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Excitation transfer in self-organized asymmetric quantum dot pairs
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Excitation transfer processes within self-organized quantum(@@) pairs in bilayer InAs/GaAs QD
samples are investigated. QDs in samples with a 1.74-ML InAs seed layer and a 2.00 ML InAs second layer
are found to self-organize in pairs of unequal sized QDs with clearly discernible ground-state transition energy.
PhotoluminescencéL) and PL excitation results for such asymmetric QD pairs provide evidence for non-
resonant energy transfer from the smaller QDs in the seed layer to the larger QDs in the second layer.
Variations in the optical behavior as a function of the spacer thickness and composition are attributed to the
barrier-dependent tunnel probability. Tunneling times down to 2@36sML GaAs spacerare estimated,
depending exponentially on the GaAs spacer thickne#163-182@08)52640-9

The formation of nanoscale coherent islands in highlywas deposited at 500 °C, an Agpartial pressure of 6
strained semiconductor epitaxy has been extensively studied 10 Torr, and a growth rate of 0.22 ML$ as described
as a means to generate optically active quantum@s)."  in Refs. 2 and 12. For a first set of samples 36-, 45-, or
One important aspect of such Stranski-Krastanow QDs ig4-ML-thick GaAs spacers were grown at 400 °C using
strain-driven vertical self—organizati%mf island stacks in migration-enhanced epitaxWEE)_lz For a second set of
multilayered samples, which allows for an increased densitgamples, part of the GaAs spacer was replaced with
of high-quality QDs and opens new design possibilities ina|, ,,Ga, ;;As which, being almost lattice matched to GaAs,
coupled quantum structures. Nevertheless, no systematic ifyeserves the surface strain distribution. After 22-ML MEE
vestigation of excitation transfer processes in such closeggag spacer growth, the temperature was increased to
packed QD systems has been reported yet. 610°C for the depositon of 7-, 16-, or 25-ML

First indications for strong electronic coupling as well as 5| ~ : . "
e s, a 90-s growth interruption, the deposition of
excitation transfer processes of stacked InAs/GaAs QD -l(\))IZI_l éojng:\ and a seg(]:on d 9IO-s g?cE)V\;th interrupfionl Ibefore

have been reported for samples with constant depositio o
amount for each layet:® A systematic lowering of the QD ?Qz tseerzgﬁgamfsv;/:se(rjelgirﬁ:ﬁed t01758 ?\/ILC I\l;loErEthgfgowth of
ground-state transition energy observed in photolumines- Yer. y, a ) S cap

cence(PL) spectra of samples with increasing number of Vas grown at 400 °C. Th_e samples were structurally ch_arac-
InAs layers as well as decreasing spacer thickie0 ML) terized using cross-sectlonal transmission ele_ctron micros-
has been taken as an indication for the formation of couple§PPY (XTEM). PL was studied at 6.2 K in a continuous-flow
QD state$* Although stacked QDs are found to behave like He cryostat using an Arlaser for GaAs excitation, a Ti-
uncoupled ones for thicker spacefs36 ML), excitation Sapphire laser for wetting layekVL) excitation and PLE
transfer processes have been proposed to explain excitatigfectra, and a cooled Ge diode in conjunction with a 0.85-m
density dependent PL specf‘ra. double grating monochromator for detection.

In this paper, we present structural and optical results for The formation of AQDPs in bilayer InAs/GaAs samples
bilayer samples with differing InAs deposition amounts inwith different InAs deposition amounts in the seed and sec-
the first and the second layer. This variable depositiorond layer is illustrated schematically in Fig(al’ For the
amount approach leads to vertically stacked pairs of unequdl.74/2.00 ML deposition combination the seed and second
sized QDs in which the density of the QDs in the upper layedayers provide, respectively, the smalle8QD) and larger
can be controlled by that of the first layer whereas their av{LQD) QDs. Figures (b) and Xc) depict XTEM images of
erage size can be made larger by a higher depositioramples with 36-ML spacer without and withs indicated in
amount’ The ground-state transition energies of the two carFig. 1(@)] a 7-ML Alj »:Ga, 74As insertion, respectively. The
be clearly distinguished in the PL spectra. Based on the elednvestigated samples show a high degree of vertical island
tronic structure of the constituents we name such a system aorrelation(=95%) and the island density, controlled by the
“asymmetric QD pair” (AQDP) in analogy with the exten- seed layef,is consistent with that typical for a single layer
sive work on asymmetric double quantum-well(QW) 1.74-ML InAs samplé? The lower GaAs/A} »,Ga -AS in-
system$! The PL and PL excitatio(PLE) results for terface appears flat in Fig.(d in agreement with earlier
InAs/GaAs AQDPs in such bilayer samples demonstrate erresults'? showing that for the employed growth conditions a
ergy transfer processes and allow estimation of the nonres@2-ML MEE-grown GaAs spacer completely buries the InAs
nant carrier tunneling time. islands in the seed layer and planarizes the growth front.

The investigated samples with a 1.74-ML InAs seed layefFinally, the PL resultgFig. 2) indicate that the subsequent
and a 2.00-ML InAs second layer were grown by molecular-growth of the remaining spacer at 610 °C does not signifi-
beam epitaxy on semi-insulating Ga@61) substrates. InAs cantly affect the islands in the seed layer.
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FIG. 2. Low-temperature PL spectra for 1.74/2.00 ML bilayer
samples with various spacer thicknesses with@utand with (b)
FIG. 1. () Schematic of AQDPs formed in bilayer InAs/GaAs A, ,,Ga, ;/As layer. PL was excited in the GaAs barrier at 2.41 eV
vertically stacked QD samples with variable deposition amountfy|| lines) or the WL at 1.476 eMdashed lines
(Ref. 7. (b) and(c) show cross-sectiongl=(200) dark-field TEM
images qbtained for _1.74/2.00 ML bilayer samples with_ 36-ML GaAs spacer with the wider band gap,AGa, ;6As further
spacer without and with a 7-ML §biGa.7os layer, respectively. jnqreaqes the tunnel barrier and favors PL from SQDs as seen
in Fig. 2(b). Additionally, a comparison of PL spectra ex-
Figure 2a) compares PL spectra of 1.74/2.00 ML InAs cited in the GaAs barriefsolid lineg and the WL (dashed
deposition AQDP samples with 36-, 45-, and 54-ML GaAslines)’®® shows GaAs barrier excitation to favor SQDs. Since
spacers. The PL spectrum of the 36 ML sample shows ¢he WL properties are not affected in the stacking proess,
single, almost Gaussian, peak at 1.102 eV having a full widtiwe assume for the WL excitation case the excitation rates for
at half maximum of 58 meV. The peak energy-400 meV  SQDs and LQDs to be the same. For GaAs barrier excitation
lower than that of QDs in single layer sampfe¥'with 1.74-  case electron-hole pairs are predominantly generated on the
or 2.00 ML InAs deposition grown at the same conditions,substrate side of the InAs layers and, thus, favor excitation of
suggesting the luminescence to originate from the LQDs irfSQDs in the seed layer. This effect becomes more pro-
the second layer. With increasing spacer thickness an addiounced for samples with an Al:Ga, ;/As layer, causing
tional PL peak becomes evident on the high-energy side atarriers generated on the substr@tap side to excite SQDs
~1.21 eV, resulting in a clear double peak structure for theLQDs). From the cap thickness and the exciton diffusion
54 ML spacer sample. The high-energy peak coincides withength in GaAs we estimate a ratio of 5:1 for the excitation
the QD PL peak observed for single layer samples with 1.74ates of SQDs and LQDs in such samples.
ML InAs deposition'? Figure 2a) shows the transition en- Figure 3 compares PLE spectra in the WL region detected
ergy of LQDs to increasé~15 me\) and that of SQDs to on the ground-state PL of SQDs and LQDs for some of the
decreasg~10 meV) with increasing spacer thickness. Al- investigated samples. For samples with pure GaAs spacer the
though, this might be a consequence of the decreasing eleVL resonance of the first and second InAs layers are indis-
tronic and/or strain coupling in the AQDPs, we cannot ex-tinguishable at 1.455 eV, a value typical for single layer
clude changes of the average island sizes in the samples deemples The intensity of the WL resonance in the PLE
to statistical variations of the QD density in the first lajer, spectra of SQDs decreases with decreasing spacer thickness
which might vary by about=50 um~213 due to increasing excitation transfer to LQDs. Samples with
The apparent increase in the PL yield of the SQDs withAl, ,,Ga, ;/As layer (denoted here as Wi) show an addi-
increasing spacer thickness is attributed to the decreasirigpnal resonance shifted by15 meV towards higher ener-
electronic coupling and, consequently, decreasing excitatiogies. The WE' resonance is attributed to the second-layer
transfer probability in the AQDPs. Replacing part of the WL that is supposedly affected by the AlGa, ;/AS layer
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FIG. 3. Low-temperature PLE spectra detected on the maximum F 3

of the SQD and LQD PL peaks showing the WL resonances. [ o :
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provides a means to distinguish the corresponding excitation Spacer Thickness (ML)

processes. As shown in Fig. 3, the WL of the seed InAs layer
(~1.455 eV is observed for both SQD and LQD excitation,  FIG. 4. Excitation transfer yieldy, (a) and dwell timer,, (b)
but its intensity in the spectra of LQDs decreases with infor AQDPs as a function of the spacer thickness. The average tun-
creasing spacer thickness. In contrast, the®AMesonance Nel barrier thickness is d_erived assuming an average SQD height of
appears only in the PLE spectra of LQDs, indicating unidi-4-5 nm(sge the text The inset ;hows a schematic conduction-band
rectional excitation transfer from SQDs to LQDs. Obviously, &nergy diagram for AQDPs with an #4,G& 7oAs layer.
the carrier dynamics in the WLs is dominated by intralayer.
carlreier capture into localized QD states, being faster than 3.4 assumingsop=600 ps, versus the spacer thickness. For
ps. . . . ) . a pure GaAs spacet, increases exponentially from20 ps
The inset of Fig. 4 gives a schematic conduction-banq3g ML spaceyto ~3000 ps(54-ML spacey with increasing
energy diagram for the 1.74/2.00 ML AQDP structures withgpacer thickness. The larger relative increasergf upon
Alg 21Ga 7As layer. In the following we assume intralayer jncjusion of the A} ,iGa, 76AS layer for the 45 ML as com-
and intradot carrier relaxation to be faster than interlayepared to the 36 ML spacer sample is attributed to its in-
excitation transfer. Thus, excitation transfer originates in thecreased width of 16 ML compared to 7 ML. The low,
ground state of SQDs with the dwell time denoteg,. The  observed for the 54 ML sample with §J;Ga,As layer
ground state lifetimes of SQDs and LQDs are denatggh, ~ suggests excitation transfer to be negligible.
andr gp, respectively. In this simple model, the yield) We note that for the AQDP structures the three-
of excitation transfer from SQDs to LQDs is given by,  dimensional shape of the InAs islands makes a definition of
= 7sop/(Tsqpt 7aw). Figure 4a) shows the dependence of a tunnel barrier thickness somewhat arbitrary and that the
the excitation transfer yieldy, on the spacer thickness as nonuniformity of the islands leads to statistical variations.
estimated from the ratio of the integrated PL intensities ofWe approximate an effective tunnel barrier with the average
SQDs and LQDs in the spectra shown in Fig. 2, assuminglistance between the island tip in the seed layer and the
equal or, in the case of GaAs excitation of samples withsecond InAs layer. The upper scales of Fige) 4nd 4b)
Alg-Gay7As layer, a 5:1 ratio of the excitation rates for give the average effective tunnel barrier thickness taking into
SQDs and LQDs. They, decreases with increasing spaceraccount the average island height 4.5 nm determined
thickness as well as the addition of anyAGa, 7As layer  from atomic force microscope images of uncapped single
for the same overall spacer thickness. The excitation transféayer 1.74-ML sample$’® The dwell times for the AQDPs
probability decreases with increasing width and height of theare comparable to those reported for asymmetric double
tunnel barrier. GaAs/ALGa _,As quantum wells with similar barrier

A QD ground-state lifetime of~-600 ps has been deter- thickness:®!!
mined for 1.74-ML InAs single layer as well as constant Room-temperature PL measuremefrtst shown reveal
deposition amount multilayer samples grown at the saméor LQDs an excited-state transition atL00 meV above the
conditions® Figure 4b) depicts on a semilogarithmic scale ground-state transition, nearly coinciding with the ground-

he dwell timery,,, derived usingy, as defined previously
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state transition of the SQDs. However, as a result of thelass of bilayer stacks of self-assembled QD structures that
nonuniformity of self-organized QDs the AQDPs are, in gen-involve differing deposition amounts and lead to vertically
eral, nonresonant. Thus we conclude that the excitatiogelf-organized QD pairs, whose density is controlled by the
transfer between SQDs and LQDs is a nonresonanfirst-layer deposition amount while the average size of the
multiphonon-assisted tunneling process. The results are i§econd-layer dots is controlled by its deposition amdunt.
qualitative agreement with recent calculations that préfict Such “asymmetric” QD pairs enable studies that provide
electron dwell times shorter than 100 ps for QD/deep defecisight into excitation transfer processes in self-organized
pairs with separations less tharl0 nm. We emphasize that p stacks. Controlling the spacer thickness within the limits

the actual transfer mechanism, i.e., exciton or separate tra”ﬁﬁposed by the need for vertical self-organizafialiows
fer of electrons and holes is not clear yet. In the latter Case[uning the carrier dynamics in the SQDs from the

the estimated dwell timer,, would characterize the faster recombination-limited to the excitation transfer-limited re-

transfer mechanism, most probably that of electrons, resultéime The estimated dwell times range fror8000 ps for 54

iy e e ML down e fe 10 ps regon or J6ML GaAs spacer
' P y The results suggest that lateral energy transfer in an InAs/

ol el second cariat 10 el 25 G0 Gt s e denns e
b ' Y, f ~2x 10" cm 2 and that asymmetric QD pairs may pro-

the_ tunneling processes to originate in the SQD ground Stat?/’ide a means to circumvent the slowed-down carrier relax-
This assumption becomes questionable for the 36—MLation in single QDs
spacer, for which the estimated dwell time of20 ps is '

shorter than intradot relaxation on a 40-ps time safethis This work was supported by the Office of Naval Re-
case, the estimated dwell time presents only an upper limitsearch, and has also benefited from support from the Air

We have presented structural and optical results for a neworce Office of Scientific Research.

*Present address: InstitutrfEestkaperphysik, Technische Univer-  8D. Y. Oberli, J. Shah, T. C. Damen, C. W. Tu, T. Y. Chang, D. A.
sita Berlin, Hardenbergstrasse 36, 10623 Berlin, Germany. B. Miller, J. E. Henry, R. F. Kopf, N. Sauer, and A. E. Di
1w. Seifert, N. Carlsson, M. Miller, M.-E. Pistol, L. Samuelson, Giovanni, Phys. Rev. B0, 3028(1989.

and L. R. Wallenberg, Prog. Cryst. Growth Charact. Mas&. 91. Lawrence, S. Haacke, H. Mariette, W. W. IRte, H. Ulmer-

423(1996. Tuffigo, J. Cibert, and G. Feuillet, Phys. Rev. L€t8, 2131
2Q. Xie, A. Madhukar, P. Chen, and N. P. Kobayashi, Phys. Rev. (1994.
Lett. 75, 2542(1995. 10T, H. Wang, X. B. Mei, C. Jiang, Y. Huang, J. M. Zhou, X. G.

3N. N. Ledentsov, V. A. Shchukin, M. Grundmann, N. Kirstaedter, Huang, C. G. Cai, Z. X. Yu, C. P. Luo, J. Y. Xu, and Z. Y. Xu,
J. Bdrer, O. Schmidt, D. Bimberg, V. M. Ustinov, A. Y. Phys. Rev. B46, 16 160(1992.
Egorov, A. E. Zhukov, P. S. Kop'ev, S. V. Zaitsev, N. Yu. V. Emiliani, S. Ceccherini, F. Bogani, M. Colocci, A. Frova, and
Gordeev, Zh. I. Alferov, A. |. Borovkov, A. O. Kosogov, S. S. S. S. Shi, Phys. Rev. B6, 4807(1997).
Ruvimov, P. Werner, U. Geele, and J. Heydenreich, Phys. Rev. Q. Xie, P. Chen, A. Kalburge, T. R. Ramachandran, A. Nay-

B 54, 8743(1996. fonov, A. Konkar, and A. Madhukar, J. Cryst. GrowtbQ, 357
4G. S. Solomon, J. A. Trezza, A. F. Marshall, and J. S. Harris, (1995.
Phys. Rev. Lett76, 952 (1996. 13N. P. Kobayashi, T. R. Ramachandran, P. Chen, and A.

SM. Grundmann, N. N. Ledentsov, R. Heitz, D. Bimberg, V. M. Madhukar, Appl. Phys. Let68, 3299(1996.
Ustinov, A. Yu. Egorov, M. V. Maximov, P. S. Kop’ev, and Zh. 1R, Heitz, T. R. Ramachandran, A. Kalburge, Q. Xie, |I.
I. Alferov, S. S. Ruminov, P. Werner, J. Heydenreich, and U. Mukhametzhanov, P. Chen, and A. Madhukar, Phys. Rev. Lett.
Gosele, inProceedings of the 8th International Conference on 78, 4071(1997.
InP and Related MaterialéSchwiisch Gemind, 1996, p. 738.  °The spectra are normalized for the LQD peak of the 36-ML
SR. Heitz, A. Kalburge, Q. Xie, M. Grundmann, P. Chen, A. Hoff- spacer sample.
mann, A. Madhukar, and D. Bimberg, Phys. Rev5B 9050  !®R. Heitz, M. Veit, N. N. Ledentsov, A. Hoffmann, D. Bimberg,
(1998. V. M. Ustinov, P. S. Kop’ev, and Zh. I. Alferov, Phys. Rev. B
. Mukhametzhanov, R. Heitz, J. Zeng, P. Chen, and A. 56, 10435(1997.
Madhukar, Appl. Phys. Letf73, 1841(1998. 17p. C. Sercel, Phys. Rev. Bl, 14 532(1995.

7



