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Phonon resonances observed in the photoluminescéfice spectra of InP and jysGa) gsAs self-
assembled quantum ddi®D’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.
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[. INTRODUCTION energy spectrum of the LO phonons is typically rather nar-
row, and can be roughly considered as a set of degenerate

Quantum dotgQD’s) attract much attention because of energy values. Therefore, fast relaxation occurs only in those
their unusual physical properties and promising prospects foRD’s where the energy spacings are equal to the energy of
application in device engineering. Three-dimensional carrieone or several LO phonons. The carriers in other QD’s have
confinement gives rise to discrete energy levels with largeo relax via acoustic-phonon emission. This process is inher-
spacings, provided that the QD’s are sufficiently small. Forently slow because of the weak deformation potential inter-
this reason, QD's are often referred to as artificial atdbms.action. This is well known for bulk materials, where the re-
Realization of such artificial atoms in semiconductor heterodaxation with emission of acoustic phonons is slower by two
structures and their integration with conventional electronicorders of magnitude than that with emission of LO
and optical devices offer great potential for applicatibrs. phonons* Theoretical considerations show that acoustic-
For optical applications, the main physical processes are thghonon-mediated relaxation is further slowed down in
creation of carriers in the QD, their relaxation to the lowest-QD’s—this effect is commonly referred to as “phonon
energy states, and radiative recombination. bottleneck.”®® Only phonons with wavelengths of the order

The carrier relaxation process was studied extensivelpf the QD diameter and an energy equal to an interlevel
during the last decade because it mainly determines the lwspacing may cause one-phonon relaxation. Although
minescence efficiency of QD% At low temperature and two-phonon relaxation is not so restricted, this process
weak excitation, the main relaxation mechanism is spontaneshould be also slow because of weak electron-phonon
ous emission of phonons by hot carriers. Though this poininteraction’
is evident, peculiarities of this process in QD’s are not yet It seems that some indication of the phonon bottleneck is
understood and have been widely discussed up téound in a few experiments. The simplest experiment con-
now13-23 sists of the observation of the photoluminesce(Rie) spec-

In polar semiconductors of interest, electrons and holesrum of a QD ensemble under an optical excitation slightly
interact strongly only with the longitudinal-opticdLO)  above the PL maximum. Sharp featufessonancesshifted
phonons. LO phonons produce an electric field to which thdoy the LO-phonon energy from the excitation line were ob-
electrons and holes are sensitive as charged particles. Tlserved in the spectra of some sampfe¥16:18:20.25-27
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Other types of experiments apparently argue against the Il. EXPERIMENTAL DETAILS
phonon bottleneck. The most important of these is the study
of the rise time of the PL, that is determined by the relax- The sample with InP QD’s was grown by gas-source
ation of hot carriers to their lowest energy levels. These exmolecular-beam epitaxy on ari” GaAs substrate. A 300-nm
periments show a fairly short rise time of a few or severalGaAs buffer layer containing a thin 3
tens of picoseconds in high-quality sampté$® This obser-  x (2-nm AlAs/10-nm GaAs) superlattice in the middle was
vation contradicts theoretical predictions. However, in suclgrown at 600°C to suppress dislocations. A tlith nm)
experiments it is difficult to achieve both good spectral andAlAs layer on the buffer layer was grown to prevent compo-
time resolutions keeping a low excitation power. Thereforesitional interdiffusion between GaAs and,4Ga, P layers.
it is not clear whether the observed fast relaxation is cause@®ne layer of InP QD’s with a nominal thickness of 4 ML
by LO-phonon emission, by acoustic-phonon emission, or byvas grown between the 100-nmyuGa, P barrier layers.
some other processes. The growth rates were 0.5 ML/s for JgGa, sP, and 0.25

Many theoretical efforts have been put forward to explainML/s for InP. The interruption times used before and after
fast carrier relaxation. Two-phonon processes involving LOthe InP growth were 2 and 20 s, respectively. The areal den-
+ LA combination] LO-phonon anharmonicity; relaxation sty of the QD's is about 18§ cm™2. This was determined
through continuum statééand defect staté$?®*were con- by atomic force microscopy on a reference sample, grown in
sidered to spread out the spectral region where the fashe same conditions without the top barrier layer. The aver-
phonon-assisted relaxation is possible. In addition, an alterage base diameter of the QD’s4s40 nm and the height is
native mechanism of relaxation was proposed that consid~5 nm, as determined by cross-sectional transmission elec-
ered carrier-carrier scatteringeferred to as Auger-like tron microscopy. The sample with JaGa, sAs QD’s was
processeg> 303 grown by metal organic vapor phase epitaxy on tht1)B

We recently proposed a powerful method to study carrieh™ substrate. A QD layer with a nominal thickness of 4.5
relaxation in QD’sz.3 This method exploits the idea of artifi- MLs is embedded between 250- and 100-nm GaAs layers
cially controlling PL quenching®**The PL quenching rate containing 2-nm AlAs layers as stop layers for photocreated
can be changed in a wide range by applying an externaarriers. The areal density of the QD’s is about 5
electric field to the sample. This allows one to study carrierx 10° cm™2. The average base diameter4s70 nm, and
relaxation by varying the ratio of the relaxation and PL the heightis~10 nm as determined by atomic force micros-
quenching rates. copy of the reference sample. The samples were provided

In this paper, we use this method to study phonon-assistegith a semitransparent gold or indium tin oxide Shottky con-
carrier relaxation in self-assembled QD’s in more detail. Wetget on the top surface, and with an Ohmic contact on the
study the PL spectra and PL kinetics of heterostructures witlhack surface.
InP and I 35G& ssAs QD’s in an electric field under qua-  The PL was excited selectively by a continuous wave
siresonant excitation. We find that, for all heterostructuregcw) Ti:sapphire laser within or slightly above the PL band
studied, a fast LO-phonon-assisted relaxation gives rise tgf the QD’s. This excitation is hereafter referred to as qua-
LO resonances in the spectra of PL partially quenched by agjresonant excitation. The pump power density was less than
electric field. The aCOUStiC'phonon-aSSiSted relaxation is notoo Wi/cnt. We checked that the PL intensity depended lin-
suppressed as strongly as predicted theoretically. The integarly on the excitation power within this range without any
action with high-energy acoustic phononis also fairly  change of the PL spectrum. The spectral width of the laser
strong, and gives rise to a relatively fast relaxation which igine was less than 0.01 meV without any sidebands. The PL
only an order of magnitude slower than the resonant LOvwagas dispersed by a double monochromator UlQ@@al
phonon-assisted relaxation. We discuss a possible physicRingth 1 m, numerical aperture 1:8, linear dispersion 0.36
mechanism of the relatively strong interaction of an electronnm/mm) with an extremely low background of scattered
hole pair with high-energy acoustic phonons. According tojight (10”4 at a distance of 3 meV from the laser lin@he
our results, we conclude that there is no phonon bottleneckpectral resolution of the setup was approximately 0.15 meV.
effect in QD’s, at least in the sense that it was proposedy photon counting system with a cooled GaAs or
theoretically. Iy 35Ga g5As photomultiplier tube was used for detection

We present a model for a PL quenching mechanism in thgf the pL signal.
presence of an electric field. The essential point of our model The PL kinetics was studied using a picosecond Ti:sap-
is the tunneling of carriers from QD’s into the barrier layer. phire laser with a pulse duration ranging from 1 to 5 ps, and
From a quantitative analysis of the experimental data, we repetition rate of 82 MHz. In most experiments, we used a
evaluated the depth of the potential well for holes in InPfairly low average pump power density of about 50 W#cm
QD’s. to prevent the creation of more than one electron-hole pair in

We also discuss an acceleration of the carrier relaxatiom QD per pulse. This allowed us to avoid relaxation due to
due to carrier-carrier scattering and stimulated phonon emiszarrier-carrier scattering. A 0.25-m double-subtractive dis-
sion. For this purpose, we study the PL spectra of samples ipersion monochromataispectral resolution 0.5 nimend a
an electric field under strong optical pumping and at elevatedtreak camera were used for accumulation of the signal in the
temperatures. selected spectral points. The time resolution of the setup was
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FIG. 1. The PL and photoluminescence excitaiBhE) spectra s -
of the sample with InP QD’s. PL spectrum 1 was recorded under A’/\J Stokes shift (meV)
Ing 5G& sP band-to-band excitation. It is scaled by a factor 0.025. 1650 1700 1750 1300
The PL bands of the jsGa, 5P barriers, the wetting layer, and the
InP QD’s are marked. PL spectra 2, 3, and 4 were recorded under
quasiresonant excitation with photon energies indicated by arrows. FIG. 2. PL spectra of the sample with InP QD’s at different
The PLE spectrum was recorded by PL detection B  excitations indicated by arrowsJ,,=—1.5 V. The spectra are
=1700 meV. shifted vertically for clarity. The top curve, shown by a dashed line,

is the spectrum at zero bias. It is scaled by a factor of 0.05. Inset: a
about 6 ps. Most measurements were done at a sample teipart of the PL spectrum showing an LO resonance vs the Stokes
peratue 2 K to exclude any processes involving absorptionshift. A fit of one of the peaks in the resonance by a Lorentzian is
or stimulated emission of phonons. shown by dashed lines.

Photon energy (meV)

IIl. EXPERIMENTAL RESULTS AND DISCUSSION (hereafter referred to as the acoustic region of the spegtrum
and also between the 1LO and 2LO resonances. Their energy
shifts from the excitation line or the 1LO resonance line

The PL bands of the heterostructures recorded under nogoincide with the energies of high-energy transverse acoustic
resonanibarrier band-to-bandand quasiresonant excitation (TA) and longitudinal acoustiLA) phonons in InP crystal.
have a smooth profile without any sharp features. A typical PL spectra of the sample with JBsGa, g5As QD’s are
spectrum of the sample with InP QD’s is shown in Fig. 1. Asshown in Fig. 3. Without bias, the PL spectrum consists of
seen, the most intense PL band in the spectrum is that of tH#&0o smooth maximasee the insgt probably due to the ex-
QD's. The PL profile does not contain sharp features for anystence of two sets of QD’s with different sizes in this
photon energy of excitation. The PLE spectrum is alsosample. A number of maxim@&esonancgsappear in the
smooth. spectrum at negative bias. The most prominent resonances

When a negative bias is applied to the sample surface, thean be assigned to the GaAs- and InAs-like LO phonons of
integral PL intensity decreases. At the same time, the dethe Iy 35Gay g5As QD’s, because their energy shifts from
crease of the PL in different spectral points is different andthe excitation line are close to the energy of the LO phonons
as a result, pronounced resonances appear in the PL spectitaGaAs and InAs crystals, respectively. They are marked in
This behavior of the spectra was already discussed in ReFig. 3 as L@ and LQ . An intense resonance with a Stokes
23. An example of the PL spectra of the InP QD’s for vari- shift of about 20 meV can be assigned to LA phonons of an
ous excitation energies is shown in Fig. 2. As seen, manyng 35G& ¢sAS solid solution. A narrow peak with a Stokes
resonances appeared in the spectra at negative bias. The mshtft of 33.2 meV, marked by * in Fig. 3, is probably due to
prominent resonance is shifted approximately from the excithe Raman scattering from the GaAs barrier layers, because
tation line by the LO phonon energy of the bulk InP crystalthe intensity of this peak does not depend on bias.
[fw o=43.5 meV(Ref. 36]. The energy positions of the The LO-phonon resonances for all the samples have a
resonances faithfully follow the photon energy of the excita-rather complicated structure consisting of a few narrow
tion. Under the excitation at a high photon energy, a resopeaks. A fit of each separate peak in the resonance by
nance shifted by 2w, o (marked by 2LO in Fig. Ris also  Lorentzians allows one to estimate the full width at half
observed. The relative intensity of the 1LO and 2LO reso-maximum(FWHM) to be about 1.2 meV for the InP QD’s,
nances depends strongly on the excitation energy. The inte@s shown in the inset of Fig. 2. A similar fit of the KO
sity of the resonances becomes weak when they leave a Resonance in the spectra of thg §3Gay s5As QD’s (see Fig.
band measured at zero bias. 3) gives a FWHM of 0.5 meV.

A few other weak resonances are visible in the spectral Under positive bias, the PL intensity also starts to de-
region between the excitation line and the 1LO resonancerease. However, fod,s>0.7 V, a strong increase of the

A. PL spectra
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N1142D ates an electron and a hole in their ground states, and a
Eh‘(i";‘;ZSD'S phonon. The probability of this process is usually equal to
™ A0 MY that of the phonon-assisted PL, and is also small. It can be
) Joro gnhanced _by a resonance with some ditpbbnonlessop-
o Lo * 1o  bias t|ca! transition as is discussed in Ref. 40. The phonon-
Photon energy (meV) TR assisted absorption in theyliGa, ¢As QD’s was observed by
1A T N 15V Findeiset al** We neglect this process in the following dis-
5 cussion.

We assume that the main process causing phonon reso-
nances is the selective phonon-assisted relaxation of hot car-
riers in the presence of nonradiative losses. The appearance
of phonon resonances due to this process can be explained as
follows.'* The quasiresonant excitation creates electrons and
holes in the excited states. The QD’s in the ensemble have
slightly different sizes and shapes, and the interlevel energy
spacingAE has some distribution. The spacind: can well

‘ ; ‘ . match the LO-phonon enerdgs; o only in some subset of the
0 20 40 QD’s. Carrier relaxation in these QD’s is fast due to the high
Stokes shift (meV) efficiency of this process with the emission of a LO phonon.
The relaxation in the rest of the QD’s occurs via emission of
acoustic phonons i.e., much more slowly. If the electron or

PL intensity

PL intensity

FIG. 3. The PL intensity vs the Stokes shift for the sample with

Ing 35G& 65AS QD’s under different biases indicated against each .- . .
curve.Eq = 1246 meV. The spectra are shifted vertically for clar- hole can efficiently leave the Qthis process is usually

ity. The energies of the resonances marked by TA, LA, Lénd referred to as nonradiative lossebefore relaxation via

LOg are 12, 20, 30, and 35.5 meV, respectively. Inset: PL spectrunCOUStic-phonon emission, the PL does not appear in any
of the sample without bias. spectral point except the point where it is “saved” by fast

LO-phonon-assisted relaxation. In the time-integrated PL
gpectrum, a narrow peak shifted from the excitation line by
the energy of the LO phonok, o, must be observed in this
case. However, if there are no significant nonradiative losses,
electrons and holes iany QD eventually relax to the lowest
B. Physical mechanism levels and recombine. In this case, the PL spectrum must

mechanism responsible for the observed phonon resonancédion which usually has a bell-like smooth shape. Behavior

Generally, a few processes are possible — resonant Ram&h the spectra presented in Figs. 2 and 3 agrees with this

scattering, phonon-assisted electron-hole recombinatiorc€nario.
phonon-assisted absorption, and phonon-assisted relaxation
in the presence of nonradiative losses.

Resonant Raman scattering has a low efficiency, as ob- C. Model
served, for example, by Sirenket al. for a heterostructure The dependence of the PL spectra on the electric field was
with InP QD’s®® Our experimental results, namely, the de- qualitatively discussed in Ref. 23. Here we analyze this de-
pendence of the phonon resonance intensities on the appliggndence quantitatively in the framework of the model sche-
bias and the strongly variable ratio of the 1LO and 2LOmatically drawn in Fig. 4. We assume that the quasireso-
resonance intensities depending on spectral position withinance excitation generates an electron and a hole in excited
the PL band, allow us to rule out resonant Raman scatteringnergy levels labeled byle) and|1h), respectively.
as the process responsible for the phonon resonances. ThisThe excited electron and hole may relax at different rates.
point is further supported by the long decay time of the QDHowever, the experimental data do not allow us to separate
emission at the phonon resonances and the strong tempetaese processes. On the other hand, the observed narrow
ture dependence of the resonance intensities, discussed lresonancegsee Figs. 2 and)3an be formed only by one-
low. step relaxation of carriers, with the emission of a single pho-

Phonon-assisted electron-hole recombination can be alswn. This may be relaxation of one of the photocreated car-
ruled out, because the electron-phonon interaction is weak ifiers with another one being created in its ground state,
these structures and is able to produce only very small phaelaxation of an electron-hole pair as a correlated system.
non sidebands in the PL spectraln addition, the ratio of Therefore, we consider some effective relaxation rate from
intensities of the one- and two-phonon sidebands must bthe excited state of the electron-hole pair to its ground state.
almost independent of the photon energy of the excitation, in The relaxation process competes with the nonradiative
contrast to the observed behavior of the 1LO and 2LO resolosses. We assume that the external electric field activates the
nances. tunneling of the photocreated carriers from the QD into the

The phonon resonances in the spectra can also be causealrier layer. The depth of the potential well for holes is
by phonon-assisted absorption when an absorbed photon cnesually smaller than that for electrons. As for InP QD’s, it is

PL is observed. This effect is caused by the electric-curren
induced radiative process, and is discussed elsevihere.
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QD's* All these effects influence the PL of the QD’s much

Conduction band . .
more weakly than the carrier tunneling.

InGaP | e InGaP The dynamics of the electron-hole pair populatiopsnd
QD . Ny in the levelg 1) and|0), respectively, are described in the
Y, framework of the model by the equations
(5]

le) ——e-
A % dn,
WZP—(%JF Y1)N1,

— dno
W:’}’rnl_U’PL‘F Yot)No- (2

0c) &

Here yp, is the rate of the electron-hole radiative recom-
bination, y, is the relaxation rate from stat&) to state|0),
andy.;= y1n+ y1e @andyg:= yon are the tunneling rates from
the stateg1) and|0), respectively.

For a cw excitation P=const), the steady-state solution
of Eqg. (2) yields an expression for the bias dependence of the
population of the radiative state;. As a result, the bias
dependence of the PL intensity, which is proportional to

Valence band

FIG. 4. A model of the PL quenching in the electric field. The
vertical arrows marked by and yp_ denote the pumping and ra- L
diative recombination processes, respectively. The relaxation of th&PLNo, 1S given by
hot carriers to their ground states is shown by the wavy arrows
which are not labeled. The wavy arrows markedWy, y;,, and Ip(U)=NP 1
¥1e indicate tunneling of the hole from the ground and excited (1+ vl ve) (L+yoil vpL)'
states, and of the electron from the excited state, respectively.

()

whereN is the number of QD’s which can emit light at a

assumed that the holes are weakly localized in the dots d#VeN Spectral point under a given excitation. .
even in the surrounding materf&t** A real potential profile The tunneling rates are equal to zero for zero Biee
for carriers may be complicated due to strain and also due t59S- (1@ and (1b)]. Therefore, the PL intensity does not
composition fluctuation§’ Nevertheless we assume for sim- depend on the relaxatlon_ rate. This is Wh.y phonon reso-
plicity that the potential barrier for holes acquires a triangu-12Nces are not observed in the PL spectra in the absence of
lar shape in the electric field, as shown in Fig. 4. the electric field. In the presence of an electrlp field, 6.

In the semiclassical approach, the tunneling raJ) depends on the branching ratio of the relaxation and tunnel-

from the statdi) through a triangular barrier is given by the N9 rates from the excited stad). For slow acoustic-
expressioff phonon relaxation, this ratio is larger and, therefore, the PL

guenching is stronger than that for the fast LO-phonon relax-
“Ui, (19 ation.
To illustrate this behavior, in Fig. 5 we plot the bias de-
with pendence of the PL intensities for the sample with InP QD’s
at the LO resonance and also at the neighboring spectral
U;=(4/3eh)2m*E>A, (1b)  point marked by 2AC in the inset of Fig. 5. The PL in the
2AC spectral point is contributed by those QD’s in which the
wherem* is the effective mass of a carriég; is the depth of  carriers have to relax with the emission of a few phonons
the potential well for the carrier in St&q@), andd is the because of the energy gap between the acoustic and LO
effective thickness of the insulating layer to which the bias iSphonons. The intensitidso(U) andl,xc(U) at the LO and
applied @~0.5u). Here we neglect the dependencéepon  2AC spectral points, respectively, are fitted by E8). The
uU. ratio of these intensities, normalized to unity at zero bias,
The well depth for electrons in the InP QD’s is of about may be used as a measure of the contrast of the features in

200 meV, which prevents the electron from tunneling intothe PL spectrum at strong bias. The bias dependence of this
the conduction band of the barrier layer at a moderate biagatio is plotted in Fig. 5, and fitted by the equation

However, the electrons may tunnel to deep levels that are
present in the vicinity of the QD’s even in high-quality lo(U) (14 vt/ vanc)
heterostructure¥*"*8 Analysis shows that the electron tun- = :
- - loac(VU)  (1+y1/v10)
neling from the excited statde) affects the PL of the InP
QD’s atUpjpe<—1 V. To simplify our discussion, we de- that follows directly from Eq.(3). Here y, o and y,c are
scribe the rate of this procesg;., by the same equations relaxation rates with the emission of a LO phonon and two
(1). We also neglect variations of the carrier relaxation andacoustic phonons, respectively. As is seen from the figure,
optical transition probabilities in the electric field, a possiblethe calculated curves reproduce the experimental values rea-
built-in electric field?’ and intrinsic dipole moment of sonably well. Thus, in spite of its simplicity, the model ad-

Yi= Vioe

4
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FIG. 5. Bias dependence of the PL intensities at the LO FIC- 6. Bias dependence of the PL intensity at the, k€rcles
(squaresand 2AC(circles spectral points and of their normalized @Nd LA (squaregspectral points for the sample withlgsGap sAs
ratio (triangle$ for the sample with INP QD'SEq,=1771 meV. QD’s. The d_ata are taken from _the spectra presented in Fig. 3. Solid
Solid curves the fits by Eq$3) and (4). The fitting parameters for CU'ves are fits by Ed3). The fitting parameters atg,=40 V and
all the curves ardlyy=2 V, Ugy=4 V, Use=16 V, 10/5%, Yo/ y=9x10" Inset: PL spectrum o= —3 V.
=3.8x10% 3/ vpL=150, yio/Yoac=12, andy$/y.0=0.2. In- o
set: the PL spectrum &f,,=—1.5 V. D. Kinetics

Kinetic measurements of PL allow one to study the time
equately describes, as a whole, the behavior of the PL intereyolution of the radiative state populatiop. The time reso-
sity of the InP QD’s versus the applied voltage. lution of our setug6 ps was enough to study the relaxation

From the fit, we have determinetV;,=2 V, Ugn  of the photocreated carrier in real time. We also performed a
=4 V,andU,,=16 V. These values allow one to estimate further verification of the model proposed above by analyz-
the depth of the potential wells for carriers by means of Eqing the kinetics in the electric field.

(1b). The valuesEy,=13 meV, E;p=9 meV, andE,, Examples of the PL kinetics under quasiresonant excita-
=65 meV were obtained using the heavy-hole effectivetion for two spectral points within the PL band are shown in
masst® m¥ =0.65m,, and the electron effective mass? Fig. 7. The kinetics consists of a relatively short rising part
=0.08m,, in the InP crystaf® Heremy is the electron mass. and a rather long decay. The PL leading edge is shorter than
The obtained results show that the potential well for holes irthe time resolution of the setup for LO resonance and much
InP QD's is small and positive, i.e., the holes are localized inonger for other spectral points, as shown in the inset. At
the dots. This conclusion is further supported by the relanegative bias, the decay becomes faster and the amplitude of
tively high probability of optical transitions in the InP QD’s, the signal becomes smaller.

as discussed in Sec. I D. The time evolution of the PL intensity can be described

The accuracy of the values &), andE,, is limited by by an equation that follows from Eg&). Assuming that the
many simplifications used in the model. We estimate an acexcitation pulse is shorter than any other process under con-
curacy of about 50% by analysis of all sets of experimentakideration,P=P,5(t), we obtain
data, as well as by comparing the results using various modi-
fications of the described model. We would like to stress that IpL(t)=1ofe™ (Pt ro)t— g~ Oyt (6)
the actual accuracy can be verified only by independent medi ere
surements of these values with a different technique.

We performed a similar analysis of the PL data for
Ing 35Ga 5AS QD’s presented in Fig. 3. The bias depen-
dence of the LQand LA resonances is shown in Fig. 6. Both The two terms of the Eq:6) describe the decay and rise of

lo=7v:Po/[(¥:— v+ (v1t— Yor) -

dependencies are well fitted by the equation the PL pulse, respectively.
The functionl p (t) given by Eq.(6) well fits the kinetics
lp(U)=P/(1+ yor/ vpL), (5)  for the 2AC spectral point, as seen in Fig. 7. However, the

behavior of the PL kinetics at LO resonance is more compli-

accounting only for a tunneling from the radiative stHg. _
This means that tunneling from the excited sfateat values ~ ¢ated- At zero bias, the fast and slow components of the PL
rise are clearly seen. The kinetics is well fitted by

of the bias used in our experiment is much slower than car-
rier relaxation with emission of LOand LA phonons. As- _ ~(ypLt o0t — ot B — vadla— it
suming that the hole tunneling process is responsible for p o =lole v~ lae T(1-aje 7ecle t(};)
quenching! from the fit we can obtain the energy of the

lowest hole stat&y,=70 meV. This value agrees with typi- The slow PL rise component is probably due to multistep
cal values considered for Jn<Ga, g5As QD's? carrier relaxation with emission of acoustic phonons in some
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FIG. 7. PL kinetics of the sample with the InP QOthin solid FIG. 8. Bias dependence of the PL decay tifaeand the PL

line) for different biases at the LO and 2AC spectral points markedrise time(b). Open squares represent the data obtained by fitting of
in the inset and a fithick gray line by Egs.(6)—(8) as discussed in  the PL kinetics. Fits by Eq$9) are shown by solid lines. The fitting
the text. Values of the fitting parametepg, + yo,=7p(U) * and  parameters aréa) 7p =330 ps, y3,=0.2 ps?’, and Uy=4 V;

¥+ yu=1(U)"* for LO and 2AC kinetics, respectively, can be and(b) 7,=58 ps,y%=2.5 ps !, andU,=5.5 V.

extracted from Fig. 8. Values of the other parameters for 2AC ki-

netics areyp + vo=(358 ps)*, (230 p3~*, and(104 ps~* for  as a fitting paramet&f As seen, the fit withy;=5.5 V well
U=0, —0.8,and—1.2 V, respectively. Values of the other param- reproduces general behavior of the rise and decay times.

eters for LO kinetics areyact = (43.3 ps) * and &=0.67 for As seen in Fig. &), the PL decay time at small bias is
U=0V, and ys+ 70::(9,9 ps) L and Bi0-60 for Uf about 300 ps. Experiments show that this time, as well as the
—08 V., and yucf v =(11.8 psy* and =037 for U= p| intensity of the QD’s, are almost independent of the

f;rljl l?)/ié;/:sluiigfﬁttrt]ii pirivmeeste;:gtgrl]ﬁ Ctggsxir:r:()et;e ;Sgsrl] Wi S2mple temperature within several tens of K. This is an in-

2 FWHM of.6 S.E g=1u771 meV Insetl-J the PL s euctrum at dication that PL decay is determined by radiative recombi-

U ——15 V PS- Eexc ' ' P nation of the electron-hole pair. This means that nonradiative
bias— — +- .

losses of excitation at small bias are negligibly small. A
fraction (1—a) of the QD’s. The carrier tunneling at nega- smooth profile of the PL band of the QD’s observed at any

tive bias compensates for this process, and another proce‘gxCltatlon energiegsee Fig. ] provides additional evidence

causing a relatively fast PL decay component becomes Obo_?thls conclusion. The obtained value o, also agrees well

- : : ith the model calculations of the radiative life time for
servable[see Figs. ) and 7c)]. This process is probably Wi J53 .
the cascade relaxation of the carriers in “large” QD’s in disk-shaped QD’S® Thus we can speak about a relatively

which the lowest-energy optical transition is redshifted rela-hlgh probability of the optical transitions in InP QD s_due to
tive to the given spectral point. In this case the PL kinetics i good ove_rlap .Of the electron and hole wave functions.
described by The PL. rise time at the 2AC spe_ctraj point is about 60 ps
at small biagsee Fig. &)]. Similar kinetic measurements at
lLo(t) =14{[ B Yad+(1—B)e~ Pitle" Yot — @~ (v0* ylt)t}, acpustic resonances give a PL.rise time that is approximatgly
(8 twice as small. The PL rise time at the LO resonance is
. ) shorter than our time resolution of 6 ps. A lower limit for this
where is the fraction of “large” QD’s. time can be deduced from the FWHM of the separate peaks
A good agreement of the fits with the PL kinetics allows of the LO resonances. It is about 1.2 meV for the InP QD’s
one to determine the bias dependence of the PL decay timgsee Fig. 2, that corresponds to a relaxation time of 0.6 ps.
7pi(U), and the PL rise timer,(U). In Fig. 8 we show the  The corresponding value for JnGa, ¢-As QD’s is about
bias dependencies af (U) for the LO resonance and of 15 ps,
7,(U) for the 2AC spectral point. According to Eq$)—(8),
they are described by the equations E. Acoustic-phonon resonances

ThL T The PL spectra of the biased samples as well as the PL

Tt rorye’ | H(U)= [ (9 kinetic data presented above demonstrate that the carrier re-
laxation with emission of high-energy acoustic phonons is

The data in Fig. 8 are fitted by these functions using @y. efficient, in contradiction to theoretical predictions.To

for the tunneling rateU,=4 V determined above, and; make this contradiction evident, in Fig. 9 we plot the PL

e (U)=
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Lo j o, o fective mass of electrons in valleys near the Brillouin zone

‘ _ o boundary is large, and, hence, the energy shift of the states
P N C due to confinement is much smaller than that atlthgoint.
BLUEE I SN As a result, the energy separation between states df tred
1 SR 11 " L or X valleys is decreased with the decreasing size of the
QD. This may be the reason why the mixing of these states
in the QD’s is not small. A significant decrease of the energy
separation between thé and L minima in InP QD’s was
observed by Menonet al>* This decrease can also be in-
duced by strain due to lattice mismatch of the QD’s and
surrounding material. An observation of theX crossover
under high pressure in the InP QD(Ref. 55 and in the
InAs QD’s (Ref. 56 supports this assumption.

To model this situation it is necessary to go beyond the
widely used effective-mass approximation that constructs
QD energy states from Bloch functions in the neighborhood
of theT" point. In fact, empirical pseudopotential calculations
already showed the importance BfX-L valley mixing in
QD'’s (see, for example, Ref. 57Similar calculations for the

FIG. 9. The magnified PL spectra presented in Fig. 2 at differenftructures studied in this work would be of interest.
photon energies of excitatioffrom top to bottom vs the Stokes Some experimental evidence of the above assumption
shift. U= — 1.5 V. The spectra are shifted vertically for clarity. S€ems to be provided by the spectrum shown in the inset of
Similar phonon resonances in different spectra are marked by vefFig. 9, where the TA, LA, and L@ TA resonances look like
tical lines. The arrows labelled “TA”, etc., indicate the energy shift narrow peaks with a FWHM of about 2—3 meV. The forma-
of the resonances from the laser line or 1LO or 2LO resonancegion of such narrow peaks is possible only if a small portion
Inset: the PL spectrum &1,,.= —2 V vs the Stokes shift. of the acoustic phonons causes a sufficiently strong relax-
ation. According to the above assumption, a selection of

spectra presented in Fig. 2 versus the Stokes shift. It is sedfese acoustic phonons is caused by the wave-vector selec-
that the various acoustic-phonon resonances are clearly ofon rule. It should be also taken into account that phonons
served not only between the laser line and the 1LO resowith wave numbers near the Brillouin-zone boundary show
nance, but also between the 1LO and 2LO resonances. small dispersions.

We cannot propose any quantitative description of the The interaction with the high-energy acoustic phonons
phenomenon, but there are a few points that, in our opinionnay be also enhanced for two other reasons. The first is the
can be important for future modeling. The observed phonogmall group velocity of the phonons that lengthens the inter-
resonances are caused by high-energy acoustic phonor%l.tion time. The second is the piezoelectric effect in these
Acoustic phonons with such energy in the bulk crystal havecrystals that leads to long-range electric fields associated
a large momentum near the Brillouin zone boundary. ThigVith acoustic phonons. Modeling these interactions at a large
also holds with good accuracy for structures with QD’s, be-wave vectorg of phonons is the open problem.
cause the confinement effect for the acoustic phonons in
these samples may be considered weak due to the small dif-
ference between the elastic properties of the QD and the
barrier material. The phonon resonances discussed above can be observed

The interaction of a carrier with phonons of large momen-under specific experimental conditions. The most important
tum is efficient if the energy state of the carrier is characterconditions are low PL efficiency, low power density of ex-
ized by the same momentum. The energy states of carriers igitation, and low temperature. We can consider the data pre-
a QD are formed by a mixture of bulk states due to confinesented above as a illustrations of the resonances arising due
ment. In other words, the wave function of the quantum-to a decrease of the PL efficiency. In this section, we con-
confined state in a QD is a linear combination of wave funcsider thedisappearanceof the resonances with increasing
tions of various states in the Brillouin zone. To explain thepump power.
observed resonances, we have to assume that this linear com-We have measured the pump power dependence of the PL
bination contains a considerable contribution from the largespectra and the kinetics of the biased sample QDP1779 with
momentum states such as, for example, the states of thethe InP QD’s. 5-ps pulses, with a repetition period of about
valley. 12 ns, were used to increase the peak power of the excitation.

To support this assumption, we would like to note that theThe measured spectra are shown in Fig. 10. As seen, the
energy shift of the lowest electronic state in InP andacoustic-phonon resonances disappear and the LO resonance
Ing.35G&y 65AS QD’s due to confinement is about a few hun- becomes barely observable under strong pumping. This fact
dred meV. This value is comparable with the energy separameans that the relaxation rate falt interlevel spacingse-
tions of the minima in thd” and L or X valleys in these comes comparable to the LO-phonon-assisted relaxation rate.
materials> It should also be taken into account that the ef-The PL kinetics reveals a steplike component of the PL rise

PL intensity

Lo’
LO+TA,
LA O+
TA
50

0 50 100 150
Stokes shift (meV)

F. Auger-like processes
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FIG. 10. PL spectra of the biased sample with InP QD’s under FIG. 11. PL spectra of the biased sample with InP QD’s at
cw excitation (bottom curvg and pulsed excitation with average different temperatures indicated near each spectrufy,.
power indicated against each curve. The laser spot area on thie1746 meV andJy,= —1.5 V. The arrow indicates the spectral
sample is S=5X107° cm?, E.=1746 meV and Uy~ point at which the PL kinetics were measured. Inset: the normalized
—1.23 V. An arrow marks the 2AC spectral point where the PL PL kinetics at temperatures indicated for each curve.
kinetics was measured. Inset: the PL kinetics under weak and strong
excitations normalized at 130 ps. laser line is unknowri® As a result, the number of photocre-

. ) ) ) ) ated electron-hole pairs in a QD cannot be estimated cor-
with an increase of the pumpingee the inset of Fig. 30  rectly. In addition, the observed pump power dependence of
which also indicates an acceleration of the carrier relaxationpe p intensity is more complicated than quadratic. The

The observed behavior of the PL spectra and kinetics capyagon for this is probably some additional processes at
be explained by invoking Auger-like processes. The Augery,ng humping such as saturation of absorption that should

Iikg process ir_1vo|ved here is_carrier-carrier scattering, .inlead to sublinear dependence, or saturation of deep levels
which one carrier loses its energy and the other one acquires -+ <hould lead to superlinear’dependence

it.81130-320n the one hand, relaxation due to Auger-like
processes should be fast because the carriers as charged par-
ticles interact with each other much more strongly than with
phonons. On the other hand, this process is possible if sepa-
ration between the energy levels for the first carrier coincides Another way to accelerate the carrier relaxation is to in-
with that for the second one. In the case of the InP QD’s, thisrease the sample temperature. Figure 11 depicts the PL
condition can be easily fulfilled for electron-hole or hole- spectra of the biased sample at a few elevated temperatures.
hole scattering, because of the large density of the high erlt is clearly seen that phonon resonances become smaller
ergy levels for holes. Also, the hole could be ejected out ofelative to the structureless pedestal in the spectrun at
the QD into the continuum of the barrier layer, so that the=100 K. The temperature increase at first destroys the low-
energy conservation condition is easily fulfillét! It is evi-  est in energy phonon resonan@a), then the other acoustic
dent that we should not expect any spectral feat@reso- resonances, and finally the LO resonance.
nancegdue to relaxation via an Auger-like process. Itis also  This behavior is easy to understand. Heating of the
evident that the efficiency of this process should depend osample creates phonons. These phonons can cause carrier
the number of carriers in the QD, because each carrier can lrelaxation due to stimulated emission of phonons into the
scattered by any other one. In the simplest model, the depesame phonon modes. The number of phonons with small
dence on the pump power should be quadratic. energy is always larger then that with high energy. There-
These features of the Auger-like process agree qualitafore, the stimulated emission is more efficient for low-energy
tively with the experiment. Therefore, we can conclude that gghonons. The PL kinetics shown in the inset of Fig. 11 also
strong pumping activates an alternative relaxation mechademonstrates the shortening of the carrier relaxation time.
nism that is much faster than the acoustic-phonon-assisted An important result is that the rate of relaxation at about
relaxation. The Auger relaxation rate achieved in our experi100 K becomes comparable to that of the LO-phonon-
ments is comparable with the rate of the LO-phonon-assistedssisted relaxation, independent of the spectral point. Thus
relaxation, that is about 1 p8. we can conclude that no retarded relaxation of the hot carri-
A gquantitative analysis of the presented data is difficulters in QD’s should be expected at elevated temperatures.
because the absorption coefficient for the InP QD’s at th& his result is important for device applications.

G. Thermostimulated relaxation
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IV. CONCLUSION momentum due to confinement of the electron in a QD.

The present study of PL spectra of InP angl4gGa, ssAS We have also studied carrier relaxation in the presence of

QD’s in an electric field allowed us to establish the nature o ore than one electron-hole pair in a QD. Clear evidence is
found for carrier-carrier scattering giving rise to acceleration

the observed narrow resonances. These are shown to ari Fthe relaxation. A similar effect was observed under heat-

due_to a competition of the fast one-step relaxation of ho ng of the sample where the acceleration of the relaxation is
carriers with emission of an acoustic or LO phonon and non-

radiative losses. For InP andylp:Ga, gsAs QD’s in an elec- caused by stimulated phonon emission.

L o ) By careful analysis of the experimental data, we conclude
tric f'e!d’ the nonradlatlvg losses are_malnly caused by hOI‘?hat there is no phonon bottleneck effect in QD’s, at least in
tunneling from the QD’s into the barrier layer. !

We developed a model that quantitatively describes th the sense proposed in Refs. 5 and 6. Carrier relaxation with

bias dependence of PL intensity at the phonon resonancz%,mlssmn of acoustic or LO phonons is much faster than ra-

This model allowed us to estimate the depth of the potenti fative recombination. Our experiments clearly show that

wells for holes in the studied heterostructures honon-assisted relaxation is the main channel for the carrier
: relaxation at low power density.

The proposed model was verified by the PL kinetic mea-
surements for the samples with InP QD’s. We found that the
carrier relaxation is really fast with emission of not only LO
phonons but also acoustic phonons. This result gives clear
evidence of the relatively strong carrier-acoustic-phonon The authors wish to thank Dr. J. Qi and Dr. K. Nishi for
coupling in the QD’s. We assume the main reason for this isample preparation, and Dr. |. Gerlovin and Dr. V. Zapasskii
a mixing of I electronic states with the states with large for a fruitful discussion.
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