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Nonresonant tunneling carrier transfer in bilayer asymmetric InAs/GaAs quantum dots
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Carrier transfer in InAs/GaAs asymmetric quantum dot pairs has been studied by means of continuous-wave
and time-resolved photoluminescence in a bilayer InAs/GaAs quantum dots system. The dependence of the
tunneling time on the thickness of the separation layer is determined and the tunneling time is found to span the
range from 250 to 2500 ps. A microscopic model of carrier transfer, including nonresonant electron tunneling
from a direct into a cross exciton state, with subsequent generation of two direct excitons in adjacent quantum
dot layers, is proposed.
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I. INTRODUCTION understanding of multilayered QD structures and hence more

Many proposed electronic or optoelectronic applicationscontrol over uniformity of size and shape, but they may also
of quantum dotS(QDs) require uniformity in performance Prove to be useful for applications. For example, AQDPs
and consequently in both QD size and shh@me promising sharing a single electron in each pair have attracted great
approach pursued to achieve the required homogeneity is tHaterest in connection with the realization of quantum bits
growth of multiple layers of QD3In this approach, layers of and quantum computatidn.
three-dimensional3D) islands are each separated by a layer Of course a good understanding of the bilayer AQDP re-
of a material that acts as both a barrier and a spacer layejuires exploration of many phenomena. One important char-
Control over the spacer layer thickness has been shown ®cteristic of such a system is the tunneling time of carriers
influence the degree of strain transmitted from the first QDP€tween pair dots, which can be investigated by either
layer into the subsequent separation layer, so that nucleatigiPntinuous-wave(cw) or transient PL. While both ap-
of the second QD layer is vertically ordered above the firstproaches can give valuable insight, transient studies provide
In fact, a significant degree of both vertical and lateral orderclues on the inner dynamics and give accurate values for the
ing has been achieved when multilayers of QDs are prepareiginneling times of electrons and holes. In this paper, we re-
in this way?3 port on detailed cw PL as well as time-resolved PL studies

Given some early success with this approach it has beon carrier tunneling transfer among vertically aligned
come interesting to investigate the behavior of organized ardouble-stacked InAs/GaAs QD layers.
rays of QDs. Developing an understanding of such structures
is not necessarily easy, however, since each dot layer must be
close enough to influence another one, making tunneling be- The AQDP samples explored here were grown using a
tween dots more complicated. In order to explore the behavsolid-source molecular beam epitaxy chamber coupled to an
ior of 3D arrays, some recent investigations have focused oultrahigh vacuum scanning tunneling microscof&TM).
the simpler structure consisting of only two QD layers sepa-The structures consist of two InAs layers. Each sample was
rated by one spacer lay&r! For example, a recent papér grown on a GaAs(001) substrate, with a 0.axm GaAs
has reported on an investigation of bilayers of InAs QDsbuffer layer and 10 min annealing at 580 °C to provide a
with GaAs as the barrier, giving photoluminesceliee) up  nearly defect-free atomically flat surface. The seed QD layer
to =1.4 um at room temperature for a second layer with ais then grown by depositing 1.8 monolaydidL) of InAs
reasonable density 0f210'° cm 2 and a remarkably narrow under an Ag partial pressure of 8 10°° Torr at a substrate
PL linewidth of as low as 14 meV. temperature of 500 °C. This is followed with either 30, 40,

For a bilayer QD structure, the two layers can either beb0, or 60 ML of GaAs spacefds, deposited on top of the
grown identically or under different conditions. Using differ- seed QD layer. The second QD layer is then added through
ent InAs deposition values, growth temperature, or annealindeposition of 2.4 ML InAs. Each sample for optical studies
time for each QD layer, a vertically stacked pair of unequalwas finally capped with a 150 ML GaAs layer. The growth
sized QDs can be realized. Such a system has been called etes of InAs and GaAs for all layers were 0.1 and 1.0 ML/s,
“asymmetric QD pair"(AQDP) in analogy to the extensive respectively.
work on asymmetric double quantum-welADQW) The samples were structurally characterized by plan-view
systemg. Not only can studies on the AQDP lead to a betterSTM and cross-sectional transmission electron microscopy

Il. SAMPLE CHARACTERIZATION
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FIG. 1. (@) Low excitation density cw PL spectra a=10 K §
for 1.8/2.4 ML AQDP samples with various spacer thickngbs. S 6
Schematic representation of processes contributing to carrier popu- =
lations in SQD and LQD ensembles. Photoexcitation of carriers is S.
represented byl andG2, tunneling time for electrons is;, and Z’ 4
recombination lifetimes are; and 7g, for SQDs and LQDs, o
respectively. £
- 2
o
(XTEM). The STM statistical analysis indicates a size distri- [ v v e
bution for the QDs with(4.0£1.5 nm for the height, 0.01 0.1 1 10 \
(20+3) nm for the width, and a dot density of about Excitation density (W/cm’)

4.5x 10 cm 2 in the seed layer. The dot density in the sec-
ond layer is variable over the range from X%0'°to 4.0

X 10 cm? with increasingds, Meanwhile, the second
layer 3D islands are nearly twice in volume of the seed is
lands (for ds;=30 ML) due to additional deposition, as well
as the influence of the strain field from the seed Iéy‘ér. second layer. In this case the tunneling tifrg) from the

The resulting growth was a vertically correlated seed layer dots to the second layer is apparently so fast com-
bilayer QD structure with different sized dots in each pared to the radiative lifetime of the small QEBQDS (7x;)
layer. However, the correlation is not complete, and &, is less thanrg,) that very little PL from the seed layer is
part (e) of the QDs of the seed layer, as well as the part ofohserved. With increasings, however, an additional PL
the QDs of the second layer is still uncoupled. XTEM StatiS-peak becomes evident on the high-energy side at 1.27 eV,
tical analysis was used to determine the dependence @ésulting in a clear double peak structure for the 50 and 60
the AQDP fraction[the correlation degre¢l—-a)] of the ML spacer samples. This high-energy péfk..J coincides
total QDs density of the seed layer on ttlg, value to be  with the QD PL peak observed for single-layer samples with
1-a=0.95, 0.70, 0.50, and 0.10 folg,=30, 40, 50, and 60 3 1.8 ML InAs depositiotf and is therefore attributed to the

FIG. 2. (a) The normalized PL spectra of a sample with
dsp=40 ML for differentl, (b) PL peak intensity ratid_op/lsopOf
the LQD and SQD PL spectra vs excitation level for various barrier
‘thicknesses. The fit with Eq$2) is shown by solid lines.

ML, respectively. emission from SQDs. The apparent increase in the PL yield
of the SQDs with increasing spacer thickness is also ex-
ll. CW PHOTOLUMINESCENCE pected due to the decreasing electronic coupling and, conse-

quently, decreasing carrier transfer probability between

The cw PL was studied by using the 514.5-nm line of anAQDPs.
Ar* laser for GaAs excitation, spanning excitation densities Perhaps less expected is the fact that the cw PL spectra as
from 0.01 to 40 W/crf The samples were mounted in a a function ofds, reveal a significantly different PL behavior
close-cycle cryostat, which allowed measurements in th@etween the SQD and LQD peaks as a function of the exci-
temperature range from 10 to 300 K. The PL signal was detation densityl,,. Investigation of PL spectra in our samples
tected with a liquid-nitrogen-cooled Ge photodiode usingover a wide range of excitation densities covering four orders
phase-sensitive detection techniques. of magnitude as well as thorough line-shape analysis con-

Figure 1 shows the cw PL spectra for AQDPs, with InAsvince us that we are still below the intensity needed to excite
coverage of 1.8 and 2.4 MLs for the seed and second layerigher energy levels. Therefore contributions from excited
respectively, as a function of spacer thickness at a low excistates of the LQDs are ignored in our cw PL experiments.
tation density(l, of about 0.1 mW/crh As expected*the  Figure Za) plots normalized PL spectra, as a function gf
PL spectrum fords,=30 ML shows a single, slightly asym- for the sample withd,,=40 ML. The peak intensity ratio
metric Gaussian shaped pedk.g at 1.09 eV, which is the | op/Isop as a function ofle, [Fig. 2(b)], shows a weak
emission energy expected from the large QDQDs) in the  dependence oh,, for ds;;=60 ML, when the seed and sec-
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ond QD layers are nearly decoupled, but a significant influ-
ence for adg, of 40 ML when the coupling is strong. For the
strong coupling case, at high,, the filling of the energy
levels in the LQDs understandably reduces the carrier trans-
fer from the ground state of the SQDs thus increasing the
population of this state and decreasing the ritig,/Isop as
shown in Fig. 2b). Here again, a similar observation has
been reported for nonresonant electron and hole tunneling in
coupled InGaAs/InP quantum wefi8* In that case, a
space-charge buildup, due to asymmetric electron and hole
tunneling, is assumed to lead to bending and shifting of the
energy levels of the wells resulting in changes in the distri-
bution of the population in the energy levEisind hence the
PL ratio. However, in the case of the AQDPs studied here, a
similar space charge buildup explanation is not reasonable
due to the limited number of QDs and a large energetic
distance between the ground states of electron-hole transi-
tions (about 120 meV of the seed and second QD layers.
There is also no PL evidence for an energy level shift.
Rather, for AQDPs we attribute the decrease in carrier
transfer probability with elevating., to a decrease of avail-
able free ground states in the larger QDs in the second layer.
This is also consistent with the greater probability of level
filling for QDs. _ _ Excitation density (W/cm?)

Figure 1b) presents a schematic energy level diagram for
the AQDP structures. We assume a simple three-level model FIG. 3. Then$ and nj dependences vs excitation densigy,
for this structure in order to uncover the behavior of theand the ratimf/ngl(b) calculated from Eqg2) for different tunnel-
tunneling timer and radiative lifetimes of the SQDs and ing time 7 and fixed relaxation times for SQDg;=1.4 ns and
LQDs, 7r; and 7g,, respectively. Within this model the ob- LQDs 7z,=1.7 ns, respectively. The generation raBasandG, are
served decrease in carrier transfer probability can be undetaken equal.
stood as state filling due to increasihg In addition, for the
samples withd,,<50 ML, when 7+ becomes smaller than S_NL— _ _pnS
TRy and 7 < TRZ,lS’lG carrier tunneling from a SQD to the M2 =Na = 7rol Y = ANy = )/ 70, @
LQD, in steady state, is limited byk,. This scenario can be
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treated within a three-level modidee Fig. 1b)] approxima- ~ With A=(Tr1Tro! No71) 6, B=-1-Gy7re/N;=(y
tion, using the following rate equations: + 6N/ 1r))A/ 8, and C=y(N;7ro/No77)+Ny/77¢, Where
’y:(Nl/ TRt N2/ TRZ)/(l +G27R2/ Nz) and 6:(1
dmy(®) _ _ ny(t) _ na(®INz — np(t)] +GyNy - ny(O /Ny, +Gy 7y /Ny (1+Goy7ir/ No).
dt TR1 No7r Equation(2) describes saturation in the AQDPs system
resulting from the limitation of carrier transfer out of the
dny(t) ny(t)  Ny(t)[Ny = ny(t)] SQDs into the LQDs as the population of the LQDs ground
dt = Tro + N, 7 + Go[N, = (1) N, state becomes large. This effect becomes pronounced under a

substantial elevation of the excitation density. For example,

1) Fig. 3 gives thenf and n§ dependence on the excitation den-

Here n,(t) and n,(t) represent the carrier densities at Sity for various rates of carrier transfét/r) within the
time t in the lowest energy levels of the SQDs and theAQDP. The figure shows that the ratigy/n? (related to the
LQDs, respectivelyN, is the total number density of LQDs ratio I op/Isqp for PL intensitie is also a function of the
that are coupled to an equal number of SQBsin the  €xcitation density. _
AQDPs. The factom,(t)[N,—n,(t)]/N, defines the fraction For our excitation wavelength, we assume equal excita-
of SQDs for which tunneling within AQDP takes place tion rates for both the SQDs and LQB# the range of low
since the corresponding LQDs are empB; and G, are  excitation densitiegFig. 3@)], it can be seen that the states
the carrier generation rates for the SQDs and the LQDsOf the I__QDs populate substantially fa_ls_ter than states o_f the
respectively. The set of equatiof takes into account the SQDS in the AQDPs due to the additional flow of carfiers
saturation of the carrier trap into the SQDs and LQDs statedfom the SQDs. When tunneling takes place the rafin

respectively. tends to the limiting value ofrgy(7r+27r1)/(7re77) @s
Applying Egs. (1) for the steady state casdn,/dt=0, G1,G,—0 in the limit of extremely low excitation densities
dn,/dt=0, we get the solutions [Fig. 3(b)]. If the tunneling carrier transfer is negligible

—_ (r7r—0) this ratio tends to the valueg,/ 7r;, While in the

N =N — 7y (- B— VB2 - 4AC)/2A, case of rapid carrier escape from the SQDs states-0)
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emission by limiting the excitation density from
10° to 10 photons(pulsex cm?). Transient PL measure-
ments were taken using a monochromator and a synchroscan
streak camera equipped with an infrared enhanced S1
cathode with an overall time resolution of 15 ps. For all
samples investigated here, the PL transients were measured
at the position of the PL maximum for both the SQDs
and the LQDs. In addition, we chose a loW, at
5% 10° photons(pulsex cn?) as a compromise between
what is needed to provide sufficiently high signal-to-noise
ratios and the low-excitation levels required to avoid excited-
state PL contributions. As shown in Fig(b4, the transients
for SQDs of different samples cannot uniformly be fitted by
one-decay time that decreases with increaslgg In addi-
tion, the transient data for the LQDs indicate a very different
30 |_ behavior in comparison with the SQD transient PL. The ob-
L Ny, served delayed rise in the PL transients of the QDs are also
500 1000 1500 observed for single dot layet§18These delays are the result
t(ps) of relaxation from the excited states to the ground state com-
bined with Pauli blocking’ or intralayer carrier transfer be-

FIG. 4. (a) Normalized PL transients for SQDs and LQDs for an tween the ground states of QDs in a dense QD éﬁagow-
AQDP sample with a spacer thickness of 30 ML. The detection

energies are 1.25 and 1.094 eV for SQDs and LQDs respectivelgver’ In our case of low excitation densities and low QDs
(b) Normalized PL transients for SQD for AQDP samples with vari- ensity these mechanisms are unlikely and we relate the de-

. . . layed rise of LQD PL to interdot carrier transfer due to tun-
ous spacer thicknesses. The detection energy is at 1.25 eV. The’,. o .
; - neling from seed and second layers. This is evidenced by the
calculated dependences shown with solid lines where found fro

the least-squares fit by Eg@l) and(5) with the correlation param- nf_act that the LQDs PL increases with approximately the same
eters(1-a) taken to be 0.95, 0.75, 0.55, and 0.10 for thg=30, time constant as the decrease of the SQD PL. Moreover, with
40, 50, and 60 ML, respectively. increasing(_jsp, and correspondingly increasing, this de- .

layed maximum becomes much less pronounced and practi-

. 5,5 - . cally vanishes fods,=60 ML. These experimental observa-
the rationa/ny tends to the limit 2,/ 7y, which can be very i5ng are in full agreement with the predictions of E¢b,

large. On the other hand, if the_excganon gens't'es are Nighy hich can be modified for the case obdike excitation and
enough(G,, G, — <), the populationsi; andn; are saturated  gyremely low population of the QDs ground states
for both the SQDs and the LQDs. (n;<N;,n,<N,). In order to apply Egqs(l) we assume
that intralayer carrier capture into localized QD states is
significantly faster(~5 p9 than the excitation ratéThe in-
tralayer and intradot carrier relaxatigtmansferring the cap-
Indeed, although the cw PL spectra as a functiom@f tured carriers in the ground QD statésalso assumed faster
provides significant insight into tunneling from the SQD than the excitation transfer processes and radiative
layer to the LQD layer, they do not allow a direct determi- recombinatiorf. In this case the radiative recombination and
nation of the tunneling time, which may be one of the rea-the excitation transfer between localized QD states determine
sons for the large spread in reported values. For the determihe observed PL behavior. Tunneling originates in the ground
nation of these important physical parameters, transient Pktate of SQDs with the tunneling timg. For a very thin
measurements are of crucial importance. Figu@ 4ives  spacer laye(<30 ML) the estimated interdot transfer time is
the time decay curves of SQDs and LQDs tp=30 ML  comparable with the time of intradot relaxation. In this case,
while Fig. 4b) gives transient PL signals of the fundamentalthe calculatedr; value estimated gives only an upper limit.
exciton transition in the SQDs for differerds, Optical However, under these approximations the rate equafibns
excitation for the transient PL measurements was providetransform into
by 80-fs pulses ah=732 nm from a mode-locked Ti:sap-

0

10:-

PL signal (arb. units)

IV. TRANSIENT PHOTOLUMINESCENCE

phire laser producing an optical pulse train at 82 MHz dny(®) __m(®) _my(t)

and an excitation density that was varied betweeth diftl dt TRL o

2 X 10" photons(pulsex cn?). To avoid excited state emis-

sion complications to the PL transient spectra we insured dny(t) ny(t)  ny(t)

that our excitation density was always well below saturation dt =- o + m 3)

levels by restricting the PL emission to a range that
was linear with the excitation density. Experimentally this These equations can be immediately integrated under the ini-
range was between 1@nd 5x 10'* photons(pulsex cnr) tial conditions ofn;(t=0)=n;(0) andn,(t=0)=n,(0), as pro-

and is consistent with previous studiésTherefore for vided by aé-like excitation att=0, to yield the expressions
the experiments discussed here we avoided excited statd interest:
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ny(t) = ny(0)e et/ o - this work A
A - Ref. [4]
and j° L * -Ret12]
ny(t) = [n(0) + Dy (0)Je™72 — Dy (0)e™ MRt/ - (4) F
WhereDZTR17R2/[7R17R2+ TT(TRZ_TR:L)]' The PL decay time :6; A *
for the SQDsrp, is therefore given byrp = 7 71/ (7re + 7). S0P E
Meanwhile, the recombination lifetimey, of the SQDs can E
be found experimentally since it can be taken equal to that s
measuredz{%f from the reference single QD layer sample of ‘ [ A * @
appropriate QDs density. 10 2 30 0 50 50
d,, (ML)
V. DISCUSSION
® - Ref. [20]
Up to now to describe the AQDPs kinetics and cw experi- A - Ref. [21]
ments we have considered a fully correlated system where alll 2 :tThF'f;,"l’_"”;‘ef [1e]

of the SQDs of seed layer form the AQDPs with the LQDs of

. i . . 10° | .
second layer. In practice there exist a certain fractianof @ -
the SQDs that are not coupled to any LQD in the second e i
layer. Likewise, there will be a certain fractigh of LQDs e
that are not coupled to any SQD in the seed layer. Intuitively
it is clear thata= g in bilayer structures and the magnitude I QA -
of @ andB must depend on they, thickness. Indeed, XTEM 0k A (b)
statistical analysis gives the correlation factdr—a) of E e
~0.95, ~0.70, ~0.50, and~0.10 for ds,=30, 40, 50, and 5 10 15 20 25 30 35
60 ML, respectively. The carriers in noncorrelated QDs in dsp‘I/m*(v-E") (nmimeV)
each layer are assumed to relax independently of the AQDPs
and each othefno lateral coupliny due to the low QDs FIG. 5. (a) Tunneling time (open circles deduced from the

densities in the samples under investigation. Therefore iI8QD's PL transient as a function of barrier width. The solid line is
what follows we add the PL contribution of the noncorrelatedfitted to tunneling times by the least-square method. The data of
QDs additively to the PL yield from AQDPs. Then one finds tunneling times for the similar AQDP systenfelosed triangles:
for the SQDs: Ref. 4; stars: Ref. 1)2estimated from cw PL measurements are
shown.(b) Comparison of nonresonant electron tunneling times as a
nPe(t) = nP@0){ae VR + (1 - @)e RV (5)  function of the effective barrier width observed in
where ™ andri™ are he censties o gptally exted Aot O30 AT S ST RO 20 o v

i1 dotal total
QDs f_rom the total dot densmen‘l andn; measured by Ref. 19 together with our datdopen circles Dotted lines are
STM in the seed and second layers, respectively. guides for the eye.

Measuring the transient PL for the seed layer at the
maximum of the emission band of SQDs and taking into

account the independently determinaq:ﬂflf and (1-a) low excitation densities by poor PL signal-to-noise ratio and

by the asymmetric high energy tail of the LQDs emission.
values we can calculate theg value for all of the samples We have also analyzedr as a function ofds, from

undtehr |n\€_est|?hatﬁﬂ and un((j:ovegthelrelagqr;n:f(dfsp). dltt's . the transient PL spectroscopy data. This dependence,
worth noting that the procedure developed here Tor determingy, - i Fig. 5 on a semilogarithmic scale, can be fitted
ing 7t from the transient PL data gives; values that

) X . . . using a straight line and follows a simple expression for
are ;ubstanhally different from those C'ted. n bllayerthe tunneling time for barrier penetration assuming a square
experiments that do not account for the contribution from

noncorrelated QD&12:19 barrier [semiclassic Wentzel-Kramers-Brillouin(WKB)

. . . approximation developed for tunneling processes in coupled
Using the determined values ef, 7, and takingrz, as QF\)/?IS]' P gp P

a fitting parameter for the experimentally measured tran-

sients for LQDs[see Fig.. 4a)], t_he relax_ation ti|_'nerR2 is g eXF{stpV"M]- (6)

calculated. The result is particularly interesting for the

dsp=30 ML sample where the contribution of the noncorre-Herem' is the effective mass in the spacer layérjs the

lated LQDs is negligibly small. band discontinuity of the conduction band, aBg, is the
PossessingT, 71, and 7, for all samples we can now lowest confinement energy level in SQD energy. The as-

calculate the dependencelpfp/lsqpOn the excitation den- sumption of a square barrier is most difficult for smad},

sity and compare with the result from the cw measurementssince indium segregation during the capping phase will pro-

Equations(2) show good agreement with the experimentalduce a spacer with an InGaAs alloy composition rather than

data[Fig. 2(b)], especially if one considers that the experi- GaAs. This would decrease the height of the barrier and the

mental accuracy in determining the SQDs PL is limited ateffective mass, both of which will decrease Although In
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segregation is expected during GaAs capping, its amplitudaeight of ~4 nm determined from STM images of uncapped
will not be significant for InAs deposition at 500 °C and a single layer 1.8 ML samples.
GaAs capping rate of 1.0 ML/s. In fact, a sharp interface As can be seen in Fig.(b), the transient data for the
between InAs QDs and GaAs barriers under these growtiAIAs/GaAs/InAs AQDP?® (the only electron tunneling
conditions is often assumed in order to achieve reasonablgme = directly measured in AQDP to our knowledgand
agreement  between  calculations  and  opticathe ADQW2! (one of the several transient measurements
characterization$. o with similar result$ indicate a difference in tunneling time
The dependence shown in Fig. 5 supports a model for thgy one order-of-magnitudgOur data revise the results of
observed dependence of on ds, that is based on carrier Ref 19 over an even broader rangedﬁf.) The origin for

tunneling. Naturally one would consider this as nonresonant..s gifference is not well-understood. One explandfida
tunneling since neither the electron nor the hole energy lev T ; N

, ; : that a longitudinal optical phonon assists the electron tunnel-
els in the SQDs and the LQDs are aligned. According to th g P P

WKB approximation one can refer to the greater propensitjng and, therefore, results in a phonon bottleneck for the
: DP. Here we suggest an alternative explanation. For
for electrons to tunnel compared with holes due to the larg SQWS the tunneling??ate must be calculatedpover a signifi-

difference in their effective masses. Equati) predicts i
that for ads, of about 8 nm the tunneling time for the holes cant number of final degenerated and nearly degenerated

is more than three orders of magnitude larger than that of th&tates while for AQDPs the final state is well-defined. This
electrons. In the PL experiments, since carriers with a shortetlone could explain the longer tunneling time for the AQDP
lifetime govern the decay time, the experimentally observed@nd is consistent with the fact that in our experiments the
7+ should be attributed to electron tunneling. In the same Figtunneling time was insensitive to the energy mismatch be-
5(a), the values ofr versusds, are shown for similar tween the SQDs and the LQDs. _
InAs/GaAs AQDPs estimated from the ratio of the inte- Let us turn to a discussion of the underlying tunnel
grated cw PL intensities of SQDs and LQDs, assuming equdhechanisms. Thg tunneling is logically conS|dereq nonreso-
ratio of the excitation rates for both QD layers, as reported iant tunneling, since electrofisoles are clearly localized in
Refs. 4 and 12. The difference in the obtained values;of both the SQDs and LQDs and their corresponding energy
between our data and the data in Refs. 4 and 12 might bl@vels are not aligned significantly. In principle it could be
caused by several reasons: First, the difference in radiativéat both the separate transfer of electrohsles and the
lifetime 75’ for the single layer samples, which were used as?ctual transfer of excitons play a role. Since the energy sepa-
7wy Of the seed layef1400 ps in our sample in comparison rations between excited states and groulnd states .of Fhe QDs
with 600 ps in Ref. 4 and 500 ps in Ref).4Second, the are large(~70 me\), nonresonant tunneling by emission of
reduced accuracy of the integrated PL intensity from theoptical phonons rather than acoustical phonons takes place.
SQDs for small values odg, used in Refs. 4 and 12. Third, Our data gives evidence of electron transfer, while the tun-
the contribution of the noncorrelated QDs is not taken intoneling time of heavy holes is estimated to be at least one
account in Refs. 4, 12, and 19, which would lead to an overorder of magnitude larger than that of electrons due to the
estimation of the true tunneling tims. Fourth, comparing larger effective mass. This electron transfer can be inter-
our results with Refs. 4 and 12 we can expect some differpreted in terms of a transfer from a direXt n, into an
ence due to a difference in growth conditions. While the sizdndirect “cross” exciton stat¥e ,, (in real spacg where an
of the QDs in Ref. 4 are similar to that reported here, theelectron is located in the, state of LQDs. Meanwhile, the
QDs are grown at lower growth rates in Ref. 12 and areneavy hole occupies thieh, state of SQDs. However, the
significantly larger. low recombination effectiveness, as well as the substantially
A comparison with InAlAs/GaAs/InAs AQDP$ as longer transfer time for the hole, efficiently suppresses PL
well as AlGa,_As/GaAs ADQWs2! in which electron from the indirect exciton state. One would expect rapid re-
tunneling was observed, is displayed in Figh)5 Measured laxation of theXelhhl exciton into the direci)(ezm12 exciton
values of 7; are plotted as a function of the quantity due to the Coulomb potential that is attracting the hole into
D=dgp/(2m'/%%)(V-Eg,) in order to account for the differ- LQDs state. This is the case for a comparatively thin barrier.
ent structure parameters in InAs, GaAs, and AllnAs. For oulln our case the charged carriers attract carriers of the oppo-
structure we used the value of the energy differeviedss,  site sign more efficiently in their corresponding layers, thus
between the electron ground state in SQD and the GaAsereating a new pair of direct excitons placed in adjacent lay-
conduction-band edge to be about 110 meV following theers. These excitons are taken into account by the third term
data in Ref. 22. An important comment should be made orin Egs. (1). Appearance of an exciton in the LQD of the
the mechanisms underlying inter-dot carrier transfer. In consecond layer makes the probability of tunneling of an addi-
trast to the ADQW structures, the vertically aligned AQDPstional electron from SQD significantly smaller, thus for a
three-dimensional shape of the InAs dots makes the defintnoment decoupling the AQDP. This process is taken into
tion of ds, somewhat difficult. The uniformity of the dots account by the second term in E@$). Together, this simple
leads to statistical variatioriespecially in the case of weakly microscopic model is in a good agreement with the experi-
correlated QD paigswhich requires us to introduce an effec- mental data both for the cw PL data and for the time-resolved
tive tunnel barrier thicknesc%gff defined as the average dis- PL and does a good job describing the real physical picture
tance between the top of QDs in the seed layer and the boin the bilayer system of coupled QDs.
tom of the second layer. So in presenting our data in Fig. Analyzing the experimental results above, we assumed
5(b) we useddﬁ{,f by taking into account the average dot tacitly that the carriers from the SQDs tunnel immediately
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into the ground states of the LQDs thus neglecting the role of dny(t) ny(t) ny(t) n§qt)
the LQDs excited states in the carrier kinetics. However, the dt =" + +
energy separation between the ground states of the SQDs and

the LQDs exceeds significantly the energy separation be- Let us assume a reasonable conditiga~ 75, and add
tween the excited states of LQDs and the ground states &fecond and third equations in E@). In this case the set of
SQDs resulting, in turn, in the predominant carrier tunnelingegs. (9) reduces again to the simple three-level model
into the excited states of LQDFig. 1(b)]. In what way

- G,. 9
TR2 T 7sz 2 ©®

could available LQDs excited states modify the description dny(t) —_ (i + i)n () +G

of carrier transfer given above? In order to clarify this situ- dt TR1 T$” ! o

ation we modified our model to include the possibility for

tunneling into the excited state of LQDs. Thus the rate Egs. dy(t) o(t) 1 1 -

(1) now take the form: — =+ nl(t)(Tchf m) + Gy, (10
dt TR2 T 7J2

dny(®) __n(® _ n(®[Nz —na(t)] Ny (DN~ N3]

with effective parametersS'’= 717 (rr+ 79 and G,=G,

dt R No7r Nz “rr +G describing the change of total population of LQDs
+Gy[N; - ny() Ny, Tip(t) =ny(t) +nE*{t). In this case tunneling parametéf de-
scribes the carrier transfer from SQDs to LQDs indepen-
ex ex ex _ dently, in what LQDs state does carrier occur finally: ground
iU =- ”2:5? -T2 %t)[Nz.nt (V)] or excited. Such transfer corresponds to formi@iawhere
dt TR N273 no LQDs final state figures after tunneling, but only the
MOIN = PEWD] o oxe ex oxc SQDs initial state. However, even if a carrier occurs in the
+ NEXC,EXC + GYINS~ nS*{t) /NS, LQDs excited state after tunneling from the SQDs ground
2 7T state it relaxes to the LQDs ground state due to rapid inter-
level relaxation in LQDs75" < 75517 Thus on the time scale
dnp®) _ o) MmN = np(®)] g “(OIN = ny()] ~100 ps the effective parameters are determined in our ex-
dt Tro N,7r N27J'2”t periments. Under the restrictions implied by the inequalities
(8) the three-level model of Eq1l) adequately describes the
+ G5[Na = ny(t) /Ny, (7)

AQDPs as independent of the excited states and state degen-

wheren*{t) represents the carrier density at timén the ~ €racy in a QD. We resume that our analysis correctly repro-
excited energy levels of the LQDs ah§*is the total den- duces the interlayer carrier transfer in bilayer asymmetric
sity of first excited stateggenerally degeneratén LQDs  INAS/GaAs quantum dots.
that are coupled to SQDs in the AQDPs. The third term of
the first equation in Eqgs(7) describes the carrier transfer
from the ground states of SQDs to the excited states of LQDs VI. CONCLUSIONS
due to tunneling-7. The factor[N3**-n3*(t)]/N5*° defines In summary, the tunneling processes in InAs/GaAs
the fraction of unoccupied excited states of LQDs, which areAQDPs were investigated by means of both steady state and
available for tunneling from the ground states of the SQDsjme-resolved PL. The dependence of the tunneling time on
within the AQDP. The middle equation of EqS) describes  tne thickness of the separation layer is determined. Control-
the population change in the excited states of the LQDsjng the spacer thickness within the limits imposed for no-
Here the radiative lifetime of the excited state is defined agjceable vertical correlation it has been possible to tune the
due to carrier relaxation from the excited states to the ground. o500 ps for 60 ML down to~250 ps for the 30 ML GaAs
states of the LQDSG5is the carrier generation rate in the spacer sample. Analysis of the experimental data is per-
excited states of the LQDs. The set of E(B.also takes into  formed in terms of rate equations taking into account the
account the State f|”|ng in the eXCited and ground states %eculiarities of the tunne”ng transfer in the System of
the LQDs as well as the ground state of the SQDs. For th@QDPs. It has been shown that it is important to account for
case of low excitation densities the contribution of noncorrelated QDs both in the second
eXC . N1EXC layer and in the seed layer of bilayer InAs/GaAs QDs struc-
<N np7<Np" andny <N, ®) tu)r/e for an accurate es)t/imate of.yThe dependence of the
corresponding to the experimental conditions, E@.re-  tunneling times on the barrier thicknesses is in good agree-
duce to ment with the behavior of the tunneling time for barrier pen-
etration calculated in the WKB approximation developed for

dny(t) _ 1. 1.1 0+G tunneling processes in coupled QWs. The deduced depen-
dt N\ 7 ¢ N b dencer(dsy) has been compared with the analogous func-
tions obtained for similar AQDPs and ADQWSs systems pro-
drgt) 1 1 vided that different barrier heights and effective masses are

—2 —_ <_ + —>ng><f(t) + %chl(t) + G properly taken into account. The data support a proposed
T

exc int . R . K .
dt TR T microscopic model of tunneling including the nonresonant
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