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Cross-sectional scanning tunneling microscopy study of InGaAs quantum
dots on GaAs (001) grown by heterogeneous droplet epitaxy
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We present a cross-sectional scanning tunneling microscof®TM) study of
heterogeneous-droplet-epitaiiDE)-grown InGaAs quantum dot$éQDs). We found that the
structural properties of HDE-grown QDs such as size, shape, etc., are quite different from that of
Stranski—Krastanov(SK)-grown InGaAs QDs. HDE-grown InGaAs QDs exhibit a reverse
trapezoidal shape, opposite to the SK-grown QDs. In addition, the In concentration within
individual HDE QDs is rather uniform, contrary to the case in SK QDs. These HDE QDs also show
large size fluctuation. However, we found that there is a size dependence in the In concentration
within the QD—the larger QD has lower In concentration, suggesting a self-compensation effect
which gives rise to a sharp photoluminescence linewidth.2@2 American Institute of Physics.
[DOI: 10.1063/1.1479196

I1I-V semiconductor quantum dof€Ds), often formed  flux. After crystallization with Ag flux at 200 °C, InGaAs
by using Stranski—Krastand8K) growth mode, have been QDs were formed by annealing at 500°C and a 100 nm
emerging as an important materials system for next generd&saAs capping layer was grown at the same temperature. The
tion optoelectronic devices including lasers anddetails of the growth process were described in Ref. 12.
photodetectors:® For optoelectronic applications, it is very Electrochemically etched tungsten tips were cleaimed
important to control both the inter- and intraband transitionsSitu using electron bombardment. The samples were cleaved
of the QDs by optimizing the growth parameters. Often, phoin Situin the STM chambetbase pressure 4x 10~ Torr)
toluminescencéPL) linewidths are used to monitor the qual- {0 €XPose the buried epitaxial structure on th20 surface. _
ity of the QD sample4.Generally, a broad PL linewidth is STM images presented here were acquired at a sample bias
attributed to the nonuniformity of QDs, including the size, f €ither—2.5 V (filled stateg or +2.5 V (empty statesand
shape, and composition inhomogeneities within the ensembfd & tunneling current of 0.08 nA.

of QDs. Much effort has been made to improve the homoge- Figfrg;(z) ShOISNS zi\rﬁrossl-;ectional S:)-M Lmagiof Hgai
neity of QD in order to obtain a sharp PL linewidth of the grown in s QDs. The Q oS appear brig ter than ans
sample<-7 matrix. The contrast mechanism is similar to that described

Recently, heterogeneous droplet epitayDE)®° was
proposed to produce InGaAs QDs with narrow PL linewidth P
(21.6 meV.2%"12|n this letter, we present a study of HDE- :
grown InGaAs QDs using cross-sectional scanning tunneling
microscopy(STM). We found that the structural properties of
the QDs such as size, shape, In distribution, etc., are quite
different from that of SK-grown InGaAs QDs. More impor-
tantly, we found a self-compensation effect between the size
and In concentration of the QDs, which leads to a sharp PL
linewidth despite a large fluctuation in the quantum dot size.

The InGaAs QDs structures were grown on G@®8d)
using HDE techniques in a RIBER-32P molecular beam ep-
itaxy (MBE) system with Ag, elemental Ga, and In
sources®~*2For the droplet formation, 2.5 ML of In and 50
ML of Ga were deposited sequentially at 200 °C withouf As

FIG. 1. (a) 250 nmx80 nm STM image of HDE-grown InGaAs QDs ac-
dauthor to whom correspondence should be addressed; electronic maitjuired at a sample bias 2.5 V (filled state$ and a tunneling current of
shih@physics.utexas.edu 0.08 nA; (b) zoom-in view of a HDE-grown QD.
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previously’® Qualitatively, the In-rich regions appear
brighter than Ga-rich regions. Figurdbl is a filled state
STM image that shows a close up view of a typical HDE-
grown InGaAs QD. By comparing with SK-grown InGaAs
QDs, we note that HDE-grown InGaAs QDs exhibit different
structural properties. First, these QDs have a reverse trap
ezoidal shape, opposite to that of SK-grown QDs. Second
most QDs do not have “wetting-layer-like” structures, in-
stead they have tail-like extension at the top of individual
dots. It has been shown that the droplet structure of InGa
droplets along with highly dense Ga droplet successfully pre-
vented the two-dimensional growth of InGaAs during crys-
tallization under an Agflux.}? Our observation confirms the
previous result. Third, the HDE-grown InGaAs QDs show
higher aspect ratio compared to similar sized QDs grown
using the SK mode.

From STM observation, we also found that the size dis-
tribution of HDE InGaAs QDs is similar to that of QDs
grown by SK mode. The size variations of observed QDs are
as following: length: 35—48 nm; height: 7.9—10.7 nm; aspect
ratio: 1:3.9—-4.5.

Quantitative analysis of the In concentration within indi-
vidual QDs is performed by using chemically resolved STM
image where one can count individual In atoms. Shown in
Fig. 2(a) is the empty state STM image of a QD. Because the
cation-derived empty surface states for In and Ga are at dif-
ferent energy levels, the In atoms appear as locally bright
spots in the empty state imadft:*® Figure 2b) is the local
height image of Fig. @ enhancing the local variation. One
can count the individual In atoms in the QD. As shown in 3. (C)
Fig. 2(c), except for a small fluctuatiofmost likely a statis-
tical fluctuation due to the finite size effécthe In concen-
tration is rather uniform, with an average value of 17%. This
result of uniform In concentration is in total contrast to the
result of nonuniform In concentration found in SK-grown
InGaAs QDs

The PL measurement performed at 20 K for this sample 0
shows that there is a sharp peak centered at 946 In&1
eV) with a full width at half maximun{FWHM) 21.6 me\*? # of Rows
As mentioned previously, the size distribution of HDE FIG. 2. (a) Empty state STM image of a HDE-grown QD acquired at a
InGaAs QDs is rather large. Assuming that different QDssample bias of 2.5 Vempty statesand a tunneling current of 0.08 nAb)
have similar In concentration, a quick estimation based off"hanced display of&) showing individual In atoms(c) row-by-row In-

. . .. concentration along thg@01] direction of the quantum dot determined from
the size fluctuation indicates that the FWHM of the PL peakne sTm image.
should be larger than 50 meV. A question immediately arises:
what is the origin of the sharp PL for these HDE InGaAs
QDs? concentration variation at low In concentration, its value

Upon close examination of many individual QDs, we Scales linearly with the averaged In concentration within the
found that, while the In concentration within individual dots QD.
is uniform, the In concentration between different dots is  Here we suggest that this size-dependence of In concen-
different. In fact, there is a size dependence of the In contration in different HDE QDs is responsible for the sharp PL
centration for different dots: the larger dot has lower In con-peak observed in HDE InGaAs QDs, despite a large size
centration, and vice versa. In Table | we show the results fofluctuation. Although in a smaller dot the energy due to the
four QDs of different sizes. In this table, we list the size of Size quantization is larger, this effect is compensated by the
the QDs as well as their surface lattice constants along thligher In concentration which lowers the band-gap energy of
[001] direction. The average surface lattice spacing along thée alloy. We further estimate this effect quantitatively using
[001] direction was obtained by measuring the top ten atomiclable |. Because the lateral dimension of the QD is much
rows (bilayers across the center of a dot. It should be notedlarger than its height, the largest contribution to the quanti-
that the surface lattice spacing is larger than the nominatation energy comes from the confinement along[0@]
lattice spacing at the same In concentration due to the outirection. With an average height of 9.3 nm and a variation

ward relaxation effect”*® Nevertheless, for a small range of =1.4 nm along001], assuming an effective mass of 0.054
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TABLE I. Comparison for different HDE grown InGaAs QDs.

Average surface

lattice spacing Estimated In AE,
Length(top)  Height along[001] with  concentration AE; AE, (AE;+AEy)
(nm) (nm) respect to GaAs (%) (meV) (meV) (meV)
Dot 1 47.9 10.7 1.05 12 35.8 —-19.2 16.5
Dot 2 36.9 9.5 1.054 14 13.8 -29 10.8
Dot 3 36.2 9.1 1.07 17 —19.3 4.0 —15.2
Dot 4 34.9 7.9 1.075 18 —30.3 315 1.2

AE;: variation in band gap energy due to composition variafi@fative to the average compositjon
AE,: variation in ground-state energy level due to confinement based on a simple 1D quantum well calculation
(relative to the average QD height

m, for electron, the resulting fluctuation in the quantizationposition, strain, etc., are quite different from that of SK-
energy for the electron would be abati®5 meV (seeAE, grown InGaAs QDs. More importantly, it is found that the
in Table ). On the other hand, the variation in the composi-self-compensation between the size and indium concentra-
tion would result in about-30 meV in the band-gap energy tion of the QDs appears to be the key factor that controls the
for the alloy(seeAE; in Table |, roughly compensating the sharpness of the PL linewidth in the investigated samples.
variation in the confinement energy due to the size fluctua- ) ) )

tion. This work was partially supported by the NSF Science

To realize the self-compensation effect, two steps aré@nd Technology Center, Grant No. CHE 8920120.
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