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We have investigated the effects of In doping on the optical properties of GaN films grown by
gas-source molecular-beam epitaxy. Time-resolved photoluminescence was carried out to study the
transient optical properties of the epitaxial films. In comparison to the undoped GaN film, the
spontaneous emission lifetime was prolonged from below 20 to 70 ps by doping with In. Under
high-excitation density, stimulated emission was observed from both samples. The threshold
excitation density was found to be reduced in the In-doped sample. These significant improvements
of the optical properties are attributed to the effective suppression of the formation of the
nonradiative recombination centers caused by a change of the growth kinetics induced by a small
amount of In supplied during growth of the GaN films. © 1999 American Institute of Physics.
@S0003-6951~99!00345-9#
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GaN and related II I–V nitride materials have recently
drawn a great deal of attention mainly because of their pos-
sible applications in light emitting devices operating in the
green, blue, and ultraviolet wavelength regions. InGaN ter-
nary alloys are widely used as the active layer for practical
devices such as blue/green light-emitting diodes1 and violet
laser diodes.2 A further extension to shorter wavelength re-
quires the GaN or AlGaN as active layers. However, devices
realized with these active layers are rare, partly because ma-
terials with wide band gaps energy easily suffer from the
formation of nonradiative recombination centers which may
lead to adeterioration in luminescence efficiency. A solution
to this problem may be to use asurfactant.3 Surfactants are
expected to modify the kinetics of epitaxial growth, therefore
choosing the adequate surfactant could result in the improve-
ment of crystal quality by controlling the surface diffusion
length of the adatoms. Recently, some experimental reports
on In surfactant effects investigated from a viewpoint of
optical,4–6 electrical,6 and growth properties7 have been pub-
lished. Al l those studies showed positive effects of In, sup-
plied on the surfaces during growth, to improve the crystal
quality of GaN.

In this study, we demonstrate the effect of In doping on
the improvement of crystal quality by performing time-
resolved photoluminescence ~TRPL! spectroscopy. Because
the carrier lifetime reflects the concentration of recombina-
tion centers directly, this investigation method provided us
with asensitive probe for detection of nonradiative recombi-
nation centers. The excitation density was chosen in the
range where the corresponding photogenerated carrier den-
sity was around and above the Mott density. This allowed us
to explore the optical properties under a high carrier density
similar to what is found in commercial devices operating
under high carrier injection.

In-doped GaN films as well as undoped films ~both ap-
proximately 0.4 mm thick! were prepared by gas-sourc
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molecular-beam epitaxy ~GS–MBE! on low-temperature
grown GaN buffer/Al2O3 substrate. Details about the growth
procedure can be found in Ref. 4. Both samples have n-type
conductivity with an electron concentration of
1018–1019cm23 at room temperature.6 From the absence of
energy shift of the band edge-related PL emission, the In
incorporation was estimated to be less than 0.1%.4,6 To study
the steady-state PL properties, PL measurement excited by a
He–Cd ~325 nm! laser at 14 K was carried out and spectra
wereshown in the lower part of Figs. 1~a! and 1~b!. Thepeak
at 3.47 eV which is attributed to the neutral donor bound
exciton (I 2)8 was observed for both samples but the PL
emissions related to the impurity or structural defects ~3.43
eV! and the donor to acceptor pair emission ~3.32 eV! were
decreased or absent in the In-doped GaN films. Furthermore,
the intensity of the I 2 emission was enhanced about 60 times
by the In doping. These features are attributed to areduction
of the impurity incorporation and/or a reduced formation of
defects due to a modification of the growth kinetics induced
by an In supply during growth.

To further investigate the effects of In doping, femtosec-
ond TRPL experiments were performed using a Spectra-
Physics mode-locked Ti:sapphire laser followed by a regen-
erative amplifier ~REGEN! operating at 1 kHz. The REGEN
was seeded by a mode-locked 80 fs/800 nm laser pulse. The
output of the REGEN had a photon energy of 1.55 eV, and
was sent to an optical parametric amplifier. An excitation
pulse ~3.79 eV! with a pulse duration of about 200 fs was
obtained after a parametric amplification and a fourth har-
monic generation process. The spot diameter of the excita-
tion pulse on the sample surface was estimated to be 200
mm. Photon counting with a high-speed single-scan streak
camera ~Hamamatsu C5680! was used to detect the lumines-
cence. The overall time resolution including the laser pulse
width and the temporal spread within the monochromator
was ,20ps. Al l the TRPL spectra were detected at 8 K
vertical to the epilayer surface.

Solid lines in Fig. 2 show the time decay profiles of both
9 © 1999 American Institute of Physics
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films at the lowest excitation density. In-doped GaN has
longer lifetime of 70 ps whereas the undoped GaN has the
lifetime of 20 ps. Considering with the improved film quality
observed by continuous wave ~cw!–PL, this increased life-
time strongly indicates that indium supply effectively elimi-
nates the formation of the nonradiative recombination cen-
ters.

FIG. 1. cw excited PL ~lowest spectra! and TRPL spectra at various exci-
tation densities for both undoped ~a! and In-doped ~b! GaN films. The
sample temperature during the cw and the transient PL measurements were
14 and 8 K, respectively. Al l TRPL spectra are normalized.

FIG. 2. Decay profiles of the two different excitation densities. At the low-
est excitation density (Fex) ~solid lines!, the lifetime is clearly prolonged by
In doping. At the higher Fex above the threshold, rapid decrease of lifetime
is observed in In-doped GaN.
Copyright ©2001. A
Figure 1 shows the excitation density (Fex) dependence
of time-integrated PL spectra. Using absorption coefficient
of 1.23105 cm21 ~Ref. 9! and areflection coefficient of 10%
measured at the laser wavelength, photogenerated carrier
density is estimated to be 2.831018cm23 at 16mJ/cm2 exci-
tation density. With the increase of the excitation density,
full width at half maximum ~FWHM! of PL spectra were
broadened. When the excitation exceeded acertain value, the
peak shifted to the lower energy accompanied with narrow-
ing of the FWHM as shown in Fig. 1. The absolute intensity
and the FWHM as afunction of excitation density are plotted
in Fig. 3. A linear increase followed by superlinear increase
of PL the peak intensity can be seen. The break point is
380mJ/cm2 for the undoped and 140mJ/cm2 for In-doped
GaN. Above the breakpoint the lifetime of the In-doped GaN
film shows decrease from 70 to ,20ps as shown by the
dashed line in Fig. 2. For the undoped GaN, a lifetime short-
ening could not be observed because the temporal resolution
of the detection system limited the measurements. These be-
haviors of an abrupt increase of the PL intensity, a rapid
decrease of the FWHM of the PL peak, and the shortening of
the carrier lifetime above acertain excitation density are all
characteristic features of the onset of stimulated emission
~SE!. In our experiment, luminescence was collected from a
direction normal to the sample surface. It is likely that the
observed stimulated emission originates from the light am-
plification during the propagation along the sample surface,
followed by the scattering due to remaining surface
roughness.10–12 In-doped GaN has reduced threshold by ap-
proximately three times in comparison to undoped GaN. This
corresponds reasonably to the longer spontaneous emission
lifetime of In-doped GaN below the threshold since the
longer carrier lifetime requires the lower excitation density
to achieve the population inversion.

FIG. 3. Excitation density dependence of the peak intensity ~upper curves!
and the FWHM ~lower curves! as obtained from TRPL spectroscopy. The
threshold excitation density was found to be approximately 380mJ/cm2 for
undoped and 140mJ/cm2 for In-doped GaN.
ll Rights Reserved.
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After the onset of stimulated emission, the peak energy
shifts to the lower energy and the FWHM becomes broader
as the excitation density is increased. In this excitation re-
gion, the concentration of photogenerated carriers com-
pletely exceeds the Mott density of 831017cm23,13 and
therefore, the electron-hole plasma wil l be responsible for
this stimulated emission. This interpretation is also consis-
tent with the observed relatively large energy separation be-
tween the spontaneous and stimulated emissions ~63 meV for
undoped and 35 meV for In-doped! which cannot be ac-
counted for by the participation of the excitons in the SE
mechanism. The origin of the different redshift observed in
two samples is possibly attributed to the larger self-
absorption and internal losses,13 and the larger band gap
renormalization due to higher carrier density in the undoped
GaN. Further study is required to clarify this point.

In summary, we have reported a prolonged lifetime of
the carriers and a lowering the threshold excitation density
for stimulated emission by doping GaN films with In. The
measurements were carried out by means of TRPL spectros-
copy on GaN grown on sapphire substrates by GS–MBE.
The experimental results were explained by an improvement
in crystal quality caused by the effective suppression of non-
radiative recombination centers due to a modification of
growth kinetics induced by a small amount of In supplied
during the growth.
Copyright ©2001. A
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