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We have investigated lateral In—In pair correlations within the wetting layers of buried InAs/GaAs
guantum dots imaged with cross-sectional scanning tunneling microscopy. We quantified the
number of In—In pairs along thHel10] direction as a function of the spacing between them. Since
the number of In—In pairs exceeds that of a randomly generated distribution of In atoms, significant
lateral In clustering within the wetting layers is apparent. A comparison of the experimentally
determined and randomly generated In—In pair distributions reveals nearest-neighbor In—In pair
interaction energies similar to those calculated for InGaAs alloy surfdcebl. Cho, S. B. Zhang,

and A. Zunger, Phys. Rev. Le®4, 3654(2000]. The In—In pair correlations increase with high
temperature annealing, indicating that vertical In—Ga interdiffusion occurs simultaneously with
lateral In segregation. Together, these results suggest that initial In clustering in the wetting layer
may be frozen at the surface during growth, and that annealing increases the effective sizes of these
clusters, driving the system toward its segregated equilibrium state20@2 American Institute of
Physics. [DOI: 10.1063/1.1501760

Recently, arrays of stacked quantum dots have showtering increases with annealing, as the system is driven to-
significant promise for a variety of novel device wards its equilibrium, segregated state. Similar phenomena
applications’ In the InAs/GaAs system, the regions betweenare expected to occur in a wide range of alloy systems.
the InAs islands, often termed the “wetting layers,” contain The samples were grown by solid-source molecular-
a few layers of sparsely populated In atoms within a GaAseam epitaxy, as described in an earlier repbithe InAs/
matrix. A detailed understanding of the interactions and dy-GaAs quantum dots consisted of 2.6 monolayers of InAs,
namics of In atoms in the wetting layers is critical for opti- followed by 5 nm GaAs, with a 10 s interrupt under,Akix
mally designed device applications of self-assembled InAsgeparating their growth at 510 °C. The samples were effec-
GaAs quantum dots. For example, the responsivity inively in situ annealed at 620 °C for 22.5 miEx situ post-
quantum dot-based infrared detectors might be improved b¥rowth rapid-thermal-annealing was performed in argon gas
eliminating the wetting layers while retaining the vertical gt 900 °C for 30 s. We will refer to tha situ and ex situ
and lateral separation of dots within a quantum dot superlatannealed wetting layers as “loW and “high T” annealed
tice structure. Furthermore, in the past few years, severaletting layers, respectively.
theoretical and experimental efforts have elucidated non-  The spatial distribution of In atoms was obtained from
randomness phenomena such as clustering, ordering, am@ analysis of several high-resolution XSTM images, span-
segregation in 1lI-V compound semiconductor alléy¥ In ning areas greater than 2000 Hnfor both the lowT an-
InGaAs alloys, these issues are beginning to be explored iRealed and highT annealed wetting layers, respectiv&ly.
non-dilute alloys far beyond the percolation limit, such as therigure 1 shows an example image, acquired at a positive
wetting layers of buried InAs/GaAs quantum dots. For ex-sample bias voltagéempty statels where the cation sublat-
ample, we recently reported direct measurements of verticalce is resolved, and the bright spots correspond to In atoms
In—Ga interdiffusion and In surface segregation lengthsy 3 GaAs matriX.!In each image, we used an algorithm
within the wetting layers of buried InAs/GaAs quantum g jdentify In and Ga atoms in bilayers within 12 nm of the
dots™*?Here, we report on lateral In—In pair correlations in atomic row with maximum In concentratidh>4We esti-
InGaAs alloys beyond the percolation limit, using an analy-mated an In atom tip height criterion of 0.85:20.05 A with
sis of cross-sectional scanning tunneling mMicroscopyespect to the GaAs backgroutFor both the lowT and
(XSTM) images of the wetting layers of buried INAS/GaAs high T annealed wetting layers, the average In concentration
quantum dots, in comparison with randomly generated In—IRy45 24+ 205, Using the experimentally determined In and
pair distributions. Our results reveal significant lateral Ing5 atom positions, we counted the number of In—In pairs,
clustering in the wettiqg layers, which is likely ir?itia}lly fro- N,,_» @long the[110] direction, as a function of pair spacing,
zen at the surface during growth. The extent of indium Clus'producing the open and filled circles in the plots in Figs) 2
and 2b), for the lowT annealed and high annealed wetting
3Electronic mail: rsgold@engin.umich.edu layers, respectively. For comparison, random In—In pair
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dom distributions and averaged the number of In—In pairs to
produceN,,_;, (random, shown as the dashed and solid lines
in Figs. 2a) and 2b), for the low T and highT annealed
wetting layers, respectively.

For both the lowT and highT annealed wetting layers
shown in Figs. 28 and 2b), N,,_,, and N,,_, (random)
decrease with increasing In—In pair separation. These
decreases are due in part to the finite sizes of the images

—_
°$ 15 examined. In addition, for both the low and highT an-

= (b) nealed wetting layers\,,_;, exhibits an oscillation with a
-%0 1.0 ] period of ~4-5 lattice sites. This oscillation is likely related
T 05 i to the periodicity of the surface reconstruction during
& growth, similar to that suggested by Chebal®

= 0 For the lowT annealed wetting layer\,,_,, is signifi-

FIG. 1. (a) High-resolution XSTM topographic image of the wetting layers cantly 'arg‘?r tharN_, (ranqom for the first and second

acquired at a sample bias voltage-62.4 V. The gray-scale range displayed nearest-nelghborg, suggesting the presence of short-range

is 2.8 A. A cut along the line indicated by arrows(@ is displayed in(b). In—In pair correlations. However, beyond the second nearest-

oot 1 b e sorme ard e ke by the commiar comting mroancighbor, Nis_iy 1S either similar to or smaller thaNi,p

i (b) y POINting aMoW&andom), suggesting the absence of long-range In—In pair
correlations in the lowl annealed wetting layers.

o . _ In the case of the higl annealed wetting layers, for
distributions were generated as follows. Within each bilayer;, |, pair separations out to the 14th nearest-neighbor

we dgtermined the fraction of sjtes occupied by In atoms an(,;thn_In is larger tharN,,_, (random, suggesting the presence
distributed them randomly. Using these computer-generategs airactive In—In pair correlations over length-scales rang-
random dlstrlbu_tlons of In atoms,_we _then counted t_he n“ming from the first to the 14th nearest-neighbors. The pair
ber qf In—In pairs along thgl10] direction, as a function of separation beyond whicN,,_,, (random surpassesN;, .
spacing between them. We generated more than 4000 rafscreases from six lattice sites for the Idannealed wetting
layers to 17 lattice sites for the high annealed wetting

~= 300r3 - - - - ] layers, indicating more significant lateral clustering after
z . (2) ] high T annealing. In alloys, short-range deviations from ran-
é 250_-_O 0O low T annealed 1 domness are often described by a clustering paramgter,
@ TR, - --- Nin-n(random) ] whereby the sign of indicates the tendency for clustering
‘s 200r Bl ] (B>0) or anticlustering 8<0).2 For InGaAs and related
g" . 00656“- ] compound semiconductor alloyg is positive, indicating
'—“.: 150 OO.O‘G‘*- ] that clustering is the equilibrium statéThus, our observa-
— . oo“\_ ] tion of increased In—In pair correlations with annealing sug-
B 100f O “-OO-_ gests that the system is being driven towards its equilibrium
H [ ele) b clustered state.
'g 50¢ ] The increase in In—In pair correlations with annealing
=) [ also implies that vertical In—Ga interdiffusion occurs simul-
Z 0 ' ' ' : taneously with lateral In segregation. Fick’s First Law de-
= 800F - - - - scribes a diffusional flux driven solely by a concentration
E _o (b) gradient, without contributions from additional potential
% 700; @ high T annealed gradients® In our case, the diffusional flux needs to be
o 600;— ° —— Nmn(random) modified to include a term due to lateral In—In segregation,
E C which is dependent on the In—In pair interaction energy,
e, 500F E -
(=] [ int -
T 400
iEl Eine= —KTIN[Njp_in/Njp_jn(random],
b 300¢
5 2005_ where k is the Boltzmann constant ant is the absolute
S i temperaturé.Using theN,,_,, andN,,_,(random from Figs.
g 100 2(a) and 2b), we calculatecE;,; as a function of In—In pair
Z ob0—— o v separation. We note that whéf,,=0, the In—In pair inter-

0 20 40 60 80 100 actions are negligible, and Fick’s First Law is considered to

Lateral In-In Pair Separation (A) describe the diffusional flux of the system. In Fig. 3, we plot

Ei.: as a function of In—In pair separation, and compare these
FIG. 2. Plot of number of In—In pairs vs In—In pair separatiotaflow T data with previous experimental and theoretical studies of
annealed an¢b) high T annealed wetting layers. The dashed linganand dilute InGaAs a”Oys In the plOt positive and negative val-
the solid line in(b) represent the number of In—In pairs for the computer- .. ) . ' . . .
generated random distributions of In atoms for the Bwand highT an- ues OfEint indicate repulsive and attractive interactions be-
nealed wetting layers, respectively. tween neighboring In atoms. For both the IGwand highT
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§ 0.10 . I B e Eint(NN) for the highT annealed wetting layers in compari-
2 [ O low T annealed son with the lowT annealed wetting layers suggests a stron-
g @ high T annealed ger attractive interaction between the In atoms in that case.
20 0.05 [+ ¢ dilute InGaAs® ] As mentioned earlier, the increase in attractive In—In inter-
o vl W bulk, elastic” actions with annealing suggests that annealing drives the sys-
g [ O bulk, total® 0@8’.‘ tem toward its equilibrium state of clustering.

_g ..<><><> @<>8©OQOOOOOOQ o In summary, we investigated In—In pair correlations
3] Or Ooo<>© S8 ...“ Os within the wetting layers of buried InAs/GaAs quantum dots
5 ks ° i imaged with XSTM. We quantified the number of In—In
*é ...... pairs as a function of the In—In pair spacing along [th&0]

:;: 005 v ® Asurface, elastic (UR)® ] direction. The experimentally determined number of In—In
& “7t e wlstsurface layer, total [R)" pairs exceeds that of a randomly generated distribution, sug-
- o +3rd subsurface layer, total (R)"° gesting the presence of significant lateral In clustering within
’; A X 5th+ subsurface layer, total(R)" the wetting layers. Interestingly, the nearest-neighbor In—In
— 0.100 20 20 50 R0 100 pair interaction energies are similar to those calculated for

InGaAs alloy surfaces. Since the In—In pair correlations in-
Lateral In-In Pair Separation (A) crease with high temperature annealing, lateral In segrega-
tion occurs simultaneously with In—Ga interdiffusion, as the

FIG. 3. Plot of In—In pair interaction energy vs In—In pair separation. Both system is driven toward its Segregated equilibrium state.
experimentally and theoretically determined interaction energies of dilute

InGaAs alloys are also shown. The calculated values denotettotst’ ; ; ; ;
include both elastic and chemical effect®” and "UR" refer to recon- This work was supported in part by the National Science

structed and unreconstructed surface structures, respecfigely. Ref. 9. Foundation(Grant No. 97737077 and the DoD Multidisci-
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