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Phonon resonances in photoluminescence spectra of self-assembled quantum dots
in an electric field

Ivan V. Ignatiev* and Igor E. Kozin
Single Quantum Dot Project, ERATO, JST, Tsukuba Research Consortium, Tsukuba 300-2635, Japan

and Institute of Physics, St.-Petersburg State University, St.-Petersburg, Russia

Valentin G. Davydov,† Selvakumar V. Nair, Jeong-Sik Lee, and Hong-Wen Ren‡

Single Quantum Dot Project, ERATO, JST, Tsukuba Research Consortium, Tsukuba 300-2635, Japan

Shigeo Sugou
Opto-electronics Research Laboratories, NEC Corporation, Tsukuba 305-0841, Japan

and Single Quantum Dot Project, ERATO, JST, Tsukuba Research Consortium, Tsukuba 300-2635, Japan

Yasuaki Masumoto
Single Quantum Dot Project, ERATO, JST, Tsukuba Research Consortium, Tsukuba 300-2635, Japan

and Institute of Physics, University of Tsukuba, Tsukuba 305-8571, Japan
~Received 20 May 2000; revised manuscript received 11 September 2000; published 31 January 2001!

Phonon resonances observed in the photoluminescence~PL! spectra of InP and In0.35Ga0.65As self-
assembled quantum dots~QD’s! in an external electric field are studied in detail. The resonances are shown to
arise from fast phonon-assisted relaxation of hot carriers, and to become observable when the PL is quenched
by nonradiative losses from excited states. A simple model is developed that considers tunneling of the carriers
from the QD’s into the barrier layer as the main process responsible for PL quenching in the presence of an
electric field. From this model, the depth of the potential well for holes is estimated to be 10–20 meV for the
InP QD’s. The PL kinetics measurement is performed with a time resolution of 6 ps. Clear evidence of
surprisingly fast carrier relaxation with emission of high-energy acoustic phonons is found. Further accelera-
tion of the carrier relaxation is observed under strong optical pumping. We consider this effect to be caused by
Auger-like carrier-carrier scattering processes. Acceleration of the relaxation observed at elevated temperatures
is ascribed to stimulated phonon emission.

DOI: 10.1103/PhysRevB.63.075316 PACS number~s!: 78.66.Fd, 63.22.1m, 78.47.1p, 73.21.2b
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I. INTRODUCTION

Quantum dots~QD’s! attract much attention because
their unusual physical properties and promising prospects
application in device engineering. Three-dimensional car
confinement gives rise to discrete energy levels with la
spacings, provided that the QD’s are sufficiently small. F
this reason, QD’s are often referred to as artificial atom1

Realization of such artificial atoms in semiconductor hete
structures and their integration with conventional electro
and optical devices offer great potential for applications.2–4

For optical applications, the main physical processes are
creation of carriers in the QD, their relaxation to the lowe
energy states, and radiative recombination.

The carrier relaxation process was studied extensiv
during the last decade because it mainly determines the
minescence efficiency of QD’s.5–12 At low temperature and
weak excitation, the main relaxation mechanism is sponta
ous emission of phonons by hot carriers. Though this po
is evident, peculiarities of this process in QD’s are not
understood and have been widely discussed up
now.13–23

In polar semiconductors of interest, electrons and ho
interact strongly only with the longitudinal-optical~LO!
phonons. LO phonons produce an electric field to which
electrons and holes are sensitive as charged particles.
0163-1829/2001/63~7!/075316~11!/$15.00 63 0753
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energy spectrum of the LO phonons is typically rather n
row, and can be roughly considered as a set of degene
energy values. Therefore, fast relaxation occurs only in th
QD’s where the energy spacings are equal to the energ
one or several LO phonons. The carriers in other QD’s h
to relax via acoustic-phonon emission. This process is inh
ently slow because of the weak deformation potential int
action. This is well known for bulk materials, where the r
laxation with emission of acoustic phonons is slower by t
orders of magnitude than that with emission of L
phonons.24 Theoretical considerations show that acoust
phonon-mediated relaxation is further slowed down
QD’s—this effect is commonly referred to as ‘‘phono
bottleneck.’’5,6 Only phonons with wavelengths of the ord
of the QD diameter and an energy equal to an interle
spacing may cause one-phonon relaxation. Althou
two-phonon relaxation is not so restricted, this proce
should be also slow because of weak electron-pho
interaction.7

It seems that some indication of the phonon bottlenec
found in a few experiments. The simplest experiment c
sists of the observation of the photoluminescence~PL! spec-
trum of a QD ensemble under an optical excitation sligh
above the PL maximum. Sharp features~resonances! shifted
by the LO-phonon energy from the excitation line were o
served in the spectra of some samples.13,14,16,18,20,25–27
©2001 The American Physical Society16-1
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Other types of experiments apparently argue against
phonon bottleneck. The most important of these is the st
of the rise time of the PL, that is determined by the rela
ation of hot carriers to their lowest energy levels. These
periments show a fairly short rise time of a few or seve
tens of picoseconds in high-quality samples.17,18 This obser-
vation contradicts theoretical predictions. However, in su
experiments it is difficult to achieve both good spectral a
time resolutions keeping a low excitation power. Therefo
it is not clear whether the observed fast relaxation is cau
by LO-phonon emission, by acoustic-phonon emission, or
some other processes.

Many theoretical efforts have been put forward to expl
fast carrier relaxation. Two-phonon processes involving
6LA combination,7 LO-phonon anharmonicity,21 relaxation
through continuum states,22 and defect states12,28,29were con-
sidered to spread out the spectral region where the
phonon-assisted relaxation is possible. In addition, an a
native mechanism of relaxation was proposed that con
ered carrier-carrier scattering~referred to as Auger-like
processes!.8,11,30–32

We recently proposed a powerful method to study car
relaxation in QD’s.23 This method exploits the idea of artifi
cially controlling PL quenching.33–35The PL quenching rate
can be changed in a wide range by applying an exte
electric field to the sample. This allows one to study carr
relaxation by varying the ratio of the relaxation and P
quenching rates.

In this paper, we use this method to study phonon-assi
carrier relaxation in self-assembled QD’s in more detail. W
study the PL spectra and PL kinetics of heterostructures w
InP and In0.35Ga0.65As QD’s in an electric field under qua
siresonant excitation. We find that, for all heterostructu
studied, a fast LO-phonon-assisted relaxation gives rise
LO resonances in the spectra of PL partially quenched by
electric field. The acoustic-phonon-assisted relaxation is
suppressed as strongly as predicted theoretically. The in
action with high-energy acoustic phononsis also fairly
strong, and gives rise to a relatively fast relaxation which
only an order of magnitude slower than the resonant L
phonon-assisted relaxation. We discuss a possible phy
mechanism of the relatively strong interaction of an electr
hole pair with high-energy acoustic phonons. According
our results, we conclude that there is no phonon bottlen
effect in QD’s, at least in the sense that it was propo
theoretically.

We present a model for a PL quenching mechanism in
presence of an electric field. The essential point of our mo
is the tunneling of carriers from QD’s into the barrier laye
From a quantitative analysis of the experimental data,
evaluated the depth of the potential well for holes in I
QD’s.

We also discuss an acceleration of the carrier relaxa
due to carrier-carrier scattering and stimulated phonon em
sion. For this purpose, we study the PL spectra of sample
an electric field under strong optical pumping and at eleva
temperatures.
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II. EXPERIMENTAL DETAILS

The sample with InP QD’s was grown by gas-sour
molecular-beam epitaxy on ann1 GaAs substrate. A 300-nm
GaAs buffer layer containing a thin 3
3(2-nm AlAs/10-nm GaAs) superlattice in the middle w
grown at 600 °C to suppress dislocations. A thin~2 nm!
AlAs layer on the buffer layer was grown to prevent comp
sitional interdiffusion between GaAs and In0.5Ga0.5P layers.
One layer of InP QD’s with a nominal thickness of 4 M
was grown between the 100-nm In0.5Ga0.5P barrier layers.
The growth rates were 0.5 ML/s for In0.5Ga0.5P, and 0.25
ML/s for InP. The interruption times used before and af
the InP growth were 2 and 20 s, respectively. The areal d
sity of the QD’s is about 1010 cm22. This was determined
by atomic force microscopy on a reference sample, grown
the same conditions without the top barrier layer. The av
age base diameter of the QD’s is'40 nm and the height is
'5 nm, as determined by cross-sectional transmission e
tron microscopy. The sample with In0.35Ga0.65As QD’s was
grown by metal organic vapor phase epitaxy on the~711!B
n1 substrate. A QD layer with a nominal thickness of 4
MLs is embedded between 250- and 100-nm GaAs lay
containing 2-nm AlAs layers as stop layers for photocrea
carriers. The areal density of the QD’s is about
3109 cm22. The average base diameter is'70 nm, and
the height is'10 nm as determined by atomic force micro
copy of the reference sample. The samples were provi
with a semitransparent gold or indium tin oxide Shottky co
tact on the top surface, and with an Ohmic contact on
back surface.

The PL was excited selectively by a continuous wa
~cw! Ti:sapphire laser within or slightly above the PL ban
of the QD’s. This excitation is hereafter referred to as qu
siresonant excitation. The pump power density was less t
100 W/cm2. We checked that the PL intensity depended l
early on the excitation power within this range without a
change of the PL spectrum. The spectral width of the la
line was less than 0.01 meV without any sidebands. The
was dispersed by a double monochromator U1000~focal
length 1 m, numerical aperture 1:8, linear dispersion 0
nm/mm! with an extremely low background of scattere
light (10214 at a distance of 3 meV from the laser line!. The
spectral resolution of the setup was approximately 0.15 m
A photon counting system with a cooled GaAs
In0.35Ga0.65As photomultiplier tube was used for detectio
of the PL signal.

The PL kinetics was studied using a picosecond Ti:s
phire laser with a pulse duration ranging from 1 to 5 ps, a
a repetition rate of 82 MHz. In most experiments, we use
fairly low average pump power density of about 50 W/cm2

to prevent the creation of more than one electron-hole pa
a QD per pulse. This allowed us to avoid relaxation due
carrier-carrier scattering. A 0.25-m double-subtractive d
persion monochromator~spectral resolution 0.5 nm! and a
streak camera were used for accumulation of the signal in
selected spectral points. The time resolution of the setup
6-2
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PHONON RESONANCES IN PHOTOLUMINESCENCE . . . PHYSICAL REVIEW B63 075316
about 6 ps. Most measurements were done at a sample
perature 2 K to exclude any processes involving absorpti
or stimulated emission of phonons.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. PL spectra

The PL bands of the heterostructures recorded under
resonant~barrier band-to-band! and quasiresonant excitatio
have a smooth profile without any sharp features. A typi
spectrum of the sample with InP QD’s is shown in Fig. 1.
seen, the most intense PL band in the spectrum is that o
QD’s. The PL profile does not contain sharp features for a
photon energy of excitation. The PLE spectrum is a
smooth.

When a negative bias is applied to the sample surface
integral PL intensity decreases. At the same time, the
crease of the PL in different spectral points is different a
as a result, pronounced resonances appear in the PL sp
This behavior of the spectra was already discussed in
23. An example of the PL spectra of the InP QD’s for va
ous excitation energies is shown in Fig. 2. As seen, m
resonances appeared in the spectra at negative bias. The
prominent resonance is shifted approximately from the e
tation line by the LO phonon energy of the bulk InP crys
@\vLO543.5 meV~Ref. 36!#. The energy positions of the
resonances faithfully follow the photon energy of the exci
tion. Under the excitation at a high photon energy, a re
nance shifted by 2\vLO ~marked by 2LO in Fig. 2! is also
observed. The relative intensity of the 1LO and 2LO re
nances depends strongly on the excitation energy. The in
sity of the resonances becomes weak when they leave
band measured at zero bias.

A few other weak resonances are visible in the spec
region between the excitation line and the 1LO resona

FIG. 1. The PL and photoluminescence excitation~PLE! spectra
of the sample with InP QD’s. PL spectrum 1 was recorded un
In0.5Ga0.5P band-to-band excitation. It is scaled by a factor 0.0
The PL bands of the In0.5Ga0.5P barriers, the wetting layer, and th
InP QD’s are marked. PL spectra 2, 3, and 4 were recorded u
quasiresonant excitation with photon energies indicated by arro
The PLE spectrum was recorded by PL detection atEPL

51700 meV.
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~hereafter referred to as the acoustic region of the spectru!,
and also between the 1LO and 2LO resonances. Their en
shifts from the excitation line or the 1LO resonance li
coincide with the energies of high-energy transverse acou
~TA! and longitudinal acoustic~LA ! phonons in InP crystal.

PL spectra of the sample with In0.35Ga0.65As QD’s are
shown in Fig. 3. Without bias, the PL spectrum consists
two smooth maxima~see the inset!, probably due to the ex-
istence of two sets of QD’s with different sizes in th
sample. A number of maxima~resonances! appear in the
spectrum at negative bias. The most prominent resona
can be assigned to the GaAs- and InAs-like LO phonons
the In0.35Ga0.65As QD’s, because their energy shifts fro
the excitation line are close to the energy of the LO phon
in GaAs and InAs crystals, respectively. They are marked
Fig. 3 as LOG and LOI . An intense resonance with a Stoke
shift of about 20 meV can be assigned to LA phonons of
In0.35Ga0.65As solid solution. A narrow peak with a Stoke
shift of 33.2 meV, marked by * in Fig. 3, is probably due
the Raman scattering from the GaAs barrier layers, beca
the intensity of this peak does not depend on bias.

The LO-phonon resonances for all the samples hav
rather complicated structure consisting of a few narr
peaks. A fit of each separate peak in the resonance
Lorentzians allows one to estimate the full width at h
maximum~FWHM! to be about 1.2 meV for the InP QD’s
as shown in the inset of Fig. 2. A similar fit of the LOG
resonance in the spectra of the In0.35Ga0.65As QD’s ~see Fig.
3! gives a FWHM of 0.5 meV.

Under positive bias, the PL intensity also starts to d
crease. However, forUbias.0.7 V, a strong increase of th

r
.

er
s. FIG. 2. PL spectra of the sample with InP QD’s at differe
excitations indicated by arrows.Ubias521.5 V. The spectra are
shifted vertically for clarity. The top curve, shown by a dashed lin
is the spectrum at zero bias. It is scaled by a factor of 0.05. Inse
part of the PL spectrum showing an LO resonance vs the Sto
shift. A fit of one of the peaks in the resonance by a Lorentzian
shown by dashed lines.
6-3
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PL is observed. This effect is caused by the electric-curre
induced radiative process, and is discussed elsewhere.37

B. Physical mechanism

Based on the presented data, we now discuss the phy
mechanism responsible for the observed phonon resona
Generally, a few processes are possible — resonant Ra
scattering, phonon-assisted electron-hole recombina
phonon-assisted absorption, and phonon-assisted relax
in the presence of nonradiative losses.

Resonant Raman scattering has a low efficiency, as
served, for example, by Sirenkoet al. for a heterostructure
with InP QD’s.38 Our experimental results, namely, the d
pendence of the phonon resonance intensities on the ap
bias and the strongly variable ratio of the 1LO and 2L
resonance intensities depending on spectral position wi
the PL band, allow us to rule out resonant Raman scatte
as the process responsible for the phonon resonances.
point is further supported by the long decay time of the Q
emission at the phonon resonances and the strong tem
ture dependence of the resonance intensities, discusse
low.

Phonon-assisted electron-hole recombination can be
ruled out, because the electron-phonon interaction is wea
these structures and is able to produce only very small p
non sidebands in the PL spectra.39 In addition, the ratio of
intensities of the one- and two-phonon sidebands mus
almost independent of the photon energy of the excitation
contrast to the observed behavior of the 1LO and 2LO re
nances.

The phonon resonances in the spectra can also be ca
by phonon-assisted absorption when an absorbed photon

FIG. 3. The PL intensity vs the Stokes shift for the sample w
In0.35Ga0.65As QD’s under different biases indicated against ea
curve.Eexc51246 meV. The spectra are shifted vertically for cla
ity. The energies of the resonances marked by TA, LA, LOI , and
LOG are 12, 20, 30, and 35.5 meV, respectively. Inset: PL spect
of the sample without bias.
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ates an electron and a hole in their ground states, an
phonon. The probability of this process is usually equal
that of the phonon-assisted PL, and is also small. It can
enhanced by a resonance with some direct~phononless! op-
tical transition as is discussed in Ref. 40. The phon
assisted absorption in the In0.4Ga0.6As QD’s was observed by
Findeiset al.41 We neglect this process in the following dis
cussion.

We assume that the main process causing phonon r
nances is the selective phonon-assisted relaxation of hot
riers in the presence of nonradiative losses. The appear
of phonon resonances due to this process can be explain
follows.14 The quasiresonant excitation creates electrons
holes in the excited states. The QD’s in the ensemble h
slightly different sizes and shapes, and the interlevel ene
spacingDE has some distribution. The spacingDE can well
match the LO-phonon energyELO only in some subset of the
QD’s. Carrier relaxation in these QD’s is fast due to the hi
efficiency of this process with the emission of a LO phono
The relaxation in the rest of the QD’s occurs via emission
acoustic phonons i.e., much more slowly. If the electron
hole can efficiently leave the QD~this process is usually
referred to as nonradiative losses! before relaxation via
acoustic-phonon emission, the PL does not appear in
spectral point except the point where it is ‘‘saved’’ by fa
LO-phonon-assisted relaxation. In the time-integrated
spectrum, a narrow peak shifted from the excitation line
the energy of the LO phonon,ELO , must be observed in this
case. However, if there are no significant nonradiative los
electrons and holes inanyQD eventually relax to the lowes
levels and recombine. In this case, the PL spectrum m
reproduce the energy distribution of the lowest optical tra
sition which usually has a bell-like smooth shape. Behav
of the spectra presented in Figs. 2 and 3 agrees with
scenario.

C. Model

The dependence of the PL spectra on the electric field
qualitatively discussed in Ref. 23. Here we analyze this
pendence quantitatively in the framework of the model sc
matically drawn in Fig. 4. We assume that the quasire
nance excitation generates an electron and a hole in exc
energy levels labeled byu1e& and u1h&, respectively.

The excited electron and hole may relax at different rat
However, the experimental data do not allow us to sepa
these processes. On the other hand, the observed na
resonances~see Figs. 2 and 3! can be formed only by one
step relaxation of carriers, with the emission of a single p
non. This may be relaxation of one of the photocreated c
riers with another one being created in its ground state,42 or
relaxation of an electron-hole pair as a correlated syst
Therefore, we consider some effective relaxation rate fr
the excited state of the electron-hole pair to its ground st

The relaxation process competes with the nonradia
losses. We assume that the external electric field activate
tunneling of the photocreated carriers from the QD into
barrier layer. The depth of the potential well for holes
usually smaller than that for electrons. As for InP QD’s, it

h

m
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assumed that the holes are weakly localized in the dot
even in the surrounding material.43,44 A real potential profile
for carriers may be complicated due to strain and also du
composition fluctuations.45 Nevertheless we assume for sim
plicity that the potential barrier for holes acquires a triang
lar shape in the electric field, as shown in Fig. 4.

In the semiclassical approach, the tunneling rateg i(U)
from the stateu i & through a triangular barrier is given by th
expression46

g i5g i
0e2Ui /U, ~1a!

with

Ui5~4/3e\!A2m* Ei
3/2d, ~1b!

wherem* is the effective mass of a carrier,Ei is the depth of
the potential well for the carrier in stateu i &, and d is the
effective thickness of the insulating layer to which the bias
applied (d'0.5m). Here we neglect the dependence ofEi on
U.

The well depth for electrons in the InP QD’s is of abo
200 meV, which prevents the electron from tunneling in
the conduction band of the barrier layer at a moderate b
However, the electrons may tunnel to deep levels that
present in the vicinity of the QD’s even in high-quali
heterostructures.37,47,48Analysis shows that the electron tun
neling from the excited stateu1e& affects the PL of the InP
QD’s at Ubias,21 V. To simplify our discussion, we de
scribe the rate of this process,g1e , by the same equation
~1!. We also neglect variations of the carrier relaxation a
optical transition probabilities in the electric field, a possib
built-in electric field,47 and intrinsic dipole moment o

FIG. 4. A model of the PL quenching in the electric field. Th
vertical arrows marked byP and gPL denote the pumping and ra
diative recombination processes, respectively. The relaxation o
hot carriers to their ground states is shown by the wavy arro
which are not labeled. The wavy arrows marked byg0h , g1h , and
g1e indicate tunneling of the hole from the ground and excit
states, and of the electron from the excited state, respectively.
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QD’s.45 All these effects influence the PL of the QD’s muc
more weakly than the carrier tunneling.

The dynamics of the electron-hole pair populationsn1 and
n0 in the levelsu1& andu0&, respectively, are described in th
framework of the model by the equations

dn1

dt
5P2~g r1g1t!n1 ,

dn0

dt
5g rn12~gPL1g0t!n0 . ~2!

HeregPL is the rate of the electron-hole radiative recom
bination,g r is the relaxation rate from stateu1& to stateu0&,
andg1t5g1h1g1e andg0t5g0h are the tunneling rates from
the statesu1& and u0&, respectively.

For a cw excitation (P5const), the steady-state solutio
of Eq. ~2! yields an expression for the bias dependence of
population of the radiative staten0. As a result, the bias
dependence of the PL intensity, which is proportional
gPLn0, is given by

I PL~U !5NP
1

~11g1t /g r !

1

~11g0t /gPL!
, ~3!

whereN is the number of QD’s which can emit light at
given spectral point under a given excitation.

The tunneling rates are equal to zero for zero bias@see
Eqs. ~1a! and ~1b!#. Therefore, the PL intensity does no
depend on the relaxation rate. This is why phonon re
nances are not observed in the PL spectra in the absen
the electric field. In the presence of an electric field, Eq.~3!
depends on the branching ratio of the relaxation and tun
ing rates from the excited stateu1&. For slow acoustic-
phonon relaxation, this ratio is larger and, therefore, the
quenching is stronger than that for the fast LO-phonon rel
ation.

To illustrate this behavior, in Fig. 5 we plot the bias d
pendence of the PL intensities for the sample with InP QD
at the LO resonance and also at the neighboring spe
point marked by 2AC in the inset of Fig. 5. The PL in th
2AC spectral point is contributed by those QD’s in which t
carriers have to relax with the emission of a few phono
because of the energy gap between the acoustic and
phonons. The intensitiesI LO(U) and I 2AC(U) at the LO and
2AC spectral points, respectively, are fitted by Eq.~3!. The
ratio of these intensities, normalized to unity at zero bi
may be used as a measure of the contrast of the feature
the PL spectrum at strong bias. The bias dependence of
ratio is plotted in Fig. 5, and fitted by the equation

I LO~U !

I 2AC~U !
5

~11g1t /g2AC!

~11g1t /gLO!
, ~4!

that follows directly from Eq.~3!. Here gLO and g2AC are
relaxation rates with the emission of a LO phonon and t
acoustic phonons, respectively. As is seen from the figu
the calculated curves reproduce the experimental values
sonably well. Thus, in spite of its simplicity, the model a
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s
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equately describes, as a whole, the behavior of the PL in
sity of the InP QD’s versus the applied voltage.

From the fit, we have determinedU1h52 V, U0h
54 V, andU1e516 V. These values allow one to estima
the depth of the potential wells for carriers by means of E
~1b!. The valuesE0h513 meV, E1h59 meV, and E1e
565 meV were obtained using the heavy-hole effect
mass,49 mh* 50.65m0, and the electron effective mass,me*
50.08m0, in the InP crystal.50 Herem0 is the electron mass
The obtained results show that the potential well for holes
InP QD’s is small and positive, i.e., the holes are localized
the dots. This conclusion is further supported by the re
tively high probability of optical transitions in the InP QD’s
as discussed in Sec. III D.

The accuracy of the values ofE0h andE1h is limited by
many simplifications used in the model. We estimate an
curacy of about 50% by analysis of all sets of experimen
data, as well as by comparing the results using various m
fications of the described model. We would like to stress t
the actual accuracy can be verified only by independent m
surements of these values with a different technique.

We performed a similar analysis of the PL data f
In0.35Ga0.65As QD’s presented in Fig. 3. The bias depe
dence of the LOI and LA resonances is shown in Fig. 6. Bo
dependencies are well fitted by the equation

I PL~U !5P/~11g0t /gPL!, ~5!

accounting only for a tunneling from the radiative stateu0&.
This means that tunneling from the excited stateu1& at values
of the bias used in our experiment is much slower than c
rier relaxation with emission of LOI and LA phonons. As-
suming that the hole tunneling process is responsible for
quenching,51 from the fit we can obtain the energy of th
lowest hole stateE0h570 meV. This value agrees with typ
cal values considered for In0.35Ga0.65As QD’s.4

FIG. 5. Bias dependence of the PL intensities at the
~squares! and 2AC~circles! spectral points and of their normalize
ratio ~triangles! for the sample with InP QD’s.Eexc51771 meV.
Solid curves the fits by Eqs.~3! and ~4!. The fitting parameters for
all the curves areU1h52 V, U0h54 V, U1e516 V, g1e

0 /g1h
0

53.83104, g0h
0 /gPL5150, gLO /g2AC512, andg1h

0 /gLO50.2. In-
set: the PL spectrum atUbias521.5 V.
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D. Kinetics

Kinetic measurements of PL allow one to study the tim
evolution of the radiative state populationn0. The time reso-
lution of our setup~6 ps! was enough to study the relaxatio
of the photocreated carrier in real time. We also performe
further verification of the model proposed above by anal
ing the kinetics in the electric field.

Examples of the PL kinetics under quasiresonant exc
tion for two spectral points within the PL band are shown
Fig. 7. The kinetics consists of a relatively short rising p
and a rather long decay. The PL leading edge is shorter
the time resolution of the setup for LO resonance and m
longer for other spectral points, as shown in the inset.
negative bias, the decay becomes faster and the amplitud
the signal becomes smaller.

The time evolution of the PL intensity can be describ
by an equation that follows from Eqs.~2!. Assuming that the
excitation pulse is shorter than any other process under
sideration,P5P0d(t), we obtain

I PL~ t !5I 0$e
2(gPL1g0t)t2e2(gr1g1t)t%, ~6!

where

I 05g r P0 /@~g r2gPL!1~g1t2g0t!#.

The two terms of the Eq.~6! describe the decay and rise o
the PL pulse, respectively.

The functionI PL(t) given by Eq.~6! well fits the kinetics
for the 2AC spectral point, as seen in Fig. 7. However,
behavior of the PL kinetics at LO resonance is more com
cated. At zero bias, the fast and slow components of the
rise are clearly seen. The kinetics is well fitted by

I LO~ t !5I 0$e
2(gPL1g0t)t2@ae2gLOt1~12a!e2gact#e2g1tt%.

~7!

The slow PL rise component is probably due to multist
carrier relaxation with emission of acoustic phonons in so

FIG. 6. Bias dependence of the PL intensity at the LOI ~circles!
and LA ~squares! spectral points for the sample with In0.35Ga0.65As
QD’s. The data are taken from the spectra presented in Fig. 3. S
curves are fits by Eq.~3!. The fitting parameters areU0540 V and
g0

0/gPL593104. Inset: PL spectrum atUbias523 V.
6-6
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fraction (12a) of the QD’s. The carrier tunneling at nega
tive bias compensates for this process, and another pro
causing a relatively fast PL decay component becomes
servable@see Figs. 7~b! and 7~c!#. This process is probably
the cascade relaxation of the carriers in ‘‘large’’ QD’s
which the lowest-energy optical transition is redshifted re
tive to the given spectral point. In this case the PL kinetics
described by

I LO~ t !5I 0$@be2gact1~12b!e2gPLt#e2g0tt2e2(gLO1g1t)t%,
~8!

whereb is the fraction of ‘‘large’’ QD’s.
A good agreement of the fits with the PL kinetics allow

one to determine the bias dependence of the PL decay t
tPL(U), and the PL rise time,t r(U). In Fig. 8 we show the
bias dependencies oftPL(U) for the LO resonance and o
t r(U) for the 2AC spectral point. According to Eqs.~6!–~8!,
they are described by the equations

tPL~U !5
tPL

11tPLg0t
, t r~U !5

t r

11t rg1t
. ~9!

The data in Fig. 8 are fitted by these functions using Eq.~1!
for the tunneling rate,U054 V determined above, andU1

FIG. 7. PL kinetics of the sample with the InP QD’s~thin solid
line! for different biases at the LO and 2AC spectral points mark
in the inset and a fit~thick gray line! by Eqs.~6!–~8! as discussed in
the text. Values of the fitting parametersgPL1g0t5tPL(U)21 and
g r1g1t5t r(U)21 for LO and 2AC kinetics, respectively, can b
extracted from Fig. 8. Values of the other parameters for 2AC
netics aregPL1g0t5(358 ps)21, ~230 ps!21, and ~104 ps!21 for
U50, 20.8, and21.2 V, respectively. Values of the other param
eters for LO kinetics aregac1g1t5(43.3 ps)21 and a50.67 for
U50 V, and gac1g0t5(9.9 ps)21 and b50.60 for U5
20.8 V, and gac1g0t5(11.8 ps)21 and b50.37 for U5
21.2 V. Values of the parametergLO1g1t is chosen to be 1 ps21

for all biases. The fitting curves are convoluted with Gaussian w
a FWHM of 6 ps.Eexc51771 meV. Inset: the PL spectrum a
Ubias521.5 V.
07531
ess
b-

-
s

e,

as a fitting parameter.52 As seen, the fit withU155.5 V well
reproduces general behavior of the rise and decay times

As seen in Fig. 8~a!, the PL decay time at small bias i
about 300 ps. Experiments show that this time, as well as
PL intensity of the QD’s, are almost independent of t
sample temperature within several tens of K. This is an
dication that PL decay is determined by radiative recom
nation of the electron-hole pair. This means that nonradia
losses of excitation at small bias are negligibly small.
smooth profile of the PL band of the QD’s observed at a
excitation energies~see Fig. 1! provides additional evidence
of this conclusion. The obtained value oftPL also agrees well
with the model calculations of the radiative life time fo
disk-shaped QD’s.53 Thus we can speak about a relative
high probability of the optical transitions in InP QD’s due
a good overlap of the electron and hole wave functions.

The PL rise time at the 2AC spectral point is about 60
at small bias@see Fig. 8~b!#. Similar kinetic measurements a
acoustic resonances give a PL rise time that is approxima
twice as small. The PL rise time at the LO resonance
shorter than our time resolution of 6 ps. A lower limit for th
time can be deduced from the FWHM of the separate pe
of the LO resonances. It is about 1.2 meV for the InP QD
~see Fig. 2!, that corresponds to a relaxation time of 0.6 p
The corresponding value for In0.35Ga0.65As QD’s is about
1.5 ps.

E. Acoustic-phonon resonances

The PL spectra of the biased samples as well as the
kinetic data presented above demonstrate that the carrie
laxation with emission of high-energy acoustic phonons
efficient, in contradiction to theoretical predictions.5,7 To
make this contradiction evident, in Fig. 9 we plot the P

d

i-

h

FIG. 8. Bias dependence of the PL decay time~a! and the PL
rise time~b!. Open squares represent the data obtained by fittin
the PL kinetics. Fits by Eqs.~9! are shown by solid lines. The fitting
parameters are~a! tPL5330 ps, g0t

0 50.2 ps21, and U054 V;
and ~b! t r558 ps,g1t

0 52.5 ps21, andU055.5 V.
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spectra presented in Fig. 2 versus the Stokes shift. It is s
that the various acoustic-phonon resonances are clearly
served not only between the laser line and the 1LO re
nance, but also between the 1LO and 2LO resonances.

We cannot propose any quantitative description of
phenomenon, but there are a few points that, in our opin
can be important for future modeling. The observed phon
resonances are caused by high-energy acoustic phon
Acoustic phonons with such energy in the bulk crystal ha
a large momentum near the Brillouin zone boundary. T
also holds with good accuracy for structures with QD’s, b
cause the confinement effect for the acoustic phonon
these samples may be considered weak due to the smal
ference between the elastic properties of the QD and
barrier material.

The interaction of a carrier with phonons of large mome
tum is efficient if the energy state of the carrier is charac
ized by the same momentum. The energy states of carrie
a QD are formed by a mixture of bulk states due to confi
ment. In other words, the wave function of the quantu
confined state in a QD is a linear combination of wave fu
tions of various states in the Brillouin zone. To explain t
observed resonances, we have to assume that this linear
bination contains a considerable contribution from the la
momentum states such as, for example, the states of tL
valley.

To support this assumption, we would like to note that
energy shift of the lowest electronic state in InP a
In0.35Ga0.65As QD’s due to confinement is about a few hu
dred meV. This value is comparable with the energy sep
tions of the minima in theG and L or X valleys in these
materials.50 It should also be taken into account that the

FIG. 9. The magnified PL spectra presented in Fig. 2 at differ
photon energies of excitation~from top to bottom! vs the Stokes
shift. Ubias521.5 V. The spectra are shifted vertically for clarit
Similar phonon resonances in different spectra are marked by
tical lines. The arrows labelled ‘‘TA’’, etc., indicate the energy sh
of the resonances from the laser line or 1LO or 2LO resonan
Inset: the PL spectrum atUbias522 V vs the Stokes shift.
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fective mass of electrons in valleys near the Brillouin zo
boundary is large, and, hence, the energy shift of the st
due to confinement is much smaller than that at theG point.
As a result, the energy separation between states of theG and
L or X valleys is decreased with the decreasing size of
QD. This may be the reason why the mixing of these sta
in the QD’s is not small. A significant decrease of the ene
separation between theG and L minima in InP QD’s was
observed by Menoniet al.54 This decrease can also be in
duced by strain due to lattice mismatch of the QD’s a
surrounding material. An observation of theG-X crossover
under high pressure in the InP QD’s~Ref. 55! and in the
InAs QD’s ~Ref. 56! supports this assumption.

To model this situation it is necessary to go beyond
widely used effective-mass approximation that constru
QD energy states from Bloch functions in the neighborho
of theG point. In fact, empirical pseudopotential calculatio
already showed the importance ofG-X-L valley mixing in
QD’s ~see, for example, Ref. 57!. Similar calculations for the
structures studied in this work would be of interest.

Some experimental evidence of the above assump
seems to be provided by the spectrum shown in the inse
Fig. 9, where the TA, LA, and LO1TA resonances look like
narrow peaks with a FWHM of about 2–3 meV. The form
tion of such narrow peaks is possible only if a small porti
of the acoustic phonons causes a sufficiently strong re
ation. According to the above assumption, a selection
these acoustic phonons is caused by the wave-vector s
tion rule. It should be also taken into account that phono
with wave numbers near the Brillouin-zone boundary sh
small dispersions.

The interaction with the high-energy acoustic phono
may be also enhanced for two other reasons. The first is
small group velocity of the phonons that lengthens the in
action time. The second is the piezoelectric effect in th
crystals that leads to long-range electric fields associa
with acoustic phonons. Modeling these interactions at a la
wave vectorq of phonons is the open problem.

F. Auger-like processes

The phonon resonances discussed above can be obs
under specific experimental conditions. The most import
conditions are low PL efficiency, low power density of e
citation, and low temperature. We can consider the data
sented above as a illustrations of the resonances arising
to a decrease of the PL efficiency. In this section, we c
sider thedisappearanceof the resonances with increasin
pump power.

We have measured the pump power dependence of th
spectra and the kinetics of the biased sample QDP1779
the InP QD’s. 5-ps pulses, with a repetition period of abo
12 ns, were used to increase the peak power of the excita
The measured spectra are shown in Fig. 10. As seen,
acoustic-phonon resonances disappear and the LO reson
becomes barely observable under strong pumping. This
means that the relaxation rate forall interlevel spacingsbe-
comes comparable to the LO-phonon-assisted relaxation
The PL kinetics reveals a steplike component of the PL r
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s.
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PHONON RESONANCES IN PHOTOLUMINESCENCE . . . PHYSICAL REVIEW B63 075316
with an increase of the pumping~see the inset of Fig. 10!,
which also indicates an acceleration of the carrier relaxat

The observed behavior of the PL spectra and kinetics
be explained by invoking Auger-like processes. The Aug
like process involved here is carrier-carrier scattering,
which one carrier loses its energy and the other one acqu
it.8,11,30–32 On the one hand, relaxation due to Auger-li
processes should be fast because the carriers as charge
ticles interact with each other much more strongly than w
phonons. On the other hand, this process is possible if s
ration between the energy levels for the first carrier coinci
with that for the second one. In the case of the InP QD’s,
condition can be easily fulfilled for electron-hole or hol
hole scattering, because of the large density of the high
ergy levels for holes. Also, the hole could be ejected ou
the QD into the continuum of the barrier layer, so that t
energy conservation condition is easily fulfilled.30,31It is evi-
dent that we should not expect any spectral features~reso-
nances! due to relaxation via an Auger-like process. It is al
evident that the efficiency of this process should depend
the number of carriers in the QD, because each carrier ca
scattered by any other one. In the simplest model, the de
dence on the pump power should be quadratic.

These features of the Auger-like process agree qua
tively with the experiment. Therefore, we can conclude tha
strong pumping activates an alternative relaxation mec
nism that is much faster than the acoustic-phonon-assi
relaxation. The Auger relaxation rate achieved in our exp
ments is comparable with the rate of the LO-phonon-assi
relaxation, that is about 1 ps21.

A quantitative analysis of the presented data is diffic
because the absorption coefficient for the InP QD’s at

FIG. 10. PL spectra of the biased sample with InP QD’s un
cw excitation ~bottom curve! and pulsed excitation with averag
power indicated against each curve. The laser spot area on
sample is S5531025 cm2; Eexc51746 meV and Ubias5
21.23 V. An arrow marks the 2AC spectral point where the
kinetics was measured. Inset: the PL kinetics under weak and st
excitations normalized at 130 ps.
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laser line is unknown.58 As a result, the number of photocre
ated electron-hole pairs in a QD cannot be estimated
rectly. In addition, the observed pump power dependenc
the PL intensity is more complicated than quadratic. T
reason for this is probably some additional processes
strong pumping such as saturation of absorption that sho
lead to sublinear dependence, or saturation of deep le
that should lead to superlinear dependence.

G. Thermostimulated relaxation

Another way to accelerate the carrier relaxation is to
crease the sample temperature. Figure 11 depicts the
spectra of the biased sample at a few elevated temperat
It is clearly seen that phonon resonances become sm
relative to the structureless pedestal in the spectrum aT
5100 K. The temperature increase at first destroys the l
est in energy phonon resonance~TA!, then the other acoustic
resonances, and finally the LO resonance.

This behavior is easy to understand. Heating of
sample creates phonons. These phonons can cause c
relaxation due to stimulated emission of phonons into
same phonon modes. The number of phonons with sm
energy is always larger then that with high energy. The
fore, the stimulated emission is more efficient for low-ener
phonons. The PL kinetics shown in the inset of Fig. 11 a
demonstrates the shortening of the carrier relaxation tim

An important result is that the rate of relaxation at abo
100 K becomes comparable to that of the LO-phono
assisted relaxation, independent of the spectral point. T
we can conclude that no retarded relaxation of the hot ca
ers in QD’s should be expected at elevated temperatu
This result is important for device applications.

r

he

ng

FIG. 11. PL spectra of the biased sample with InP QD’s
different temperatures indicated near each spectrum.Eexc

51746 meV andUbias521.5 V. The arrow indicates the spectr
point at which the PL kinetics were measured. Inset: the normali
PL kinetics at temperatures indicated for each curve.
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IV. CONCLUSION

The present study of PL spectra of InP and In0.35Ga0.65As
QD’s in an electric field allowed us to establish the nature
the observed narrow resonances. These are shown to
due to a competition of the fast one-step relaxation of
carriers with emission of an acoustic or LO phonon and n
radiative losses. For InP and In0.35Ga0.65As QD’s in an elec-
tric field, the nonradiative losses are mainly caused by h
tunneling from the QD’s into the barrier layer.

We developed a model that quantitatively describes
bias dependence of PL intensity at the phonon resonan
This model allowed us to estimate the depth of the poten
wells for holes in the studied heterostructures.

The proposed model was verified by the PL kinetic m
surements for the samples with InP QD’s. We found that
carrier relaxation is really fast with emission of not only L
phonons but also acoustic phonons. This result gives c
evidence of the relatively strong carrier-acoustic-phon
coupling in the QD’s. We assume the main reason for thi
a mixing of G electronic states with the states with lar
07531
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momentum due to confinement of the electron in a QD.
We have also studied carrier relaxation in the presenc

more than one electron-hole pair in a QD. Clear evidenc
found for carrier-carrier scattering giving rise to accelerat
of the relaxation. A similar effect was observed under he
ing of the sample where the acceleration of the relaxatio
caused by stimulated phonon emission.

By careful analysis of the experimental data, we conclu
that there is no phonon bottleneck effect in QD’s, at leas
the sense proposed in Refs. 5 and 6. Carrier relaxation
emission of acoustic or LO phonons is much faster than
diative recombination. Our experiments clearly show th
phonon-assisted relaxation is the main channel for the ca
relaxation at low power density.
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