-

] sity, the luminescence decay transient can be described under
- 50 one of several limiting conditions. For typical asymmetry of
the capture cross sectiofsay,b,,>b,) and a low excitation
intensity (Ap<Nj,) the traps are almost emptg{ <N,), the

3.2 3.4 36 hole density decays with a time constapt= (b,N,) "%, and

the electron density varies much slower. This results in an
exponential luminescence decay with a time constant of

FIG. 2. Time-integrated luminescence spectrum of HVPE grown GaN film7LUM ~ 7h - At higher excitation intensitiesAp>N;, An
(line) and spectral dependence of the instantaneous decay(fiivires. >ny), the traps are saturated by hole'é’{é N;) and the car-

Luminescence intensity (arb. units)

Photon energy (eV)
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rier recombination is controlled by the electron capture timetemporal dependence of the electron density that proves the
7= (beN;) ! provided that the bimolecular recombination high-excitation condition&n>N,,n,) to be safely satisfied.
rate is negligible b, n<b.N;). Since holes are captured only In conclusion, temporal evolution of dense EHP recom-
by empty traps, the hole lifetime is increased up to the elecbination was studied in a HVPE grown GaN epilayer under
tron lifetime. This means that EHP can be characterized by high-excitation conditions close to the carrier degeneration
common carrier density~p and a common lifetimer,  threshold =10 cm™3). The luminescence decay tran-
~71,. Consequently, Eq(4) yields an exponential decay sient was shown to be in good agreement with a model of
with a time constant of yy = 7./2. With further increase of saturated centers of nonradiative recombination with the trap
the plasma density whelmn.>bN,, the luminescence de- density of ~10' c¢cm 2 and carrier recombination coeffi-
cay becomes nonexponential and plasma-density dependentents of~10"8 cm?/s. In such a regime, the luminescence
Since the observed exponential luminescence decay ratkecay time of 205 ps yields a common lifetime of 410 ps for
is almost independent of the excitation density, to account foboth electrons and holes. This value is smaller than in ho-
the experimental results one should chose between two higlmoepitaxialy grown samples, but it is considerably higher
excitation limiting regimes of either unsaturated or saturatedhan in high quality MOCVD grown epilayers grown on
traps'® In the unsaturated-trap regime, the concentration osapphirée’. This suggests high potential of HVPE grown GaN
the traps should be in the range of4@m 3 to preserve the for short-wavelength optoelectronics applications.
condition Ap<<N;. Consequently, the hole recombination ) , ) )
coefficient should take a value below<0 2 cm 3. For The research at Vilnius University was partially sup-
the room-temperature thermal velocity of holes in GaNpor_ted by the Lithuanian Stat_e _Science and Education Foun-
(=10’ cm/s, this yields a hole capture cross section belowdation and European Commission supported SELITEC cen-
10718 cm™3. For electrons, the capture cross section should€" Contract No. GSMA-CT-2002-04047. A.Acknowledges
be even smaller£10 %° cm 3) because of the condition the Lithuanian Ministry of Education and Science for his

be<by, and a higher thermal velocity. These cross section&€llowship.

are of 3—4 orders smaller than typical cross sections of point

defects 10 cn?) and are difficult to explain even by 's. Nakamura and G. FasoThe Blue Laser Diode: GaN Based Light

high barriers caused by configuration and repulsive Coulomb,Emitters and Laser¢Springer, Berlin, 199y _ _

potential, since, typically, tunneling through the barriers al- fi'g r?tlijnk;?vsvl?@ klﬂéwsifosr:ug’oggd R. Gashatroduction to Solid-State

low no decrease of the capture cross sections by more thas: kirchner, v. Schwegler, F. Eberhard, M. Kamp, K. J. Ebeling, K. Ko-

two orders. rnitzer, T. Ebner, K. Thonke, R. Sauer, P. Prystawko, M. Leszczynski, I.
Much more realistic picture appears under assumption ofAfAfogOW' a”dka-BPCgOWSk'v Atppé- "D:hys- ge«'tt‘;, %/89%1999# otk T

_ . _M. €SzCzynskKl, b. beaumont, E. Frayssinet, . Knap, F. Prystawko, I.

the saturated-trap regime. Now, to account for the expongn Suski, I. Grzegory, and S. Porowski, Appl. Phys. L@, 1276(1999.

tial decay on Fhe very IaFe stage of the observed relaxatiorsg. E. Bunea, W. D. Herzog, M. S.nlli, B. B. Goldberg, and R. J. Molnar,

when the carrier density is around*¥0cm™3, the trap den- APl Phys. Lett75, 838(1999.

sity should not exceed 10'" cm™ 2. This yields an electron 72- VJV G5 T(a”ff_‘;”‘é S L iam. A;pk'- Phlzm 1§9§(20t0]>-k "

. . . . —8 —3 . Jurgnas, . Kurilgk, . KRuriiciK, A. ZukKauskas, P. Prystawko, .
r?combmatlon coefficient of at I_eaSt.X]lO Cm and Leszczynski, T. Suski, P. Perlin, I. Grzegory, and S. Porowski, Appl. Phys.
higher values for the hole recombination coefficient. For the Let. 78, 3776(2002.
room-temperature thermal velocities, these values are ir?V._ Kirilyuk, P. R. Hageman, P. C. M. Christianen, P. K. Larsen, and M.
good agreement with the capture cross sections of the ordeyZielinski, Appl. Phys. Lett79, 4109(2001.

1015 or? and hi her(hi her values of the capture cross F. Binet, J. Y. Duboz, J. Off, and F. Scholz, Phys. Re%®4715(1999.

) g_ : g p 1035, Hess, R. A. Taylor, J. F. Ryan, B. Beaumont, and P. Gibart, Appl. Phys.
sections are plausible in GaN because of the presence ofiett. 73, 199(1998.
extended defects such as threading dislocatidrise in Fig. EJ F. Muler and H. Haug, J. Lumin37, 97 (1987. _ _
3 depicts the results for the luminescence transient simula—E'hCé MRe;VeSBelsl' gzigr(‘i‘g%' J. G. P. Ramos, R. Luzzi, and R. C. C. Leite,
. . - e o o . Rev. Bl1, .
tion with b,=1x10 cr’/s andbp—1><10 ) cm’/s. A 183, Jurénas, G. Kurilik, and A. Zukauskas, Phys. Rev. B8, 12937
value of 3x 10! cm®/s was used for the bimolecular re- (1998.
combination coefficientan average of the data reviewed in '“G. Lasher and F. Stem, Phys. R&83 553 (1964).

) : : : 150. Brandt, J. Ringling, K. H. Ploog, H.-J. Wache, and F. Henneberger,
Ref. 17. To fit the exponential decay with the experimental Phys. Rev. B58, R15977(1998.

points, the density of traps was set to a valueNp=2.1 165 ‘randt, H. Yang, and K. H. Ploog, Phys. Rev58 R5215(1996.
x 10" cm™3. Dashed line in Fig. 3 shows the calculated ’A. Dmitriev and A. Oruzheinikov, J. Appl. Phy86, 3241 (1999.



