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Visible light emission from GaAs nanocrystals in SiO2 films fabricated
by sequential ion implantation
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We have studied the mechanism of visible photoluminescence~PL! in GaAs nanocrystals in SiO2 matrices
formed by sequential ion implantation and thermal annealing. GaAs nanocrystal samples with the average
diameter of;6 nm show a broad PL in the red spectral region. The PL peak energy of GaAs nanocrystals is
blueshifted from that of the bulk GaAs crystal. Under resonant excitation at energies within the red PL band,
the fine structures related to the LO phonon of the GaAs crystal are clearly observed in the PL spectrum at low
temperatures. The excitation energy dependence of resonantly excited PL spectra shows that there are two
different components of GaAs-related luminescence. In addition, in persistent luminescence hole-burning
spectra, a pronounced hole is observed at the energy of the burning laser. The hole burnt in the luminescence
spectrum has two structures related to the zero-phonon-line emission and the one-LO-phonon-assisted emission
of delocalized excitons in GaAs nanocrystals. From resonantly excited PL spectra and luminescence hole-
burning spectra, it is concluded that visible luminescence comes from both delocalized excitons and excitons
bound to impurities in quantum-confined GaAs nanocrystals.
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I. INTRODUCTION

Semiconductor nanocrystals or quantum dots of si
comparable to or smaller than the exciton Bohr radius
bulk materials are attracting much attention from the fun
mental physics viewpoint.1 Size-dependent optical and ele
trical properties of nanocrystals open a new field of mater
physics and applications including light-emitting diodes, a
single-electron transistors. Recent advances in control
and characterizing semiconductor nanocrystals have ge
ated considerable interest in exploring new synthesis te
niques. A number of different techniques have been de
oped to synthesize semiconductor nanocrystals, includ
colloidal particles, gas-phase condensation, molecular b
epitaxy, and electrochemical etching.1,2 One of the most ver-
satile techniques for nanocrystal fabrication involves hig
dose ion implantation.3,4 In this method, almost any ions ca
be implanted into any solid substrate and thermal annea
leads to precipitation of nanocrystals from supersatura
solid solutions. The nanocrystal size and structure can
controlled by changing the ion dose, the kinetic energy
ions, and the annealing temperature.3,4

Very recently, it has been demonstrated that compo
semiconductor nanocrystals in dielectric matrices are form
by sequential ion implantation.5,6 For example, light-emitting
GaAs nanocrystals are fabricated in amorphous matr
such as SiO2 films.6 For the study of GaAs nanocrystals
quantum dots, the embedded quantum structures have
usually used, e.g., GaAs in AlxGa12xAs.2 In these embedded
structures, electronic properties of the AlxGa12xAs barrier
material strongly affect those of the GaAs/AlxGa12xAs
quantum systems. When the GaAs nanocrystal beco
small, the quantum-confinement effect pushes theG-like
PRB 620163-1829/2000/62~8!/5100~9!/$15.00
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conduction-band state of GaAs above theX-like conduction-
band state of AlxGa12xAs, leading to an indirect band
system.7 The high-barrier material is needed for the study
optical properties of the very small GaAs nanocrystal itse
SiO2 has been used as a barrier material for a variety
semiconductor nanocrystals and has some advantages
cause SiO2 is a high confinement barrier for electrons a
holes and has chemical and mechanical stability.1 In addi-
tion, semiconductor nanocrystals embedded in SiO2 matrices
with low dielectric constants offer attractive options:~i! The
total capacitance of nanocrystal systems decreases an
single-electron effects appear even at high temperatures~ii !
Nanocrystal/SiO2 structures have a potential for applicatio
to optical waveguides and photonic devices.

In this paper, we have studied photoluminescence~PL!
properties of GaAs nanocrystals formed by Ga1 and As1

implantation into SiO2 films followed by thermal annealing
In the sample annealed at 900 °C for 60 min, GaAs na
crystals with;6 nm diameter are formed in SiO2 films. A
broad PL due to GaAs nanocrystals is observed in the
spectral region. From pico- and nanosecond PL dynam
resonantly excited PL, and luminescence hole-burning
periments, it is concluded that the red PL band is due
free-exciton and bound-exciton emission in GaAs nanocr
tals. The luminescence mechanism of GaAs nanocrys
will be discussed.

II. EXPERIMENT

Sequential ion implantation followed by thermal anne
ing was used to form GaAs nanocrystals in SiO2 films. As
ion implantation often introduces structural damage in
SiO2 matrices, thermal annealing is very important for t
formation of GaAs nanocrystals and the reduction of defe
5100 ©2000 The American Physical Society
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as nonradiative recombination centers. In this work, we tr
to fabricate GaAs nanocrystals showing visible light em
sion by changing annealing temperature and annealing t

Ga1 ions were first implanted and then As1 ions were
implanted at 75 keV into the 100-nm SiO2 on ~100! crystal-
line Si substrates. The doses of Ga and As ions wer
31016 and 231016cm22, respectively. The peaks of im
planted Ga and As ions match both spatially and in conc
tration. Subsequent annealing in vacuum resulted in prec
tation of GaAs nanocrystals. We have performed isochro
and isothermal annealing experiments in order to enhance
intensity from samples. For a fixed annealing time of 10 m
the annealing temperature was varied between 800
1100 °C. For a fixed annealing temperature of 900 °C,
annealing time was varied between 0 and 300 min.

For visible and near-infrared PL measurements, a 488
Ar-ion laser was used as an excitation source and the
signals were dispersed by a 27-cm monochromator and
tected by a Ge diode detector or a cooled charge-cou
detector~CCD! camera. For resonantly excited PL and v
ible PL measurements, a wavelength-tunable Ti:Al2O3 and a
dye-laser system were used, and the PL spectra were
sured by a 50-cm double-grating monochromator and
tected by a photomultiplier. Time-resolved PL spectra w
measured using a streak camera. The spectral sensitivi
the measuring system was calibrated using a tungsten
dard lamp. The samples were mounted on the cold finge
a temperature-variable closed-cycle He gas cryostat du
the measurements.

III. RESULTS AND DISCUSSION

A. Thermal annealing and photoluminescence spectrum

In order to clarify the correlation between PL spectra a
annealing conditions, we studied PL spectra of annea
samples in the visible and near-infrared spectral region.
implanted samples show a very weak and broad PL b
near 2.3 eV.8 In as-implanted samples, no GaAs nanocryst
exist. Similar PL has been observed even in Si1- or
Ge1-implanted SiO2 samples.9 The;2.3-eV PL is due to the
radiative defect centers in the SiO2 film. However, after ther-
mal annealing at high temperatures, the;2.3-eV PL band
disappears and a new PL band appears in the red spe
region. The red PL intensity depends on the thermal ann
ing condition.

Figure 1 shows PL spectra of samples as a function of
annealing temperature for a fixed annealing time of 10 m
The PL spectra were measured by a cooled Ge detector u
2.540-eV laser excitation at 14 K. For the unannealed~as-
prepared! samples, the PL band is not observed in the
and infrared spectral region. The red PL is clearly obser
in samples annealed at 900 and 1000 °C. For lower or hig
annealing temperatures, the red PL band does not appea
addition to the red PL band, the samples show some
bands in the near-infrared~1–1.4-mm! spectral region. From
the temperature dependence of the PL intensity,8 it has been
concluded that the near-infrared PL bands in the 1–1.4-mm
region are due to radiation damage centers in the
substrate10,11 and the Ga-vacancy–Si complexes in Ga
nanocrystals.12
d
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Figure 2 shows PL spectra of samples as a function of
annealing time for a fixed annealing temperature of 900
For samples annealed longer than 120 min, the red PL is
observed. At lower annealing temperatures or shorter ann
ing times, GaAs nanocrystals are not formed in the sam
At higher annealing temperatures or longer annealing tim
it is speculated that the evaporation of As occurs as discu
in Ref. 13. Therefore, red luminescence is observed in
samples annealed at 900 °C for 10–60 min. The PL inten
of Ga1- and As1-implanted samples~compound semicon-
ductor samples! is sensitive to the annealing condition, com
pared to the case of Si1- or Ge1-implanted samples~elemen-
tal semiconductor samples!.9

In the samples showing red PL, the presence of nanoc
talline GaAs was verified from lattice images of hig
resolution electron transmission micrographs~TEM!. As an
example, Fig. 3~a! shows the TEM image of the sample a
nealed at 900 °C for 60 min. After thermal annealing, Ga
nanocrystals appear in the sample. The size distribution

FIG. 1. PL spectra of samples in the red and near-infrared s
tral region under 488-nm laser excitation at 14 K as a function
the annealing temperature for a fixed annealing time of 10 min

FIG. 2. PL spectra of samples in the red and near-infrared s
tral region under 488-nm laser excitation at 14 K as a function
the annealing time at a fixed annealing temperature of 900 °C.
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5102 PRB 62YOSHIHIKO KANEMITSU et al.
GaAs nanocrystals determined from TEM observations
shown in Fig. 3~b!. The size distribution is approximatel
described by a log-normal function,14 as shown by the solid
line in Fig. 3~b!. The average size of GaAs nanocrystals
estimated to be about 6.3 nm. There is a good correla
between the red PL band and the presence of GaAs n
crystals. Hereafter, we will discuss the luminescence pro
ties of GaAs nanocrystals in SiO2 matrices and the mecha
nism of the red PL by using the sample annealed at 900
for 60 min.

Figure 4 shows, in more detail, a global PL spectrum
the sample annealed at 900 °C for 60 min in the visible a
near-infrared spectral region at 7 K. The PL spectrum w
measured by a cooled Ge detector and a cooled CCD ca
under 2.540-eV laser excitation. The peak energy of the
band ~;1.6 eV! is above the exciton energy of bulk GaA
crystal at 7 K~;1.515 eV!. Therefore, one is led to believ
that the quantum-confinement states of GaAs nanocrys
are one of the origins of red PL. However, the broad lum
nescence band of GaAs nanocrystals can be divided into
Gaussian bands~broken lines in Fig. 4!: the high-energyF
band and the low-energyB band. The red luminescence ma
share different origins.

FIG. 3. ~a! Transmission electron micrograph~TEM! image of
the sample annealed at 900 °C for 60 min.~b! The size distribution
of GaAs nanocrystals determined from the TEM image. The in
shows the theoretical calculation of the size dependence of the
citon energy in GaAs nanocrystals~the data are reproduced from
Ref. 15!.
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As shown in Fig. 3~b!, the size distribution of GaAs
nanocrystals can be described by the log-normal funct
Using the solid line in Fig. 3~b!, we can estimate the free
exciton emission spectrum of the sample. Here, we ass
the PL efficiency does not depend on the nanocrystal
and we use the theoretically calculated results in Ref. 15
the relationship between the nanocrystals size and the e
ton energy. The size dependence of the exciton energ
GaAs nanocrystals is illustrated in the inset of Fig. 3~b! ~the
data are reproduced from Ref. 15!. The calculated exciton
energy spectrum for our sample is shown by a thin so
curve in Fig. 4. The spectral shape of theF band is consisten
with that of the calculated exciton energy spectrum. The
fore, it is believed that theF band is due to the delocalized
exciton ~free-exciton! emission in quantum-confined GaA
nanocrystals whose band-gap energy is blueshifted from
of bulk GaAs crystal. However, the low-energyB band can-
not be explained by the free-exciton emission from Ga
nanocrystals. In the following sections, we study the orig
of the F andB bands by means of time-resolved PL spec
measurements and resonant excitation spectroscopy.

B. Photoluminescence decay dynamics

In the previous section, we showed that there is a go
correlation between the appearance of the red PL band
the presence of GaAs nanocrystals and that the red PL b
in the sample annealed at 900 °C for 60 min can be divid
into two Gaussian bands~the F and B bands!. In order to
discuss the origin of theF andB bands, we have studied P
decay dynamics in the pico- and nanosecond time regio
low temperatures.

Figure 5 shows PL decay profiles at different emiss
energies@~a! 1.878,~b! 1.721,~c! 1.653, and~d! 1.549 eV#
under 3.10-eV and 1.1-ps laser excitation at 10 K. The
decay curves show nonexponential and they are appr
mately fitted by three exponential components~solid curves
in the figure!. Since the decay profiles,I (t), have essentially
the same nonexponential shape at different emission e
gies, the mean PL lifetime,tPL , is defined by16

t
x-

FIG. 4. PL spectra of GaAs nanocrystals in SiO2 matrices under
2.540 eV at 7 K. The full PL spectrum can be divided into tw
Gaussian bands~broken curves!. The free-exciton emission spec
trum of GaAs nanocrystals~the thin solid curve! is calculated from
the size distribution and the size dependence of the exciton en
in Fig. 3~b!.
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tPL5
1

I 0
E I ~ t !dt,

where I 0 is the initial PL intensity just after pulsed lase
excitation.

The mean lifetimes,tPL , are very sensitive to the emis
sion photon energy, and they are summarized as a func
of phonon energy in Fig. 6. The lifetime is;20 ns in theF
band, while the lifetime is longer than;50 ns in theB band.
The PL dynamics experiments show that the origin of theF
band is different from that of theB band. In addition, these
PL lifetimes in GaAs nanocrystals are longer than those
the free-exciton emission in bulk GaAs crystal, on
dimensional~1D! GaAs wires,17 and 2D GaAs wells.18 The
slow and nonexponential PL decay curves have been usu
observed in other nanocrystal systems such as CuCl~Ref.
19! and CdSe~Refs. 20 and 21!.

In small nanocrystals, the exciton exchange energy
creases with a decrease of the nanocrystal size.22 The lowest
excitonic state is split due to the exchange interaction
tween holes and electrons. The lower level is the optica
forbidden state and the upper level is the optically allow
state. This exciton exchange splitting is one of the candid

FIG. 5. PL decay dynamics in GaAs nanocrystals in SiO2 ma-
trices at 10 K for different phonon energies:~a! 1.878,~b! 1.721,~c!
1.653, and~d! 1.549 eV. The PL decay profiles were measur
under 3.10-eV, 1.1-ps laser excitation.

FIG. 6. PL lifetime~s! and the LO-phonon related PL intensi
~d! as a function of the photon energy. The PL lifetime was m
sured under 3.10-eV, 1.1-ps laser excitation at 10 K. The PL l
time in theB band is longer than that in theF band. The PL inten-
sity increases under resonant excitation at energies within thF
band.
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for the origin of the long lifetime and nonexponential P
decay in nanocrystals.21 However, the exciton exchang
splitting of GaAs nanocrystals is small, compared to the c
of CdSe nanocrystals.22 In particular, in our 6-nm GaAs
nanocrystals, the exciton exchange splitting is estimated
be negligibly small. This consideration is supported by t
luminescence hole-burning experiment as will be shown
the Sec. III D. Therefore, it is believed that the long PL lif
time and the nonexponential PL dynamics in GaAs na
crystals are caused by the shallow-trap and/or impu
states, rather than the formation of optically forbidden ex
tonic states in nanocrystals.21,23The long PL lifetime and the
lower-energy PL below the band-gap energy of GaAs na
crystals suggest that theB band is due to localized exciton
in shallow-trap and impurity states in GaAs nanocrystals

C. Resonantly excited luminescence

Under blue or green laser excitation~nonresonant excita
tion!, the samples show broad luminescence even at
temperatures, as shown in Fig. 4. The global PL spectrum~or
nonresonantly excited PL spectrum! contains contributions
from all nanocrystals and other luminescent centers. T
broad PL spectrum is due to the sample inhomogene
such as the size distribution and impurities in nanocryst
These sample inhomogeneities are the origin of nonexpon
tial PL decay. As in many inhomogeneously broadened s
tems, resonant excitation results in fluorescence line narr
ing ~FLN! in nanocrystal samples.21,23,24 The resonantly
excited PL spectra~FLN spectra! are sensitive to the natur
of the band-edge structure and the trap state.23,24 Resonant
excitation spectroscopy is one of powerful methods used
obtain intrinsic information from inhomogeneously broa
ened spectra.

Under resonant excitation at energies within the PL ba
we can observe fine structures in PL spectra at low temp
tures. Figure 7 shows resonantly excited PL spectra at 7 K
the sample annealed at 900 °C for 60 min. The excitat
laser energies are shown in the figure. A sharp PL p
marked by a solid circle appears in the resonantly excited
spectra. The energy difference between the sharp peak
the excitation laser is;36–37 meV. The observed energ
difference agrees well with the LO-phonon energy of bu
GaAs crystal~36.5 meV!.25 In addition to this sharp peak
broad PL spectra with multipeak structures are observe
the lower-energy side of excitation laser energies; as an
ample, the PL spectrum under 1.745-eV excitation. Here,
define the luminescence Stokes shift as the energy differe
between the PL peak and the excitation laser.

The luminescence Stokes shifts are summarized, a
function of the excitation laser energy, in Fig. 8. There a
two different components: One is the excitation-energ
independent PL peak~d in Fig. 8! and the others are th
excitation-energy-dependent PL peaks with large Sto
shift ~s, n, andh in Fig. 8!. The energy intervals betwee
the peaks~solid lines in Fig. 8! are almost equal to the GaA
LO-phonon energy.26 The lower-energy peaks~n andh! are
LO-phonon replicas of the high-energy peak~s!. These
resonantly excited PL spectra show that two different orig
are related to GaAs nanocrystals.

The LO-phonon-assisted PL intensity depends strongly
the excitation photon energy. The PL intensity at the sh
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peak ~d in Figs. 7 and 8! is plotted as a function of the
excitation energy in Fig. 6. The LO-phonon-related peak
pears when the excitation laser energy is higher than
band-gap energy of the bulk GaAs~;1.51 eV!. The GaAs
LO-phonon-assisted PL intensity increases dramatic
when the excitation energy is within theF band. This PL
excitation spectrum shows that the sharp PL peak co
from the photoabsorption state under resonant excitat
The excitation-energy-independent PL peak~d in Fig. 8! is
due to the one-LO-phonon-assisted luminescence of free
citons.

Resonantly excited PL spectra~FLN spectra! show that
there are two different components of GaAs-related lumin
cence. It is concluded that theF band is due to the
delocalized-exciton~free-exciton! emission in GaAs nano

FIG. 7. PL spectra of GaAs nanocrystals in SiO2 matrices under
various excitation energies at 7 K. The excitation laser energies
shown in the figure. Fine structures related to the LO phonon
GaAs nanocrystals are observed under resonant excitation at
gies within theF band.

FIG. 8. Luminescence Stokes shifts as a function of the exc
tion energy. There are two different components of luminescen
One is the excitation-energy-independent PL band~d! and the
other is the excitation-energy-dependent PL band with a la
Stokes shift~s, n, and h!. The energy intervals between sol
lines are equal to the LO-phonon energy of the GaAs crystal.
-
e
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es
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crystals and theB band with GaAs LO-phonon replicas i
due to localized-exciton emission in shallow-trap states
GaAs nanocrystals.

D. Phonon-assisted luminescence and luminescence
hole burning

In the previous section, it is shown that LO-phono
assisted luminescence is clearly observed in GaAs nanoc
tals under resonant excitation at low temperatures. In
section, let us discuss the origin of phonon-assisted lumin
cence in GaAs nanocrystals.

It has been theoretically predicted that a small Ga
nanocrystal becomes an indirect-gap semiconductor and
lowest optical transition is theG-X transition.27 The indirect
G-X transition energy is 1.9 eV in bulk GaAs crystal.25 It is
estimated that theG-X transition is the lowest transition in
very small nanocrystals whose band gap is above;2.3
eV.15,27 If the phonon-assisted PL is caused by t
momentum-conserving phonon-assistedG-X transition, one
should observe the phonon structures in the higher-ene
region near;2.3 eV. However, the phonon replicas are o
served in the 1.6–1.7-eV region, shown in Fig. 7. The o
served energy region is much lower than the indirectG-X
transition energy in bulk GaAs crystal25 and the theoretically
predicted energy region.15,27Therefore, it is believed that the
observed phonon-assisted PL is not due to the phon
assisted transition in indirect-gap GaAs nanocrystals.

Moreover, we have studied luminescence hole-burn
~LHB! spectra28 in order to discuss the zero-phonon-lin
emission and phonon-assisted emission of excitons an
determine whether the GaAs nanocrystal is a direct- or
indirect-gap semiconductor. In the LHB experiments, t
sample is excited by intense laser at the energy within the
band. After prolonged laser irradiation~burning laser excita-
tion!, a spectral hole is formed near the burning laser ene
in the luminescence band. The LHB affords us similar info
mation as does the FLN. However, in the resonantly exc
PL or FLN spectra, it is difficult to obtain the detailed spe
trum near the excitation energy because of the scatterin
the excitation laser light. In the LHB experiment, it is com
paratively easy to observe the spectral change just at
excitation energy.

Figure 9 shows global PL spectra of the sample bef
and after the burning laser irradiation at 10 K. The lumine
cence spectra were measured by a cooled charge-cou
device ~CCD! camera under 2.540-eV laser excitation. T
dotted line shows the PL spectrum before the burning la
irradiation. The samples were kept at 10 K and were expo
to the burning laser of;6.5 W/cm2 at 1.713 eV for 20 min.
The solid line shows the PL spectrum after the burning la
irradiation. The inset shows, in more detail, the PL spec
change near the burning laser energy. A pronounced spe
change is observed near the burning laser energy. The s
tral holes in the PL spectrum recovered after thermal ann
ing at high temperatures above 100 K.29 From reversible
hole-burning phenomena, it is believed that the photoioni
tion of nanocrystals leads to the persistent LH
phenomena.29,30

The PL intensity changes, (I a2I b)/I b , are summarized in
Fig. 10, whereI b and I a are the PL intensities before an
after the burning laser irradiation~;6.5 W/cm2 for 10 min!
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at 10 K, respectively. In persistent LHB spectra, the spec
hole is clearly observed at the burning laser energies of~a!
1.737, ~b! 1.663, and~c! 1.553 eV. The largest hole is ob
served at the burning energy, as shown in Fig. 10. This
havior is similar to the case of other direct-ga
semiconductors,30 but different from the case of indirect-ga
semiconductor Si.31 Our GaAs nanocrystal sample behav
as a direct-gap semiconductor. Moreover, the peak energ
the hole coincides with the energy of the burning laser wit
the experimental resolution~,0.5 meV!. There is no energy
gap between the photoabsorption and the light-emiss
states; The exciton exchange splitting is not clearly obser
in GaAs nanocrystals under our experimental conditio

FIG. 9. Global photoluminescence spectra of GaAs nanocrys
before~dotted line! and after the burning laser irradiation~1.713 eV
and 6.5 W/cm2! for 20 min at 10 K~solid line!. The inset shows
luminescence spectra near the burning laser energy. The PL sp
were measured under 2.540-eV laser excitation.

FIG. 10. Persistent luminescence-hole-burning spectrum,I a

2I b)/I b , of GaAs nanocrystals at 10 K.I a and I b are the lumines-
cence intensities after and before the burning laser irradiation~;6.5
W/cm2 for 10 min!, respectively. The PL spectra were measu
under 2.540-eV laser excitation. The burning laser energies
shown by the arrows:~a! 1.737,~b! 1.663, and~c! 1.553 eV. The
energy difference between the main and side holes is 36.0 m
which corresponds to the LO-phonon energy of the GaAs crys
al

e-

at
n

n
d

s.

The GaAs nanocrystal sample shows the zero-phonon-
emission with no Stokes shift.

In addition, Fig. 10 shows that the other spectral hole
observed at the lower-energy region below the burning la
energy. The energy difference between the burning laser
the lower-energy hole is 36.0 meV, which is equal to t
LO-phonon energy of GaAs crystal. The spectral hole at
low-energy region in the LHB spectra corresponds to
one-LO-phonon-assisted emission in the resonantly exc
PL spectra~sharp peak marked byd in Fig. 7!. Because of
the quantum confinement of excitons,32,33 the coupling of
free excitons with phonons is enhanced in small dimensio
compared to the case of the bulk GaAs crystal. Phon
assisted optical transitions are also important in the lumin
cence process in a direct-gap GaAs nanocrystal semicon
tor.

In our GaAs nanocrystals, however, we cannot obse
holes at the 2LO-phonon energy position below the ze
phonon line in LHB spectra. If the LO-phonon-assisted o
tical transitions dominate the light-absorption and ligh
emission processes, holes will appear at the 2LO-pho
energy position below the excitation laser energy~one-LO-
phonon emission during both light absorption and light em
sion!. However, the observation of no pronounced hole at
2LO-phonon energy shows that the probability of t
phonon-assisted light-absorption process is negligibly sm
compared to the direct light-absorption~zero-phonon light-
absorption! process. This observation is different from P
spectra of direct-gap II-VI compound nanocrystals; for e
ample, in CdSe nanocrystals, a 2LO-phonon replica of
delocalized-exciton emission is clearly observed.34,35 This
difference suggests that the strength of the coupling betw
excitons and LO phonons in GaAs nanocrystals is wea
than that in CdSe nanocrystals. In addition, in CdSe na
crystals, the lowest excited state is the optically forbidd
one, because of the exciton exchange interaction, as
cussed above. From the FLN and LHB spectra, it is c
cluded that the exciton exchange splitting is negligibly sm
and the coupling strength between the lowest excitons
phonons in GaAs nanocrystals is weaker than that in II
~Refs. 34–37! and I-VII nanocrystals.32,33 However, the size
dependence of the exciton-phonon couplings in semicond
tor nanocrystals is not clear,36,37and the mechanism is unde
discussion.34–39Further experimental studies in different m
terials and structures~free-standing or rigid-boundary cond
tions! are needed for the understanding of the nature of
exciton-phonon couplings in nanocrystals.

In the LHB spectrum, two holes are only observed
energies of the zero-phonon emission and the one-
phonon-assisted emission of free excitons. The other h
are not observed in the lower-energy region~see, as an ex-
ample, Fig. 9!. The lower-energy LO-phonon replicas a
observed in resonantly excited PL spectra~s, n, andh in
Fig. 8!, but not in the LHB spectra. The difference betwe
PL and LHB spectra suggests that the LO-phonon-assi
PL in the lower-energy region is not due to the free-excit
emission in GaAs nanocrystals. When excitons are boun
the shallow impurity centers, the exciton-phonon coupli
becomes strong. The LO-phonon replica is clearly obser
in impurity-related PL spectra even in bulk GaAs crystal12

In addition, since the density of states of shallow impur
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states is small, it is considered that the impurity state d
not cause pronounced holes in the LHB spectra. From
difference between PL and LHB spectra, it is concluded t
the lower-energy PL~s in Fig. 8! is caused by excitons
bound to impurities in GaAs nanocrystals.

The LHB experiments clearly show that our GaAs nan
crystals are direct-gap band structures and the phon
assisted PL is not due to the momentum-conserving phon
assistedG-X transition in indirect-gap GaAs nanocrysta
By comparison between the PL and LHB spectra,
phonon-related peak marked byd in Fig. 7 is due to the
one-LO-phonon-assisted emission of free excitons. Ther
a good correlation between the resonantly excited PL and
LHB spectra.40 The zero-phonon-line emission and one-L
phonon-assisted emission of free excitons clearly appea
both the resonantly excited PL and the LHB spectra. On
other hand, the LO-phonon structures with a large Sto
shift ~s in Fig. 8! can be explained by a picture that excito
are localized at the lower-energy impurity states.

E. Bound-exciton emission

The resonant excitation spectroscopy~FLN and LHB
spectra! shows that there are two different PL bands rela
to GaAs nanocrystals and that both delocalized~‘‘free’’ ! ex-
citons and excitons bound to impurities in GaAs nanocrys
contribute to visible PL. In Si and GaAs semiconductors,
PL intensity due to excitons bound to impurities are ve
sensitive to the hydrogen concentration in the sample.41–43

The hydrogen~or deuterium! effect on luminescence in
GaAs nanocrystal samples has been studied.44 After high-
dose deuterium implantation (631015cm22), the lower-
energyB band disappears.44 It is known that in Si and GaAs
semiconductors hydrogenation~the hydrogen or deuterium
introduction! causes the neutralization of dopants and defe
and a reduction of the PL intensity due to excitons bound
donors and acceptors.41–43 Therefore, the deuterium implan
tation experiments support that the lower-energy PL b
~the B band! is due to impurity-bound excitons in GaA
nanocrystals. Since our samples are fabricated by preci
tion of GaAs nanocrystals from supersaturated solid so
tions~Ga and As in SiO2!, GaAs nanocrystals may contain S
impurities acting as donors or acceptors.

When excitons are bound to the shallow or deep impu
centers, the exciton-phonon coupling becomes strong. E
in the direct-gap semiconductor bulk GaAs crystal, the L
phonon replica is clearly observed in impurity-related
spectra.12 The shallow Si impurity states produce a sha
luminescence with LO-phonon replicas even in the b
GaAs crystal.12 The radius of the first Bohr orbit of the S
acceptor impurity is calculated by a hydrogenic model an
about 1.6 nm. In very small nanocrystals, the impurity st
may show size-dependent optical responses.45 Therefore, it is
considered that the size-dependent bound-exciton emis
causes the excitation-energy dependence of the LO-pho
assisted emission at the lower-energy region, as show
Fig. 8. Excitons bound to impurities in quantum-confin
GaAs nanocrystals cause theB band with LO-phonon repli-
cas. TheF andB bands are due to the delocalized and bou
excitons in GaAs nanocrystals, respectively. Because
quantum confinement of excitons, the coupling of free a
bound excitons with phonons is enhanced. Phonon-ass
s
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radiative transitions of free and bound excitons are clea
observed in GaAs nanocrystals.

We observed the delocalized-exciton and bound-exc
emission of quantum-confined GaAs nanocrystals in S2

matrices fabricated by ion-implantation and thermal anne
ing techniques. The exciton-related PL in GaAs nanocrys
prepared by colloidal methods has not been reported bec
of insufficient surface passivation.46,47 Therefore, it is con-
cluded that sequential ion implantation followed by therm
annealing can be used to produce semiconductor nanoc
tals with low defect density. The synthesis of compounds
implantation of the individual constituents is a simp
method to produce light-emitting compound semiconduc
nanostructures.

IV. CONCLUSIONS

In conclusion, we have fabricated light-emitting GaA
nanocrystals by sequential ion implantation of Ga and
followed by thermal annealing and have discussed the or
of visible light emission from GaAs nanocrystals in SiO2

matrices. There is a good correlation between the appear
of the red PL band and the presence of GaAs nanocrysta
the samples. The red PL band in the sample anneale
900 °C for 60 min can be divided into two Gaussian ban
the higher-energyF and the lower-energyB bands. Under
resonant excitation at energies within the red PL band,
structures related to the GaAs LO phonon are clearly
served. The PL intensity increases dramatically when the
citation energy is within theF band. There are two differen
components of the LO-phonon-assisted luminescence: On
the one LO-phonon-assisted emission of free excitons
the others are the LO-assisted emission of bound excit
Phonon-assisted optical transitions are important in the lu
nescence process, because of the quantum confineme
excitons in small dimensions. In addition, in persistent lum
nescence hole-burning spectra, a pronounced hole is
served at the energy of the burning laser. The spectral h
burnt in the luminescence spectrum has two structures
lated to the zero-phonon-line emission and the one-L
phonon-assisted emission of free excitons in GaAs nanoc
tals. From resonantly excited PL spectra and luminesce
hole-burning spectra, it is concluded that the higher-energF
band is due to the free-exciton emission and the low
energyB band is due to the bound-exciton emission. Visib
luminescence comes from both delocalized excitons and
citons bound to impurities in quantum-confined GaAs na
crystals.
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