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Temperature behavior of hot carrier dynamics in InP quantum dots
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PhotoluminescencéPL) kinetics of the InP self-assembled quantum dots is studied under quasiresonant
optical excitation in the temperature range 10-100 K. It is found that the PL rise time abruptly drops with
increasing temperature. The model calculations based on the rate equations have shown that this drop cannot
result from thermostimulated phonon relaxation of the hot carriers. We developed a model assuming that the
main reason for variations in the PL kinetics is related to thermal eje€teaporation’) of holes from the
guantum dots, with a fraction of the dots acquiring negative charge. The model allowed us to describe
guantitatively the PL rise as well as the PL decay over the whole temperature range under study. We identified
also a number of effects caused by electron evaporation from the quantum dots at temperatures above 60 K.
Comparison of the results of the model calculations with the experimental data has allowed us to determine rate
parameters of the ejection processes.
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I. INTRODUCTION excitation. At low temperaturega few Kelvin, where
Semiconductor quantum dat®Ds) have been studied in- phonon-mediated relaxation is the only possible process, this
tensely during the recent two decades in connection witr?pprloaﬁgl‘?ﬁS f‘?u”? t% be justified and yielded Ig_ood
their fairly unusual physical properties and their potential use{ﬁsu s d'SF;Q’E'm.u atﬁ 1N t'ts t“”:’ gtter?pt);t]s att app ylrlg
in various optoelectronics devic&S A point of great current e measure fse times 1o a study of the temperature

; ; ,14,19-21 1gi ~ |
interest is the possibility of QD application in the so-called behavior of the relaxation rafé. High-temperature

spintronics devices making use of the spin orientation ef“fecgata are potentially of most interest from the standpoint of
pIr i 19 5 P . pplications, because the majority of devices are intended for
(spin memory, spin transistors, étt> The extent to which

h based devi . d $£eration at about room temperature. At the same time, the
the QD-based devices come up to expectations depenglixp, yariety of processes is activated in QDs with increasing

strongly on the cooling rate of the “hot” carriers created byiemperature and interpretation of high-temperature experi-
electric current or by optical excitation, i.e., on the electron-ments turn out sometimes to be an ambiguous problem. For
phonon relaxation rate. instance, the shortening of the PL rise time observed experi-
The hot carrier dynamics in QD structures is made fairlymentally to occur in InAs QDs with increasing temperature
complex by the large scatter of QD parameters in the samg@as interpreted in Ref. 11 as due to hot carrier relaxation by
sample. The discrete energy spectrum of carriers in a QBtimulated phonon emission. In order to reach agreement
imposes stringent constraints upon the possible channels afith experiment, however, the authors had to assume the
their relaxation. In QDs in which the energy gap betweenphonons involved in the relaxation to have energies of about
levels coincides with the energy of one or several longitudi-3 meV. At the same time, the energy difference between the
nal optical(LO) phonons, carriers relax in times on the orderabsorbed and emitted quanta in their experiment was in ex-
of a few picosecond%’ In other QDs carriers have to relax cess of 70 meV. This discrepancy places the validity of this
with emission of acoustic phonons. Experimental in-assumption in some doubt.
vestigation$ and theoretical estimat&3® show this process We are reporting here on a comprehensive investigation
to be at least two orders of magnitude slower. into the temperature-induced variations in the PL kinetics of
The relaxation times of hot carriers are customarily deterinP QDs. An analysis of experimental data suggests a con-
mined by measuring the rise time of the photoluminescencelusion that an increase in temperature activates several dy-
(PL) of electron-hole pairs under pulsed nonresonant opticahamic processes, which complicates greatly the general pat-
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tern of the phenomena involved. It was established that the 1 pQDs
decrease of the PL pulse rise time with increasing tempera-
ture originates not from an increase in the relaxation rate but
rather from formation of charged QDs, whose PL evolves
with substantially different kinetics. We are proposing a
model offering a noncontradictory interpretation of the
temperature-induced shortening of the PL rise time. The cru-
cial point of the model is the assumption that a photogener-
ated hole is thermally ejecte@vaporatef out of the QD

into the barrier. This process accounts for the appearance of
charged QDs whose PL has an abrupt pulse leading edge. A
model calculation of this process permitted a quantitative
description of all experimentally observed temperature-
induced variations in the PL kinetics, or more specifically,
the shortening of the PL rise, the decrease of the PL decay
time, and the appearance of a long-lived PL component.

PL Intensity

o

Stocks shift (meV) ®)

Phonon DOS

Il. EXPERIMENT 0 0 20 % yy )
. Phonon energy (meV)
The sample under study is a heterostructure grown on a
(100 GaAs substrate by the molecular beam epitéMBE). FIG. 1. (a) PL spectrum of InP QDs plotted vs Stokes shift.
An InP layer of the nominal thickness of 4 monolayers wasEg,=1765 meV. Arrows show the spectral points at which the PL
grown between 100-nm-thick daGa, sP barrier layers. The kinetics was studiedb) Phonon density of states spectrum of InP
average diameter of the QDs, as measured with an atomigystal (Ref. 23. Inset shows the PL spectrum measured at high
force microscope on a reference sample grown in identicaphoton energy of excitation.
conditions but without the top barrier lay&rwas 40 nm, and ) .
their height was 5 nm. Previous measurements performed dt derives primarily from the lowest state of the electron-
this sampl& 24 showed the QDs to contain excess charged!©l€ Pair. o _ o
(electrons. To remove this charge, a small negative bias was Nonresonant excitation brings about statistical f|||_|ng of
applied to the sample surface. For this purpose, a transparehe QDS by carriers via a complex sequence of carrier cap-
indium-tin oxide electrode was deposited on the sample sufuré by QDs and cascade carrier relaxation through interme-
face, and an Ohmic contact was attached to the substrate. J{ate levels, processes which make the pattern of the phe-
was established that at a voltag,<<-0.8 V, InP QDs nomenon difficult to unravel. Therefore, we chose quasi-
become neutral. All our PL kinetics measurements were caf€Sonant excitation by radiation with a wavelength slightly
ried out at this voltage. above the PL band maximum. This excitation generates
The PL kinetics was studied with a setup including a€lectron-hole pairs directly in the quantum dots. As a result,

Ti:sapphire laser producing 2-ps long pulses at a repetitiortr'e _PL kinetics is _de_termlned only by relaxaﬂ_on of the_hot
frequency of 82 MHz. The average pump power density orf&/Mers to the radiative Ieyel, foIIowgd by their recombina-
the sample did not exceed 50 W/&nThis precluded exci- 10N Note that the relaxation occurs in one or several steps,
tation of more than one electron-hole pair in a QD duringd€Pending on the actual energy separation between the ex-
one laser pulse and, thus, excluded from consideration thglted and radiative states of the electron-hole pair.
processes not related to phonon-mediated relaxation of hot Figure 1a plots the dependence of PL intensity of the
carriers(the so-called Auger procesé®s PL kinetics mea- NP QDS on the Stokes shiffiEges relative to the pump

surements at preset spectral points were done by means of@velength. The arrows identify the spectral points at which

double monochromator with dispersion subtractidacal the PL kinetics was measured. The choice of these spectral

length 0.25 mand a Hamamatsu synchroscan streak camerdiNts was motivated by the specific features of the phonon
The time resolution of the setup was 6 ps when using théPECtrum(DOS) of InP, which is displayed in Fig. (b).

fastest streak camera swe@B-160 ps and about 15 ps for ' N€ Stokes shiftAEg;es11 meV (TA spectral poink
the slow sweep raté0—2000 ps corresponds to emission in the course of relaxation of one

transverse acoustiCTA) phonon. It was showf that such
high-frequency phonons interact efficiently enough with
electron-hole pairs. When an electron-hole pair is created 35
meV above the radiative statspectral point AC), it can

The QD PL band obtained under nonresonant excitatiomelax with emission of not less than two acoustic phonons,
involving carrier generation in the InGaP barrier layers has decause this energy corresponds to the energy gap between
maximum in the 1.7-eV region and a halfwidth of about 50acoustic and optical phonons in the InP crystal. It appears
meV. This halfwidth is primarily caused by statistical scatteronly natural that in this case the relaxation should be slower.
of the QD size and shape. The carrier relaxation rate in ah\s shown below, a comparison of kinetics measurements
InP QD exceeds the recombination r&t@nd, therefore, the made at these two spectral points yields valuable information

IIl. PL KINETICS
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FIG. 3. Initial part of PL kinetics measured at spectral point
2AC at different temperatures identified at each curve. For conve-
nience, the curves are translated along the vertical axis. Dashed line
shows the shift of PL pulse maximum with increasing temperature.

10K Inset presents the three-level diagram used in a phenomenological
A A A description of PL kinetics.

0 250 500 750 1000
data quoted in Refs. 19 and 27 show that in a QD these rates
Time (ps) are practically equalThe quantityy,, defines the relaxation
rate from level 1 to level 0.

FIG. 2. PL kinetics measured at spectral point TA at different At low temperatures, the experimental data could be well
temperatures identified at each curiroisy curves For conve- fitted by curves drawn using Eql). The fitting parameters
nience, the curves are translated along the vertical axis. Smootjvere y,q, yp., and the amplitude factadr,. This approach
curves are fits of Eq2) to PL kinetics. Note the practically perfect yielded the PL rise and decay times with a good accuracy.
coincidence between the fitting and experimental curves. Dashefibove 40 K, the PL decay becomes nonexponential, with a
curve shows the contribution of the short-lived PL component aig|gyy component appearing. To find the duration of this com-
T=50 K. ponent, we modified Eq(1) by introducing an additional

on the nature of the temperature-induced variations in the PExponentlaI,
kinetics of InP QDs. - _p)e Pt 4 na Y — @ Wt

Figure 2 illustrates characteristic trends in the variation of lp(t) =1ol(1 -p)e pe s —e ], 2
PL kinetics with increasing temperature. The PL pulse iswhere factorp characterizes the contribution of the slow
seen to have a comparatively short leading edge and a longepmponent to the PL kinetics, and describes its decay rate.
trailing edge. As the temperature increases, the leading edgs seen from Fig. 2, Eq2) approximates quite well the PL
shortens, and a slow component appears in the PL decay. kinetics throughout the temperature range covered.
addition, at temperatures above 60 K a decrease in integrated It should be pointed out that, in order to improve the
PL intensity becomes noticeable. reliability of separation of the fast and slow components, we

The variation in the shape of the pulse leading edge withperformed long term accumulation of the PL signal, which
increasing temperature is shown in Fig. 3 in expanded scalg@ermitted us to follow its evolution with time over a large
It is this variation that was studied by us in the first place.dynamic range. Besides, we made a comprehensive analysis
For a preliminary analysis of the temperature-induced kinetof the totality of experimental data under the assumption of
ics variation we used a simple three-level model. A conventhe decay rate of the slow PL component being independent
tional diagram of the corresponding levels and relevant tranef excitation conditions(This assumption is validated in
sitions is displayed in the inset to Fig. 3. We considered thésec. VI) The separation of the components was favored also
electron-hole pair as a common quantum-mechanical systerhy the fact that the rates of their decay differ by a few times
whose relaxation rate can be characterized by onghroughout the temperature range studied.
parametef®21-26 By solving standard balance equations for Because our main goal consisted in studying the relax-
the population of the ground, “0,” and excited, “1,” states ofation of electron-hole pairs from the upper excited states, we
the electron-hole pair after its excitation by a short pulse, onavere interested primarily in the PL rise kinetics. The tem-
obtains the evolution of PL intensity with time, perature behavior of the PL rise time=1/v,, is displayed

| _ ot ot for the spectral points TA andAZ in Figs. 4a) and 4b). An
pL(t) =lg(e7PL—e™), (GO :
increase of the temperature to 100 K is seen to be accompa-

where ¥, = yp+ e The quantityyp, is a characteristic of nied by a considerable decrease in the PL rise time at both
the radiative transition rate from levels 0 andThe indirect ~ spectral points. We are going to analyze in the next section
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Trel(T) = 7ei(0)/ (N, + 1), (3
where

n, = (57— 1) (4)

is the temperature-dependent population of phonon states
with an energy equal to separation between the excited and
the lowest sublevels, i.e., with an enerBy,=E;,, andk is

the Boltzmann constant.

The authors of Ref. 11 established that, in the case of
InGaAs QDs, Egs(3) and(4) describe well the experimental
dependencer(T) for Ey,~3 meV; however the value of
Epn obtained is less by more than a factor of 20 than the
Stokes shift, i.e., the energy difference between the absorbed
and emitted optical quant&’O meV or moré¢ In order to
150 account for such a large discrepancy, the authors had to as-
(c) sume that relaxation involves emission of several longitudi-
100 nal optic (LO) phonons and one longitudinal acoustic®)
phonon with an energy of 3 meV. The specific LA phonon
energy was derived from theoretical calculatforghich
50 showed that it is such phonons that should interact efficiently
with carriers in a QD, because their wavelength is approxi-
0 mately equal to the QD base diameter.

0 20 40 60 80 100 The difference between the energies of the absorbed and
emitted quanta in our experiments was always smaller than
the LO phonon energy; in other words, LO phonons could

FIG. 4. () Temperature behavior of the PL pulse rise time mea-nOt be involved in carrier relaxation. Note that fitting Eqgs.
sured at spectral point TAsymbols. The dashed line shows a fit (3) a_nd (4) to th_e experimental temperature depend_e_nce of
with Eq. (3) made with the model of Ref. 1(see Sec. IV. Fitting the rise tlme,_ with th? phonon_ener@{,h Use(?' as a f'tt'n_g
parametersEy,=3.2 meV, 7,4(0)=35 ps. The dotted line is a fit parameter, did not yield positive results. .F|rst, as _ewdent
with Eq. (5) based on the phenomenological motse Sec. IV, from l_:lgs. 4a) and 4b), calculated curves Q|sagree with the
Fitting parametersA=(50 K)=3, r..(0)=34 ps. The solid line is a €Xperiment. Second, the values of the fitting paramgggr
theoretical curve based on the hole evaporation mmﬂm Sec. y turn out to be SubStantia”y smaller than the Stokes Shlft,
The model parameters are given in Tableéh). Same for spectral which leaves the question of the process aCCOUnting for such
point 2AC. Fitting parameters for model of Ref. 11, a fast loss of the remaining electron-hole pair energy unan-
=1.9 mev,7,(0)=68 ps; for the phenomenological moded swered.
=(41 K)™3, 7,4(0)=58 ps.(c) Temperature dependence of the fast  In an attempt to modify Eq$3) and(4) in such a way as
PL component decay time measured at spectral point&cifales to reach agreement with the experiment we found that the
and AC (triangles. Solid line plots theoretical dependence con- best result is obtained by fitting the experimental data with a
structed for the hole evaporation model. The initial part of the graptfunction of the kind
is approximated by Eq(15) with parametersE ;=4 meV and
YpL1=(400 p37t.

T g0 (PS)

Temperature (K)

7rel(0)

. 5
AT+ 1 ®

Trel(T) =

this decrease quantitatively in terms of phenomenologicaA

models which assume the shape of the leading edge of th S Seen from F'gs'(@ and 4b)’ the experimental curves are
??escnbed well by this relation.

PL pulse to be governed by relaxation from excited states o A relation of the type of Eq(5) could ensue if the carrier

the electron-hole pair. : o
relaxation were accelerated not by phonons of a specific en-
IV. PHENOMENOLOGICAL MODELS OF THERMALLY ergy but rather in equal measure by all thermal phonons.
STIMULATED RELAXATION Recalling that the major contribution to thermal energy in the
] ) ] ] ] temperature interval under study is due to low-frequency
An increase in temperature, i.e., an increase in the energy.qstic phonons, the phonon spectral density) can be

of thermal vibrations, should, in principle, be accompaniedapproximated by the simple Debye mod&hy which
by accelerated relaxation of excited states of the electron-

hole pair through stimulated phonon emission. Such a pro- 3Va?

cess was invoked in Ref. 11 to account for the approximately 9(w) = ?vs (6)
threefold decrease of the PL rise time in InGaAs QDs with 0

the temperature increasing from 5 to 60 K. In the case ofvhereV is the cell volume,w is the cyclic frequency of
stimulated emission, the temperature dependence of the racoustic vibrations, and, is the sound velocity in the ma-
laxation time can be written as terial.
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The number of thermal phonons at temperafliis given ] T ] [
by the expression ¢ -.‘-\_‘ym Dy
3 rTp/T 2 -
N= 3V (k_‘l’) o'l x2dx @)
27203\ 4 ) Jy  e-1"
At temperatures low compared to the Debye temperdigre ’B\;c’ J},{c’ J},'L’
the upper limit in Eq(7) can be replaced by infinity. In this Yo
case, Eq(7) yields 3
N=AT, (8) </ — - —
T qst pulse 2nd pulse

where coefficienfA is independent of time and temperature.
Substituting Eq(8) into Eq. (3), we come to the above Eq. kG, 5. The scheme of the processes resulting in QD charging.
(5). Despite a good agreement with the experiment, thgsee details in Sec. \.

mathematical model used does not offer insight into the pro-

cess of interest, becaus_e' the assumption of the _p055|b|I|ty for Creation of an electron-hole pair in a charged QD gives
a transition at a specific frequency to be stimulated by

. . rise to the formation of a trion, a triply charged particle. The
phonons of the whole thermal spectrum is physically unsub- . . ; .
stantiated photogenerated hole in the trion can recombine with the cold

The model of Ref. 11 was used also in Ref. 19 for inter_electron to produce long-wavelength PL immediately after

pretation of experiments. To reach agreement, the authortQe laser pulse. This will become manifest in an experiment

. ) o .~ as a steplike build-ugspike of the PL in the Stokes region
zgforob;ngdg%gﬂfszngiBegl(?géngth%#;S'?é;\:Qﬁ diﬁZﬂT{ of the spectrum. Such PL spikes are well known for charged
this replacement is propésé?ilﬁterestingly, if one elimi- QDs?°’21130Figur_e 5 displays schemgtically the sequence of
nates the unity in Eq(3) altogether, it transfers to the stan- processes bringing about QD charging and excitation of the

) : ! g trion PL.
da.“.j expressm(n.the Arrhenius relationdescribing the. prob- In a general case, PL of both the neutral and charged QDs
ability for a particle to thermally overcome the barrier.

are detected. The leading edge of such a pulse has a complex
shape, with the PL rise time determined by the relative mag-
V. HOLE “EVAPORATION” MODEL nitude of the contributions due to the exciton and trion PL.

Th d it of . ts with del taki An increase in temperature will intensify the formation of
€ good Tt of our experiments with a mode! taking aC'charged QDs and, hence, reduce the PL rise time.

count of 'aII thermal phqnons, as well as thg reasonable ap- For pump densities reached usually in experiments, the
proximation of the data in Ref. 19 with a relation close to thenumber of charged QDs produced by one laser pulse is

f\rrg_enlusdlaw_, sduggestt Ehatt_thel sth(()jrtenl_ng_ of ;c)het Qtla Plt‘small. Nevertheless, if the electron lifetime in a QD exceeds
et? mgt.e gef 'Sh ue no IO st;]mu a ed emission but ra ter gubstantially the laser pulse repetition period, the number of
absorption of phonons. In ofher words, an increase in em(:harged QDs will build up to become eventually comparable
perature activates the process mediated by a certain poten%l that of neutrals. The fractional numbers of charged and
utral QDsn, and(1-n,), respectively, are determined by

barrier. This activated process is most probably ejection of e
competition between several processes, such as evaporation

photogenerated hole from a QD. It is knoffithat the po-
tential well for holes in InP QDs s fairly shallow, cg the hole and its recombination with the electron, excita-

~15 meV, so that as the temperature becomes high enou f el hol : d f the el f
thermal phonons will be able to eject the photogenerate%wOn oDe ectroz- ol palr:s, an escallpe_ 0 ;f eheectron rom
hole out of the QD into the barrier. At not too high tempera- i\?enQin’ tﬁg:A Z?]rgizreieelggrhee ?cr)]lzlio)\/;ilr? Oext rzzegg;gcesses
tures (T<E,/k), the ejection rate should be described by a® PP y g exp '

simple phenomenological relation customarily used to de-

scribe a thermally activated process, e _ ayh(-r) 20
w(T) = ype =T, (9) 1-ne Yoo |

whereE,, is the barrier height, andﬂ is the rate of the pro-

cess at a high temperatui®. where coefficienta describes the buildup of charged QDs.

Evaporation of the hole from the QD leaves there an elecThe buildup is determined by the repetition frequency of
tron, which makes the QD charged. During the interval belaser pulses, their power, and the electron lifetime in a QD.
tween laser pulse&@bout 12 nj this electron drops to the To describe the PL kinetics, consider the balance equa-
lowest electron level to become “cold”. Estimates using thetions for the excitons and the trions. In the case of the exci-
data of Ref. 20 show that the probability for an electron totons, the balance equations for the populations of the excited
leave the QD by evaporation or tunneling is much smallerand ground states);* and ng, contain standard terms de-
than that for a hole. Therefore, if the hole does not return tescribing the photon absorption, relaxation between excited
the QD, the electron may reside in it until an electron-holestates, and radiative recombination, and also terms respon-
pair is generated there by one of the subsequent laser pulsesble for the hole evaporation,
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dnf® ox The first term in each of the brackets describes the decay,
ot - (1 =ne)Pod(t) = [¥1a(T) + et + vpLINT, and the second, the rise of the PL pulse. The temperature
dependence of the PL rise rate is determined by the growth in
(11 the hole ejection ratey,(T). This quantity enters the expo-
dre nent of each of the rising exponentials, as well as determines
o _ Vel = [y1o(T) + yp IS, the temperature behavior of thg and (1-n,) population
dt ratio.[See Eq(10)]. As evident from Eq(14), the PL kinet-

HereP, is the probability of photon absorption by a QD. The I€S should exhl_blt a spike at the |n|'_ual mstar]t of time,
function &(t) takes into account the short duration of the 'pL(0)=7eLPone, in which the amplitude is proportional tg
pump pulse compared to the characteristic relaxation time@"d: thus, depends op,(T). Both these factors give rise to
of the processes occurring in a QD. The first line of Biq)  the increase of the PL rise rate with temperature. _
also takes account of the fact that excitons can be created The PL decay rate should likewise grow with increasing
only in neutral dots, which make up(a-n,) fraction of all temperature. The increase in the decay rate is due primarily

dots. The quantitiesy,(T) and y(T) refer to the hole 10 the evaporation of holes from neutral dots, which is de-

evaporation rates from the excited and ground states of thgc"ioed by they(T) function in the first exponential in the

exciton. As will be shown by an analysis beld®ec. VII), first bracket. At high temperatures, holes start to evaporate
these rates differ noticeably in the case of the generation of oM charged dots, too, thus increasing still more the decay
hot-enough electron-hole pair. rate. ,
The balance equation for the trions can be written in a_ 1he temperature behavior of the fast PL component decay
similar way, time, 7p. = yp, IS showr_l graphically in Fig.4). We readily
. see tha]'E tpe mcrgase in the ratr:a and, accordingly, the short-
n - ening of the PL decay time with increasing temperature are
at NePod(D) = [yl(T) + Yrer + 2ypLIng. indeed observed experimentally. Note that the decay times
(12) observed under excitation at different spectral points coin-
cide practically completely throughout the temperature range
dn' covered. This phenomenon allows a simple physical expla-
— = yre|nt1r = [e(T) + ZyPL]ng. nation if we take into account that the experimentally mea-
dt sured PL derives from recombination of cold electrons and

Heren! is the population of the trion excited state representholes which “forgot” the history of their creation.

ing a “cold” electron and a photogenerated electron-hole pair Equations(9), (10), and (14) contain several unknown
in an excited state, and is the population of the trion Parameters characterizing the rates of carrier relaxatiy)
ground state, in which both electrons and the hole occupy thand recombinatiofyp, ), the hole evaporation rate from vari-
lowest levels. In contrast to Eq11), in Eq. (12) we ne- ous stategE,; andy), and the charged QD buildup coeffi-
glected the difference between the hole evaporation rategenta. An analysis of two different temperature-dependent
from the ground and excited states. The point is that Coueffects(PL rise and decay as well as of the behavior of the
lomb interaction with the second electron increases substameng-lived PL componenfsee the next sectipnpermits one,
tially [by 10-20 meMRef. 31] the well depth for the holes, however, to determine all of them by invoking some addi-
which makes the energy difference between the hole grountional assumptions.

and excited states not very essential. Factor Zfin Eq. One can makea priori estimates of the magnitude of
(12) takes into account the possibility of hole recombinationsome of the parameters. First of all, we assume that carrier
with either of the electrons in the trioR. relaxation rates do not depend on temperature within the

The coupled Equationd 1) and(12) yield time dependen- temperature range studied, and therefore, the valuegpf
cies of the exciton and trion state populations, which arecan be extracted from low temperature measurements. In this
needed for calculation of the PL kinetics. The total PL inten-way we came toy,=(38 p9~ and y,¢=(82 p9™* for the
sity of a sample originating from electron-hole pair recom-spectral points TA and&C, respectively.
bination both in excitons and in trions is given in a general As shown by experimentssee Fig. 4c)], the PL decay

case by the relation, rate grows somewhdfrom 145 to 180 pswith temperature
_ ox o in the intervalT=5-30 K, which can apparently be assigned
() = yeg"+ 2¥p(Ng + Ny). (13 to the thermal population of the excited hole states, which
On solving Eqs(11) and(12), the PL intensity can be recast are characterized by a lower radiative recombination Yate.
in the form Because these variations are comparatively small, we did not
s I analyze them in any detail and used a simplified relation of
IoL(t) = yp Po[ (1 = ng) (€7 (o 7p0t — @ (rhi*ypL* Yrellty the type
+ ng(2e”her27PUt — @ (et 2vpLt ety (14)
© Ypu(T) = Ypio(1 — € EnorkT) + o) @ ErodkT, (15)

It is Eq. (14) that was used in our simulation of the experi-

mentally measured PL kinetics. The charged QD fractionwhich describes the variation of the average probability of
ne was derived from Eq(10), and y,(T)(i=0,1t) from  recombination for one populated excited state of en&igy
Eq. (9). with respect to the ground state. Herg , is the experimen-

195323-6



TEMPERATURE BEHAVIOR OF HOT CARRIER.. PHYSICAL REVIEW B 71, 195323(2005

tally determined low-temperature recombination rate, and the TABLE |. Parameters of the main physical processes

energyEpy; and the radiative recombination rate for the ex-discussed.

cited hole stateyp, 4, are fitting parameters.
The hole evaporation process is described by two paranRrocess Parameter Value

eters, more specmcally, the prefactgq% determined .by the . Electron-hole recombination o 145 ps

electron-phonon coupling energy and the potential barrier

heightE;,. [See Eq(9).] Assuming the electron-phonon cou- Relaxation of hot carriers Trel 38 ps(TA)
pling energy to be approximately the same for the ground 82 p32AC)
and excited states of holes, we used the fagfoas a com-  Evaporation of holes % 0.14-0.17 ps'
mon fitting parameter. Eno 15 meV
While the barrier heights for different hole states are natu- Epy 13.5 meV(TA)
rally different, they are related fairly rigidly. The barrier 11 meM2AC)
height for the hole ground state is equal simply to the depth E 25 meV
of the potential well. For the excited state it decreases by th , '5‘ 1
energy of the hot hole. We assume that the excess energy %i" aporation of electrons Ye 3-9ps

a hot electron-hole pair, which is determined by the differ- Ee 55 meV

ence between its energies in the excited and ground stat&iffusion of holes in barrier % 0.002 ps*

and is equal t\Eg,es divides between the electron and the Accumulation of charged QDs ag 0.4 (TA)

hole inversely proportionally to their effective masses, 0.352A0)
En ~ Eno = AEsiokede/ (M + my), (16)

wherem,=0.08 andm,=0.65 are, accordingly, the effective Model parameters obtained by fitting are listed in Table I. We
masses of the electron and the h¥i&or charged dots, the readily see that the proposed model permits one to quantita-
barrier height increases by the energy of Coulomb interactiofively describe the observed temperature-induced variations
with the second electron and we take the energy of the inteil the PL kinetics using physically reasonable assumptions.
action to be 10 meV. Thus, when the potential barriers fofNote that the value of the parametsf characterizing the
different hole states are preset, the only fitting parameter lefiate of hole evaporation is approximately higher by a factor
is the potential well depthEy,. of 5 than the relaxation rate of hot carrief;glI for the same
One cannot gi\/e here a]priori estimate of parameta’ value of the energy gap. The ratio of the rates thus obtained
describing the buildup of charged QDs, because this effect i®0ks quite reasonable since the hole state density in the
governed, as already mentioned, by competition among se\arrier substantially exceeds the density of localized states in
eral processes and, in particular, depends on pump powérQD.
density. One should therefore expect different measurements The validity of the proposed model is substantiated by
to yield different values of, because the pump power den- @ comprehensive analysis of the shape of the initial part
sity is one of the experimental parameters most difficult toof the PL pulse measured with a high temporal resolution at

control. T=50 K. (See the inset in Fig. BWe readily see that at the
We calculated the temperature-induced variations of thénitial instant of time one does indeed observe the jump in
rise and decay times in the initial part of the PL pulse.,  PL intensity predicted by the theory. To make this jump more

disregarding the slow compongrin terms of the above revealing, a curve approximating the slow PL rise component
model using the same value Bf, for all experiments. To do is shown(dashed ling Measurements made with a finite
this, we used Eq(14) to calculate the model PL pulse for time resolution smooth the jump slightly, which is described
each spectral point, with the temperatures varied in the intetvell by convoluting the theoretical pulse profile with the
val from 5 to 100 K in steps of 5 K. The model pulse has ainstrument function.
steplike leading edge at elevated temperatures due to buildup Figure &a) displays also a decomposition of the experi-
of the charged QDs. To determine the rise and decay time@entally measured PL pulse into components deriving from
for the model PL pu|se by the same way as for PL pu|séhe exciton and trion PL, as well as from the Iong—lived PL
measured experimentally, w@ convoluted the model PL component to be discussed in the next section. One readily
pulse with the instrument function of the setup, a Gaussiag€ees that all the three components have comparable peak
with a halfwidth of 6 ps, andii) fitted the result using Eq. intgnsities atT=50 K but different rise and decay times,
(1). The parametergy,, 7>, anda were varied to reach the Which makes the PL pulse shape fairly complex. Figui® 6
best agreement with the experiment. It may be added that tHlots calculated temperature dependencies of integrated in-
parametera was chosen separately for each spectral pointtensity of the exciton and trion PL. As follows from the
We should stress that the valuesmfand 7, thus obtained ~graphs, above 60 K the trion PL becomes stronger than the
characterize the average rise and decay times of the mod@Kciton one.
PL pulse.

_ In thi_s way we have succeeded in satisfactorily describing VI. LONG-LIVED PL COMPONENT
with a single set of parameters the PL pulse shape throughout
the temperature range covered. The results of the calcula- The hole evaporation process affects the kinetics not only
tions are plotted by solid lines in Fig. 4. The values of theof the PL rise but of the decay as well. A hole ejected into the
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T=50K in a QD, v, and presented the PL pulse shape in the fol-
i 2AC lowing form:
IpL(t) = lgastt) + lsioult)
=l[(e77P - e + p(e —eP)],  (17)

PL intensity

where the coefficienp, which is less than unity, defines the
fraction of the slow PL component. Note that EG47) re-
duces to Eq(2) by properly rearranging its terms. The quan-
titiesly, p, vpL, ¥, andys were used as fitting parameters in
a comparison with the experiment. Figure 2 illustrates such a
fitting. The fitting parameters determined for each tempera-
ture were employed to calculate the ratio of the integrated
slow PL component intensitys . to total PL intensity) o,

Slow PL component from the relation,

Exciton PL Iy D7~ 7o)
PL
Trion PL : ) == ° (18)

ltotal - (TpL— 7) + P75~ 7o) .
0 200 400 600 . . . ' .
Time (ps) Equation(18) was obtained by integrating E(L7) over time

(b) and replacing the rates of the processes involwedwith
their reciprocal quantities:;i:yi‘l.

The results of such treatment of experimental data made
for the two spectral points are specified by symbols in Figs.
7(b) and 7c). The data are given fof >20 K only, because

at lower temperatures the intensity of the slow component is

0 20 40 60 80 100 too weak to be determined with acceptable accuracy by the
above procedure.

Temperature (K) We compared these data with model calculations of PL

FIG. 6. () PL kinetics measured a=50 K at spectral point kinetics involving the solution of balance equations for the
2AC (noisy curve. The solid line shows a theoretical curve calcu- Population of hole states in a QD and the barrier layer. The
lated with the hole evaporation model as a sum of three PL comcalculation presented in detail in the Appendix yields the
ponents plotted below. The curve is convoluted with a Gaussian, 0llowing relation for the ratio of the slow component to
ps in halfwidth, which simulates the instrument function of the total PL intensity:
experimental setup. The inset depicts the rising part of the PL pulse
(noisy curve. The long-dashed line reproduces instantaneous pulse lstow _ Yh1
rise predicted by the model. The short-dashed line depicts pulse @ - b),PL+ Yot (19
evolution with time for the case of the PL being due to exciton
luminescence alonéb) Temperature dependence of integral inten- Coefficientb in this expression accounts for the hole loss in
sity of the exciton and trion PL. the barrier which is described in the next section. The tem-

perature dependence of hole evaporation rate from the ex-
barrier may after a certain time be retrapped by the QD teited state of a QDy,, is described by an expression similar
recombine with the electron left there. The probability ofto Eqg.(9).
hole retrapping by a QD is substantially lower than that of its  As seen from Figs.(p) and 7c) (dashed curvesEq.(19)
thermal ejection, because the density of hole states in thapproximates correctly the temperature behavior of the slow
barrier exceeds by far that in the QD. As a result, the lifetimePL component up to a temperature of 60 K. Note that the
of a hole in the barrier may turn out to be long enough for itsslow component amounts to a considerable fraction of PL at
capture by the QD to produce a slow component in the Plelevated temperatures, namely, up to 809 a0 K.
kinetics. Figure 7d) plots the temperature dependence of inte-

To check the validity of this explanation, we analyzed thegrated PL intensity],.,. We readily see that the total PL
temperature behavior of integrated intensity of the slow comintensity practically does not change up to temperatures on
ponent,lgy,» and compared it with model calculations. Be- the order of 60 K, i.e., all temperature-induced variations
cause a substantial part of the slow component extended beecurring in this interval reduce to a redistribution of the fast
yond the available detection time interval, we had toand slow component intensities. Considered within the
extrapolate the PL pulse shape to longer times in order tonodel used, this means that all holes injected into the barrier
derive the value of,, from experimental data. In view of return gradually to the QD to recombine with the electron
the fact that the slow component is produced by holedeft there. A further increase of temperature brings about a
ejected from the QDs, we assumed that the rise time of thdrop in the total PL intensity. The nature of this effect will be
slow component is governed by the lifetime of primary holesdiscussed in the next section.

PL intensity

Exciton PL
Trion PL
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the barrier. This probability is governed by the electron con-
centration in the barrier, which grows with temperature as

g:zz Ne= ngv.axp(.—Ee_/ kT). HereE, is the activation energy of elec-
—E 0.004 tron ejection into the barrier. The appearance of an additional
N relaxation channel brings about an increase in the decay rate
0.002 (a) of the slow PL component,
0
0 20 40 60 80 100
08| o . (1) =95+ 7ee =, (20
<§ g'j where yg is the decay rate associated with radiative recom-
= o2 (b) bination in the QDgi.e., the quantity accounting for duration
0 of the slow component at relatively low temperatyyemd
109 yg is a phenomenological constant determined by the density
1 08 ratio of the electronic states in the barrier and the QD, as
<= 06 well as by the probability of hole recombination with an
& g'g electron in the barrier.
o The solid line in Fig. 7a) is a plot of Eq.(20) for the
0 20 4 60 8 100 parametersy? and E, listed in Table | andy?=3 ps™. This
curve is seen to fit well the dependence obtained from the
3 (d treatment of experimental data. The value of the activation
= energy derived in this way agrees well with those quoted in
Refs. 20 and 35, in which the potential barrier to be sur-

% 20 20 60 80 100 mounted by electrons when ejected from a QD is determined
to be about 60 meV. This value is substantially less than the
potential well depth for electrons in InP QDs, which for the

FIG. 7. (a) Decay rate of long-lived PL compone(uircles. The ~ Sample under study is 250-300 m&The relatively low
solid line is a fit with Eq.(20), 12=3 ps™. The inset displays sche- activation energy for the ejection process should be appar-
matically the processes involve@ee details in textThe values of ~ €ntly assigned to the electrons being ejected, not into the
the other parameters used in the calculation are given in Tatdg I.  conduction band of the barrier layer, but onto local defects
Evolution with temperature of the slow PL component measured atocated in the vicinity of the InP QD¥:%
spectral point TA and normalized against total PL intengiym- The existence of a nonradiative relaxation channel brings
bols). Dashed line—calculation using E@.9) and made neglecting about a decrease in integrated PL intensity, which is deter-
electron evaporatiorfb=1); solid curve—calculation using Egs. mined by the ratio of the radiative recombination rate of the
(19) and (21), k,=180. (c) The same for spectral pointAZ, ki electron-hole pairs to the total rate of decrease in their popu-
=210. (d) The temperature dependence of integrated PL intensityation. At temperatures above 60 K, where the slow PL com-
measured at spectral poird (circles and its fitting with Eq(20)  ponent provides the major contribution to the intensity, the

Temperature (K)

(solid line), y9=9 ps™. radiative recombination rate is practically equalqtg with
the temperature dependence of total intensity taking on the
VII. THE ROLE OF ELECTRON “EVAPORATION” form,
At temperatured > 60 K, which are comparatively high 0
for the QDs under study, the integrated intensity(T), lo(T) = 1o (0) Vs (21
total ~— ltotal )

falls off noticeably, as seen from Fig(dJ. The decrease in (Y2 + e BTy
integrated intensity implies the onset of an additional process
leading to nonradiative losses of excitation energy. Becaus@/e fitted this equation to experimental data with the values
one observes simultaneously a noticeable decrease of tlod 72 andE, listed in Table I, withyg employed as a fitting
slow component time, which is associated with ejection ofparameter. As seen from Fig(dj, the temperature behavior
holes into the barrier laydrsee Fig. 7a)], it appears only  of I, is well approximated by Eq21).
natural to assume that the nonradiative losses occur in the Hole recombination with electrons in the barrier reduces
barrier. The most likely loss mechanism involves thermaithe intensity of the slow PL component while not affecting in
ejection(evaporation of a photogenerated electron from the any way that of the fast component, which originates from
QD with its subsequent recombination with a hole in thethe recombination of holes before their ejection into the bar-
barrier. The recombination may either be nonradiative or intier. As a result, at high temperatures the fraction of the slow
volve emission of light in a spectral range beyond the speceomponent should decrease slightly in the high-temperature
tral range of detection, as this is shown schematically in thelomain, an effect which is indeed observed in experiment.
inset to Fig. 7a). [See Figs. ) and 7c).] This effect can be taken into ac-
This process can be treated phenomenologically as formasount by including the temperature dependence of coefficient
tion of a channel of electron-hole pair nonradiative relax-b in Eq. (19), which determines the fraction of the holes
ation. The relaxation rate in this channel is proportionalretrapped by the QD from the barrier using a phenomeno-
to the probability of hole recombination with an electron in logical expression,
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bo PL leading edge, this effect becomes noticeable only at tem-
b= 1+ke B peratures of the order of 100 K. It should be stressed that the
b decrease in the PL rise time is in no way related to a decrease
As seen from Figs. (B) and 7c) (solid lines, inclusion of in carrier relaxation time, as this is usually assurhed.
this temperature dependence, with the same activation eforeover, we have succeeded in describing quantitatively all
ergy E;=55 meV as in the preceding approximations, offersthe relations observed in this study under the assumption that
a correct description of the behavior of the slow PL compo-the hot carrier relaxation rate remains constant within the
nent above 60 K as well. temperature interval covered.
We had to take into account thermal ejection of electrons, !t Should also be emphasized that the decrease of the PL
into the barrier also when simulating the rise and decay ofiS€ time with increasing temperature by the mechanism de-
the fast PL component at high temperatutese Fig. 6, scribed above can occur even in the case wkgeekT, i.e.,

because it reduces the concentration of charged quantuﬁllhere each elementary event of hole ejection into the barrier
as a low efficiency. For this to be possible, it is sufficient

dots. If electron recombination in the barrier is a fast Process, - ihe lifetime of the electron left in the QD exceeds sub-
this will increase the total rate of electron escape from thestantially the pump pulse repetition period. In this case, the

QDs, fraction of charged QD will grow from one pulse to another,
¥, = ,(0) + ,y(e)e—Ee/kT’ (22) and the buildup parameterin Eq. (10) may turn out large
enough to compensate for the low evaporation nate
where the first term describes the rate of electron escape at Another consequence of hole ejection into the barrier is
low temperatures. Equatiof22) permits one now to write the decrease of the fast PL component decay time, which is
the relation for the temperature dependence of coeffi@ent also described quantitatively within the model developed

in Eq. (10), here. The third effect is the appearance at elevated tempera-
tures of a long-lived PL component, which originates from

- % (23) the holes being retrapped by the parent QDs. This effect also
1 +k,e BT allows a good description in terms of a common model. Fi-

nally, a qualitative argument for the validity of the model

The use of Eq(23) provides a good fit of the theoretically .
calculated shape of the fast PL component at various temzoMes from the presence at the leading edge of the PL pulse

peratures to experimental resultSee Fig. 6. The values of of two distinctly separated regions, namely, a fedtarge

) . . : QD luminescenceand a relatively slow(neutral QD lumi-
g?;a;)n;;erﬁoea? E%tgg in Table | for different spectral points, nescenceone. We believe that all these effects provide a
a_ .

convincing argument for hole evaporation being a major
cause of the strong modification of PL kinetics with increas-
ing temperature.

This analysis revealed also some effects originating
Our analysis of the PL kinetics revealed that a comparafrom electron evaporatiofSec. VII). In the structures under
tively small increase in temperature activates in an InP QDstudy, these effects are observed at higher temperatures
structure several processes, which complicate substantiallyf >60 K) than those associated with the evaporation of
the dynamics of photogenerated carriers. The processes diseles, which should be assigned to the potential barrier for

cussed above are depicted schematically in Figs. 5 and This process being highéE,=55 me\).
The main parameters of the processes are listed in Table . We believe that the processes considered in the present
The major process which becomes operative already atudy, rather than being specific of the structure investigated
temperature§ > 30 K is thermal ejectiortevaporationof a  here, are of a fairly general nature. One cannot, in particular,
hole from a QD into the barrier layers. This is made possibleexclude the possibility that the decrease of the PL rise time
by the low height of the potential barrier for holes in the observed to occur with increasing temperature in Refs. 11,14
structure under study, which is about 15 meV. Hole ejectiorand 19 likewise derives from a change in the fractional con-
into the barrier gives rise to several effects observed expertent of charged and neutral QDs. One should, however, bear
mentally in the PL kinetics. in mind that the potential well depths for electrons and holes
If the hole ejected into the barrier does not return to then InAs QDs investigated by the above authors differ to a
QD, this QD becomes negatively charged. The kinetics ofesser extent, and, therefore, identifying the first process to
charged QD PL excited by subsequent laser pulses is chalsecome activated with increasing temperature, more specifi-
acterized by a steep, steplike leading edge resulting frorgally, evaporation of electrons or holes, would require a
recombination of a photogenerated hole with a cold electronseparate study.
The model developed here shows that the sharp decrease of The results obtained in our study suggest that, in order to
the PL rise time observed to occur with increasing temperareliably identify the processes accounting for the PL rise in
ture can be accounted for primarily by an increase in theQDs, one has to carry out a comprehensive investigation of
contribution to the PL due to luminescence of charged QDsthe temperature behavior not only of the leading but of the
whose fraction grows with temperature. While competitiontrailing PL pulse edges as well. Most of the publications
between various processes of hot carrier relaxation to theealing with carrier relaxation do not analyze in detail the
radiative level and ejection of the hot hole into the barriertemperature dependence of the PL kinetics, in particular, they
may provide a certain contribution to the shortening of thedo not separate PL into fast and slow components, although

VIII. DISCUSSION OF RESULTS
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some authorgsee, e.g., Refs. 13,19 and)3fiake a mention (project No. 0302-16858by INTAS (project No. 1B 216y,
of an increase in the PL decay time with increasing temperaand by ISTS(project No. 2679
ture, while Marcinkeviius and Leort? on the contrary, re-
ports a decrease of this time. It is conceivable that one of the
reasons for the discrepancies in the final results between
these studiegaside from differences between the samples Consider in more detail the evaporation dynamics of pho-
used consists in an inadequate investigation of the PL decayogenerated holes out of neutral QDs. We are going to con-
kinetics. sider one hole state in the QD, with the population denoted
It should be emphasized that, because of differences in thigy n,, and one hole state in the barrier layer, with the popu-
kinetics of neutral and charged QDs, the PL pulse shape mation n,. The population dynamics of these states is given by
depend appreciably on the number of charged QDs in thenhe equations
sample. There are a lot of processes capable of changing the

APPENDIX

QD charge. In particular, when exciting PL with a large d_nx= _ _

Stokes shift* heating of the sample may change the mobil- dt (1 =NePod(V) = (4 + YpUM* 7o,

ity of photogenerated carriers in the barrier layer or the (A1)
built-in electric field. Residual background doping of the bar-

rier layers may bring about partial charging of QDs even at a dn,

low temperaturé’ As a result, the number of charged QDs m = Y= (Ya+ ¥+ Yo Np.

may become dependent both on the doping level and on the

pump conditions and sample temperature. It is probably the The first of these equations describes a generation of a

diversity of the above effects that accounts for variation ofhole in an uncharged QDhe first term, escape of the hole

the available literature data on characteristic PL rise times ifrom the QD through its recombination with an electron or

structures of essentially the same type from a few tens ogvaporation(the second terip and return of the hole from

picosecond$-1517:18tg a few nanoseconds. the barrier back to the QD. The second equation considers
migration of the hole into the barrier out of the Qrst
term) and its escape out of the barrisecond term via

IX. CONCLUSION transfer to another QD at a ratg, return back to the “par-
ent” QD at a ratey,, or hole recombination with the electron

Our study of the temperature behavior of PL kinetics i”which had evaporated from the OD at a rateWe are qoin
InP QDs has permitted identification of several hot—carrie} b Q ol going

d ; hich it n fthe P 0 assume in what follows that the probability for a hole to
ynamic processes which result in a strong change of the Piyhster 1o another QDa process giving rise to formation of

pulse ;hape. It was established that the decrea;e of the Iharged QDgkis substantially lower than that to return to the
pulse rise time observed to result from a comparatively Sma:Earent dot, i.e., thaf,<
,i.e., A .

increase of temperature from 10 to 100 K is caused by ther-" g4, aion (A1) for the hole state population in a QD can
mally stimulated ejection“evaporation’) of holes out of :

. . be solved to yield
QDs, which makes part of the dots negatively charged. Re-
combination of a hole generated by a subsequent laser pulse et 1 Y1~ Y\, owt it
with an electron present in the QD gives rise to a PL spike afx= (1 ~Ne)Po€™ + (1 - ne)POE 1- D (€7 —e™),
a wavelength shifted relative to that of the laser line. As the
temperature increases, the fraction of charged QDs grows, (A2a)
thus reducing the average rise time of the PL pulse. Oujyhere
studies did not reveal any noticeable acceleration of hot car-
rier relaxation in the temperature interval covered, although _
it is this process that is used by many authors to account for %1 = 2[(y1+ 79 + VD],
the decrease in the QD PL rise time at elevated temperatures.
Hole evaporation brings about also a decrease of the PL de-
cay time, and the return of ejected holes back to the QD is
responsible for the appearance of a long-lived component in . . L 5 _
PL kinetics. The fraction of this component builds up to 80%"It th(i following notation:D=(y1=y)*+4m ¥, %1=Ypu
at a temperature of 70 K. We identified also a number of" %h: ¥s=Ya* %+ Ye

effects caused by electron evaporation from QDs. The PL intensity of uncharged QDs is given by the ex-
pressionlp =vyp Ny The first term in Eq.(A2a) describes

decay of the fast PL component, and the second, both the rise
ACKNOWLEDGMENTS and decay of the slow PL componept. Note that the decay
rates of these components, andX,, differ from those used
The authors thank Professor V.F. Agekyan for fruitful dis-in the text of the papekSee Secs. VI and VI.This differ-
cussion. Experimental data throughout this work were takemnce is caused by the interrelation of the equations for the
in the Masumoto Single Quantum Dot Project, ERATO, JSTpopulationsn, andn, through the rates,, and y,. [See Egs.
which authors greatly acknowledge. This work is partially (Al).] At not too high temperatures, however, at whighis
supported by the Russian Foundation for Basic Researcéubstantially smaller thag, andyp, this difference is small

X, = 3[(y1+ y9 - D], (A2b)
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and vanishes in linear-ity; approximation for/D which we moving the(1-n,) factor. Note that evaporation of an elec-
shall use subsequently. This approximation yields the relatron from a neutral dot also entails a decrease of the potential

tions employed in the main text, well depth for the hole, thus making hole evaporation from
off the dot still more efficient. This does not, however, increase
=YLt Y X =%t Ve (A38)  the slow component intensity, because the return of the hole
where to the QD is not accompanied by PL as there is no electron
there.
ygff: ” YPL (A3b) As pointed out in the main texisee Sec. VI, thermal

Yo+ Yh ejection of an electron into the barrier and its recombination
et ~with a hole give rise to quenching of the QD PL. Straight-

Note that the quantityy,  can depend on temperature in @ forward description of this process is made difficult by the
complex way. In the low-temperature domain it can decreasgpoye-mentioned abrupt change in the hole evaporation rate.
as a result of hole localization in shallow potential wells inTherefore, we shall restrict ourselves to a phenomenological
the barrier, which is described by the temperature depergescription of the PL quenching process presented in the
dence of parametey,. At elevated temperatures it can fall ,5in text.
off through efficient ejection of holes out of QDs back into Solving Egs.(A1) yields also the dynamics of the hole
the barrier, a process specified by the fraction in @8b).  gtate population in the barrier,
As mentioned in Sec. VIl experimental data are satisfactorily
approximated by assuming''=2=const, which is possibly
due to the above processes canceling one another in the tem-
perature interval under study.

Integrated intensity of the slow PL component for un- Escape of a hole from the barrier layer to another QD or to a
charged QDs can be calculated by integrating the secondefect, which is described by a ratg, brings about long-

term in Egs.(A2a) and (A2b) over time in the linear-iny,  lived charging of the QD out of which the hole has been
approximation, ejected. The increase of the probability for a QD to become

off charged during the laser pulse peridah,,, can be calculated
X _ h Y by integrating Eq(A5) over time and multiplying the result
I5ow= (1 = Ng) Py . (A4)

Yot W/ \ %+ % obtained byys,

ny=(1-ny) PJ—%(e‘th ) (A5)
\\"

For charged QDs one can write, in principle, dynamic equa- Va yﬁ” Yh
tions similar to Eq. (A1), with replacements(1-n,) Angp= )’af npdt~ (1 -ne) PO% %r sy, oL

—Ne, Yn— Yht» &Nd yp — 2yp, and solve to obtain similar °

solutions. The evaporation rate of holes from charged QDs at (AB)
temperatures <60 K is, however, appreciably lower than Equation(A6) was derived under the same assumptions as
that from neutral one$y, < y,) because of the hole being Egs.(A3a) and(A3b).

additionally bound by Coulomb forces to the second elec- During the time between pulses, QDs discharge at a rate
tron. Therefore integrated intensity of the slow componenty,. Assuming the variation in the fraction of charged dots
for charge dots)g,,, should be, according to an equation after each pulse to be small compared to the average value,
similar to (A4), low. At elevated temperatures, evaporationi.e., An,<n,, we conclude that QDs discharge exponentially,
of one of the electrons results in an abrupt decrease of th@ith n, decreasing during the time between successive pulses
potential well depth for the holes, thus making their evapo-y an amountAn, =~ nyy./ f, wheref is the laser pulse rep-
ration as efficient as that from neutral QDs. Therefore attition frequency. When pumped in the quasistationary
these temperatures the slow PL component of charged QD®ode, the fraction of charged dots acquires an equilibrium
should be described by a relation similar to E&#) but with  level found from the conditiorAng,=An,, This condition,

the replacementl-n,) —n,. The expression for total PL together with Eq(A6), yields Eqs(10) and(23) in the main

intensity, |gow=15ow* 10w 1S derived from Eq(A4) by re-  text of the paper.
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