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Carrier relaxation dynamics in InP quantum dots studied by artificial control
of nonradiative losses
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A method to study carrier relaxation dynamics based on the artificial control of nonradiative losses by an
external electric field is proposed. Clear evidence of phonon-assisted relaxation as the main relaxation mecha-
nism of hot electron-hole pairs in InP self-assembled quantum dots is found by applying the proposed method.
Efficient one-step relaxation processes with emission of acoustic and optical phonons are observed. These
findings give important insights into the interaction of the electron-hole pairs in quantum dots with the phonon
subsystem.
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Quantum dots~QD’s! are attractive for their atomiclike
energy spectra that can be tailored by varying the size
shape of the QD. Because of the discrete energy spect
the carrier relaxation dynamics in QD’s are significantly d
ferent from those in systems with continuous energy spec
Although a thorough understanding of the carrier relaxat
process is of prime importance, presently there are sev
seemingly contradictory reports on this topic and no cl
description has emerged.

Generally two main mechanisms of relaxation are cons
ered. The first one is the phonon assisted relaxation wh
hot carrier relaxes to its ground state with emission of one
few phonons. However, theoretical analysis predicts that
laxation with longitudinal-optical~LO! phonon emission is
possible only for a narrow energy window for the interlev
spacing and that the relaxation by emission of acou
phonons, though possible for all energy level spacings
very slow.1–3 Most experimental results contradict this pr
diction. The alternative mechanism is fast relaxation due
carrier-carrier collisions.4–6 This mechanism is assumed
be efficient when several carriers are present in the QD
only one electron-hole pair is present in the QD, the fi
step of the relaxation should be again phonon-assisted re
ation of at least one of the carriers.

Conventional experimental techniques do not allow a
rect proof of these mechanisms. Observation of resona
shifted from the excitation line by the LO phonon energy
the photoluminescence~PL! and photoluminescence excita
tion ~PLE! spectra by several groups7–10has been considere
as experimental evidence of resonant LO phonon-assiste
laxation. However acoustic phonon resonances were not
served. On the other hand, kinetics measurement like ti
resolved PL spectroscopy9,11 and differential transmission
spectroscopy12 reveal fast carrier relaxation in few tens
picoseconds or less independent of the Stokes shift. T
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contradiction clearly shows that further experimental effo
are needed to clarify the relaxation mechanism.

In this paper we propose a powerful method to study
carrier relaxation in QD’s exploiting the phenomenon of P
suppression when an external electric field is applied t
sample.13,14 We found that different resonances shifted fro
the excitation line by the LO or acoustic-phonon energy
pear in the spectra of the partially suppressed PL. We exp
this phenomenon as a result of the competition between n
radiative losses and intraband carrier relaxation proces
The rate of nonradiative losses may be controlled artificia
by changing the applied bias. This opens up wide possib
ties for the study of carrier relaxation dynamics. We check
the validity of the proposed method by independent meas
ments of the PL kinetics. By this method, we found dire
evidence for efficient phonon-assisted carrier relaxation
self-assembled QD’s. In particular, the relaxation is fai
efficient even with the emission of the high-energy acous
phonons. This phenomenon offers challenges for theore
analysis.

A heterostructure with one layer of InP self-assemb
quantum dots embedded between Ga0.5In0.5P barrier layers
was studied. The areal density of the QD’s is abo
1010 cm22. Average base diameter is about 40 nm and
height is about 5 nm. The sample was grown by gas sou
molecular-beam epitaxy on ann1 GaAs substrate. The tota
thickness of the nondoped epitaxial layer is 500 nm. T
sample was provided with a semitransparent gold Sho
contact~thickness'20 nm! on the top surface and an Ohm
contact on the back surface.

We studied the last step of relaxation of carriers to th
ground states because this step mostly determines the
ciency of the relaxation. For this purpose, the PL of t
sample was excited selectively by a continuous wave~cw!
Ti:sapphire laser within or slightly above the PL band of t
15 633 ©2000 The American Physical Society
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QD’s ~hereafter referred to as quasiresonant excitation!. The
pump power density was typically less than 100 W/cm2. A
1-m double monochromator and a photon counting sys
were used for the detection of the PL signal. We also m
sured the PL kinetics by using a mode-locked Ti:sapph
laser, a streak camera, and a 0.25-m double subtractive
persion monochromator. The pulse duration was 2 ps,
the pulse repetition rate was 82 MHz. To prevent the crea
of more than one electron-hole pair in a QD, we used a fa
low pump power density of about 50 W/cm2. The experi-
ments were done at the sample temperature 2 K.

The optical and transmission electron microscopy cha
terization of the sample studied is presented elsewhere.15 The
energy spacing for the lowest electronic states is abou
meV and that for holes is several meV. Inhomogene
broadening is about 50 meV, that is, larger than these val

The PL bands of the QD’s recorded under nonreson
~barrier band-to-band! and quasiresonant excitation have
smooth profile without any sharp features at zero bias. T
behavior is typical for high-quality samples. When a neg
tive bias is applied to the sample surface, the intensity of
PL decreases and distinct sharp resonances appear in th
spectra@Fig. 1~a!#. Most prominent resonances are shift
from the excitation line approximately by the LO phono
energy of InP bulk crystal@\v543.5 meV~Ref. 16!#. PLE
spectra reveal very similar behavior with prominent 1LO a
2LO resonances at negative bias as shown in Fig. 1~b!.

The spectral positions of the LO resonances follow
excitation line. A plot of the integral intensity of the LO
resonances versus their spectral positions reflects the PL
file of the QD’s in the absence of bias. The LO resonan
become hardly seen with increasing of the sample temp
ture above 60 K. All experimental data strongly suggest t
the observed resonances are caused by fast relaxation o
carriers with emission of LO phonons rather than by phon
sidebands of the resonance PL or by resonant Raman
tering.

FIG. 1. The PL~a! and PLE ~b! spectra of InP QD’s at the
various applied bias indicated near each spectrum. The spectr
shifted and scaled for clarity. The spectral positions of the exc
tion ~for PL! and of PL detection~for PLE! are shown by the
vertical-dashed lines. Arrows indicate the spectral points LA a
2AC where the PL kinetics shown in Fig. 2~b! were measured.
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A similar phenomenon is observed also in the PL spec
of In0.35Ga0.65As quantum dots with PL maximum at 120
meV.17 A few strong phonon resonances with Stokes sh
of 19 meV, 29.5 meV, and 35.5 meV appear atUbias,22
V. These can be assigned to the carrier relaxation with em
sion of longitudinal acoustic~LA ! phonons and InAs-like
and GaAs-like LO phonons, respectively.

Our explanation for the observed phenomenon may
summarized as follows. The applied electric field activate
process of nonradiative losses of the QD excitation. T
most likely cause of these losses in the structure with
QD’s is the tunneling of the hole from the QD into the ba
rier layer because of the small depth of the potential well
holes in such heterostructures.18 The details of this proces
will be discussed elsewhere.19 The tunneling from the ex-
cited state competes with relaxation to the ground state. T
leads to selective PL suppression because of different re
ation rates with emission of LO and acoustic phonons.

The LO phonon assisted relaxation is possible in th
QD’s where the interlevel energy spacingDE coincides with
the LO phonon energyELO . Selective laser excitation cre
ates carriers in a subset of QD’s. However, the shape as
as size distribution of the QD’s gives rise to inhomogeneo
broadening of the interlevel spacing. So the requirem
DE5ELO can be always fulfilled for some subset of QD
independently of the photon energy of excitation.7–10

To verify the assumptions implicit in the above descr
tion, we performed PL kinetics measurements. Kinetics
selected spectral points and their dependence on the ap
bias for the LO resonance are shown in Fig. 2. A clear sh

are
-

d

FIG. 2. ~a! The PL kinetics at the LO resonance under vario
applied bias indicated near each curve.~b! Initial part of PL kinetics
at zero bias at spectral points corresponding to one~LA ! and two
~2AC! acoustic phonon and LO phonon~LO! assisted relaxation
marked in Fig. 1~a!. The laser pulse~dashed curve! with full width
at half maximum of 6 ps indicates the time resolution of the set
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ening of the decay time with the increase of negative bia
observed. So the nonradiative process forms some kin
time ~or optical! gate for the PL. Initial~rise! part of the
kinetics provides information about the relaxation rates.
seen from Fig. 2~b!, it is very fast for the LO resonance an
limited by our time resolution of about 6 ps. In the spect
region formed by the acoustic-phonon assisted relaxat
the rise time is about 50 ps, which is much longer than tha
the LO resonance.20

Based on the above description, we can now unders
the behavior of the time integrated spectra measured in
presence of the electric field. In Fig. 3~a! we plotted the bias
dependence of the integral PL intensity and also the ratio
the intensities of the LO resonance and 2AC spectral poin
a measure of the contrast of the features. A simple three l
model, shown schematically in Fig. 3~b!, can be used to ana
lyze the one-step relaxation with emission of a single p
non. In this case, only the initial state ‘‘1’’ of the carrie
created by selective excitation and the final radiative s
‘‘0’’ are involved in the process.

The dynamics of the populationsn1 andn0 of the states
‘‘1’’ and ‘‘0,’’ respectively, is described by

dn1

dt
5P2~g rel1g t!n1 ,

dn0

dt
5g reln12~gPL1g t!n0 . ~1!

HereP is the rate of optical pumping,g rel is the relaxation
rate, andgPL is the radiative recombination rate. We mod
the nonradiative losses~e.g., hole tunneling! from the states
‘‘1’’ and ‘‘0’’ by a single rate g t for simplicity.

For a cw excitation (P5const.), the solution of Eq.~1!
yields the PL intensityI PL as

I PL5gPLn05P
1

11~g t /gPL!

1

11~g t /g rel!
. ~2!

FIG. 3. ~a! The integral intensity of the PL spectra~top curve!
and the ratioSLO /Sac ~bottom curve! versusUbias . SLO andSac are
the averaged intensities of LO resonance and 2AC spectral p
marked in Fig. 1~a!. The ratio is normalized to unity at zero bia
The solid lines are guides to the eye.~b! A schematic illustration of
the three level model used for the analysis of the bias dependen
the PL.
is
of

s

l
n,
at

nd
he

of
as
el

-

te

l

A few cases can be considered depending on the rati
the various relaxation rates.

Case 1. When the tunneling is slow, that isg t!g rel , Eq.
~2! is reduced toI PL5P/@11(g t /gPL)#. It is seen that the
PL intensity does not depend on the relaxation rateg rel . The
PL band has a smooth shape without any phonon resonan
This case corresponds to the curves in Fig. 3~a! for small
bias.

Case 2. When the tunneling is fast enough so thatgLO

.g t.gac , the PL suppression is stronger in the case of
slow acoustic-phonon assisted relaxationg rel5gac , than in
the case of the fast LO phonon assisted relaxationg rel

5gLO . The ratio of the PL intensitiesI LO and I ac in the
spectral regions formed by the LO phonon and acou
phonon-assisted relaxation, respectively, is given
I LO /I ac5@11(g t /gac)#/@11(g t /gLO)#. This ratio can be
much more than unity becausegLO@gac . This case corre-
sponds to the curves in Fig. 3~a! for bias in the range
21.8 V,Ubias,21 V.

Case 3. In the case of extremely fast tunnelingg t

.gLO , the ratio of the intensitiesI LO /I ac5gLO /gac , that is
the ratio depends only on the phonon-assisted relaxa
rates. This case corresponds to the curves in Fig. 3~a! for bias
Ubias,21.8 V.

It is clear from the above analysis that the manipulation
the nonradiative losses allows us to determine spectral
pendence of the relaxation rate. To demonstrate it, we m
sured the PL kinetics at many spectral points at zero b
then multiplied them bye2g tt to imitate the fast nonradiative
losses and integrated. The time resolved PL spectrum re
structed this way is shown in Fig. 4~a! together with the PL
spectrum measured atUbias521.5 V. As the estimated tun
neling time at21.5 V is smaller than the time resolution o
our setup,ts56 ps, we have usedg t51/ts . The excellent
agreement between the two spectra clearly demonstrate
consistency of our description of the PL process. At the sa

int

of

FIG. 4. ~a! The PL spectrum atUbias521.5 V and cw excita-
tion ~solid line! and the time resolved PL spectrum reconstruc
from kinetics data~circles! as described in the text. Solid lin
through the circles is a guide to the eye. ‘‘TA,’’ ‘‘LA,’’ ‘‘LA8,’’
and ‘‘LO’’ mark the phonon resonances.~b! Phonon density-of-
states of the InP crystal~Ref. 21!.
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time, the spectral and effective time resolutions in the
spectrum of the biased sample is higher than that achiev
in kinetics experiments.

A few important statements about relaxation mechanis
and relaxation rates can be derived from the experime
data and the analysis presented above.

The main relaxation mechanism of hot carriers in I
QD’s, when only one electron-hole pair is created in the Q
is the phonon assisted relaxation. Different relaxation ch
nels are possible. Electron and hole may relax separate
together, mediated by the Coulomb interaction, by the em
sion of phonons. The PL kinetics for the LO resonan
shows mainly a fast rise component. From this kinetics
follows that single LO phonon emission contributes mo
than 70 % of the PL at the LO resonance energy.

The relaxation time with emission of LO phonons lies
the range 0.6 ps,tLO, 6 ps. The lower limit is derived
from fitting the peaks in the LO resonance by Lorenzia
The upper limit is decided by the time resolution of the dire
kinetics measurements.

Acoustic phonon resonances are observed in the spe
of the partially suppressed PL. A comparison of the PL sp
trum with the phonon density-of-states~DOS! of InP crystal
~see Fig. 4! allows us to attribute the resonances to the tra
verse acoustic~TA! and longitudinal acoustic~LA ! peaks in
.
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the phonon DOS of InP~Ref. 21! and Ga0.5In0.5P .22 The
rising kinetics of the PL in these peaks are faster than in
rest of the acoustic part of the spectrum. This observatio
evidence of efficient relaxation of electron-hole pairs w
emission of high-frequency acoustic phonons, in stark c
trast with theoretical predictions.1–3

In conclusion, we developed a method for the study
carrier relaxation in QD’s based on the artificial control
the nonradiative losses by an external electric field. The n
radiative process with a controllable rate gives rise to
effective optical gate with variable duration for the PL of th
QD’s. This method allows one to study the spectral dep
dence of the carrier relaxation rates with high spectral a
time resolution at a low-power density of optical excitatio
Our results clearly demonstrate that the main relaxat
mechanism in InP self-assembled QD’s is the phon
assisted relaxation. Clear evidence of efficient one-step
laxation with emission of high-frequency acoustic phonons
found. This observation poses a principal problem for th
retical analysis.

We thank Professor D. N. Talwar for kindly providing u
the unpublished data on the phonon density-of-states of
We also thank V. Davydov for technical assistance in
experiments.
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