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ABSTRACT

A key factor in improving quantum dots electrical properties and dots-based devices is the ability to control the crucial parameters of composition,

doping, size, and strain distribution of the dots. We show that nanometer-scale work function measurements using ultrahigh vacuum Kelvin
probe force microscopy is capable of measuring the strain and composition variations within and around individual QDs. This is accomplished
by analyzing the detailed surface potential profiles in and around InSh/GaAs dots.

Nanometer-scale self-assembled dots in semiconductors arg@osition variations in and around the individual dots. In this
drawing a great deal of attention due to their unique atomlike work, we show that nanometer-scale work function measure-
quantum behavio¥? The last two decades have witnessed ments using ultrahigh vacuum Kelvin probe force microscopy
tremendous progress in the ability to grow, synthesize, and(UHV KPFM) is capable of measuring the strain and
fabricate high-quality semiconductor quantum dots (QDs) composition variations within and around individual QDs.
and QDs-based devices by a variety of techniques, and their ping the past decade, self-assembly of quantum dots
basic structural, electrical, and optical properties were pa5 pheen observed in a wide variety of semiconductor
characterized by many authdrs. In contrast to bulk or to  y51eme Several methods for self-organized dots have been
guantum wells, in an ideal QD, the intersubband relaxation proposed, the most common among them is the Stranski
rate is small and may even exhibit a “phonon bottleneck” Krastanov (S-K) growth mode® In this method, the
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to control the crucial parameters of composition, uniform  Recently, an alternative approach to the QDs growth,

doping, size, and strain distribution in the QDs, as well as known as the droplet heteroepitaxy (DHE) mettiod, has

the crystalline structure at the QBsubstrate interface and €merged. The DHE method consists of two basic stages:
surfactant layer& These factors reduce the confinement, the formation of group Ill element nanodroplets on the substrate
dot—substrate potential barriers, and introduce impurity levels and subsequent exposure of these droplets to the gas-phase
in the energy ga@? Any attempt to improve the growth  flow of one or more group V elements. The method is very
processes and the devices performance would benefit fromsensitive to the growth parameters but gives great flexibility
quantitative measurements of strain distribution and com- in realizing QDs growth on different substrates. This method
enables to grow narrow gap semiconductor QDs such as InSb
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Figure 1. UHV KPFM measurements of InSb nanocrystals grown on InSb substrate. The 6 nm high dots are clearly observed in the
topography image (a) and cannot be resolved in the CPD image (b).

mode, the strain can be controlled by using different tion, and the work function variations are determined mainly
substrates and variation of the growing conditiéhs. by the composition changes. Figure 2c shows a CPD
Here we have used the DHE method for growing InSb difference of 106-120 mV between the dot and the GaSh
nanostructures on n-type GaAs highly doped with Te, InSb, substrate that match the calculated value, obtained by taking
and GaSb (100) oriented substrates. The QD growth was car-into account the electron affini?,band gag? and valence
ried out in a vertical reactor MOVPE machine (Thomas Swan band offset¥ reported for these unstrained materials and
Inc.) and was described in detail elsewh&&he dots were ~ summarized in Table 1.
grown using the same conditions on three different substrates; Figure 3 shows topography (a) and CPD (b) images of 40
each dotssubstrate system has different strain and electron nm InSb nanodots, grown on n-doped GaAs. As in the InSb/
affinity differences. In all cases, the dot size was in the range GaSh system, a clear correlation between the two images is
of 20—250 nm, and individual dots were well resolved in observed. However, the dark rings around the dots observed
the topography atomic force microscope (AFM) images. in the CPD image and the CPD peak heights do not match
Our UHV KPFM measurements are based on a modified the work function difference between InSb and GaAs, expect-
UHV AFM (VT AFM, Omicron Inc.)*?operated at pressure  ed only due to the composition changes. The same circular
<1079 mbar. The topography was measured in the non- distribution of potential around-SK grown InAs dots on
contact frequency modulation mode at the first cantilever GaAs substrate was observed by Ono and TakaR&a3tig-
resonance, while the ac voltage applied to the tip for the ure 3c shows topography (solid line) and CPD (open circles)
KPFM measurements was tuned to the second resonancerofiles along the green line in the two 2D images (a) and (b).
frequency of the cantilever. This has enabled us to decreaselhe CPD profiles of the dots are narrower than the topog-
the ac voltage applied to the tip to 5050 mV and to avoid raphy profiles, and two dips on both sides of the CPD peaks
the tip-induced band bending effect as demonstrated by uscorrespond to the circular depressions around the dots. An
recently? The UHV KPFM has already been demonstrated additional CPD peaks on each side outside the dot area is also
as a powerful tool for measuring the work function variation measured by the KPFM,; this is explained in detail below by
over various quantum structures with nanometer resolttiéh.  taking into account the strain and the composition changes.
Figure 1 shows UHV KPFM measurements of InSb dots  Figure 4 shows high-resolution TEM images of InSb dots
grown on InSb substrate; the QDs are clearly observed ingrown on GaAs and capped with a 70 nm thick GaAs layer.
the topography image (a), but cannot be resolved in the CPDThe capped dots and their vicinity have different lattice
image (b). For convenience, the CPD is defined in this work parameters and are thus strained. Figure 4a shows a typical
as CPD= (¢uip — ¢sampig/d, Wheregyp, and gsampe are the HRTEM image of the structure in the vicinity of a QD; the
work functions of the tip and the sample, respectively, and dots have a crystalline structure and the same orientation as
gis the elementary charge; therefore, a larger CPD means ahe substrate, which means that the DHE dots grow epitaxi-
smaller sample work function. As no strain and composition ally in the [110] direction. Figure 4b shows the fast Fourier
changes are induced in this system, no work function transform (FFT) of the following areas: (1) GaAs substrate,
difference between the dots and the substrate is measured2) QD, and (3) GaAs cap layer; it should be noted that the
In addition, the relatively large dots are uncapped; therefore, dot size is half of the FFT averaged area. Lattice parameters
guantum confinement is expected only at low temperatures.were calculated from the FFT measurements: 5:7@.02
The featureless KPFM images indicate that the islands A for the GaAs substrate, 6.06 0.03 A for the nanodot,
curvature contribution to the work function variation due to and 5.73+ 0.04 A for the GaAs cap layer. The lattice
a possible change in the surface energy is negligible. parameter obtained for the QD is smaller than the bulk lattice
Figure 2 presents UHV KPFM measurements of InSb parameter of pure InSb (6.47 A), indicating that the dots
nanocrystals grown on GaSb substrate. The actual dots sizegrown by DHE on GaAs have a composition of INASh,
is 100-200 nm (Figure 2a); therefore, it is reasonable to rather than pure InSbh. According to our estimation, the dots
assume that they are partially relaxed due to plastic deforma-contain approximately 20% of SB.Figure 4c shows the
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Figure 2. UHV topography (a) and KPFM measurements (b) of InSb nanocrystals grown on GaSb substrate. (c) topography (solid line)
and CPD (open circles) profiles along the green lines on images (a) and (b). The measut&dd 60/ work function difference between

the GaSb clusters and the InSb substrate is due to the different electron affinity, band gap, and valence band offset between the two
materials.

Table 1. Electron Affinity and Band Structures Parameters of the Relevant Materials Used Our Calculations

ao E; 300K Cn Ciz ac AEy = Ev — Evmsp x

A) (eV) (10° dyn/cm?) (10° dyn/cm?) (eV) (eV) (eV)
InSb 6.479 0.18 660 360 —6.17 0 4.59
GaSb 6.095 0.72 880 400 —6.85 0.08 4.06
InAs 6.058 0.35 830 450 —5.08 —0.43 4.90
GaAs 5.653 1.43 1121 566 —-7.17 —0.60 4.07

bright-field cross-section TEM image of two dots layers and work function variation in the InSb QDs/GaAs can be
strain-produced defects in the GaAs substrate and cap layersobtained. Figure 4 shows that As, diffusing from the GaAs
The dashed lines at the boundaries of the dark areas belowsubstrate, penetrates the dots; therefore, for a large enough
(substrate) and above (cap layer) the QD represent straineduncapped dot, there is a gradual composition change from
regions. the As-rich InAsSh—« region in the bottom of the dot to

Several factors may affect the work function variation the Sb-rich InAgSh— at the top of the dot. The estimated
across the QDs: dots composition inhomogeneity due to work function difference between the two materials is 50
interdiffusion or dissolving of the substrate material by liqguid meV?°*3! in such a case, we expect a gradual decrease of
In droplet!® mismatch strain presented in both the substrate the CPD profile toward the center of the dot. However, the
and the dot$?3? doping level variatior?! strain-dependent fact that the measured CPD profile in Figure 3c wiggles
piezoelectric band shif§, surface state¥;?* quantum ef- indicates that the composition change alone cannot account
fects?®> and 2D electron gas formation. In the analysis below, for such work function changes, as we show in detail below.
we assume that, at room temperature, due to small dimen- While quantum well layers are subjected to a homogeneous
sions of the dots and the high substrate doping, only the first strain and have well-defined band edges, quantum dots with
three factors determine the QDs work function variations. volume smaller than some critical value undergo an elastic

The KPFM measurements were carried out on uncappedstrain relaxation, which strongly depends on the local
dots, which are less strained, as the stress is only due to thehickness of the deposited material. The strain distribution
substrate. Assuming that the capped and uncapped dots haviem coherent uncapped dots was calculated numerically by
the same composition, a good estimation of the expectedSpencer and Tersdffand Johnson and FreuftdThe dot
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Figure 3. UHV topography (a) and KPFM measurements (b) of InSb nanodots grown on GaAs substrate, (c) topography (solid line) and
the CPD or surface potential (open circles) profiles along the green lines on images (a) and (b). The typical CPD profile of single QD
consist of a sharp deep, surrounded by a higher region.

Figure 4. High-resolution TEM images of InSb dots grown on GaAs. (a) Atomic structure in the vicinity of single QD. The semispherical

dots are crystalline, defect free, and coherent with the substrate and the cap layer. (b) Few layers of substrate dot and cap. The insets show
fast Fourier transform (FFT) of: (1) GaAs substrate, (2) QD, (3) GaAs cap layer. Lattice parameters were calculated from the FFT
measurements and found to be at 574.02 A for the GaAs substrate, 6.860.03 A for the nano dot, and 5.78 0.04 A for the GaAs

cap layer. The lattice parameter of dot indicates that the dot's average composition jis,8isather than pure InSb. (c) Bright-field
cross-sectional TEM image of few layers of the InSb QDs grown on GaAs substrate with 70 nm GaAs cap layers. The dashed lines
represent strained regions below (in substrate) and above (in cap layer).

edges are exposed to the largest strain, which decreases tof the material. Becausa, < 0, compressive and tensile
zero toward the dots center due to elastic relaxation. Thestrains yield positive and negative: and CPD changes,
GaAs substrate is subjected to a compressive strain in therespectively.

vicinity of the dot edge, and this strain partially compensates Figure 5a shows the calculated CPD variations caused by
the tensile strain exerted on it by the dot; far from the dot, the composition changes (dashed), by the near-surface strain
the substrate is fully relaxed. The measured CPD dependscontributions (dotted), and by a superposition of these two
on the conduction band minimum ener@g, which change  factors (solid line). Our two-dimensional model assumes a
with the strain asAEc = al(2¢, + €p); here a; is the linear elastic behavior, with smooth cosine-like variations
conduction band hydrostatic deformation potential constant, of the composition and strain profiles for both the substrate
ande; andep are the lateral and vertical mismatch strains, and the dots. The dot size was approximated as 10 nm in
respectively. The relation betweenandep is given byes= height and with a base diameter of 40 nm. Because of the
—(2C12 /C1a)¢), whereCy; andCy; are the elastic constants  small height of the dots, only elastic relaxation was consid-
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Figure 5. Estimated CPD signal variations. (a) Composition

changes composed of affinity and conductive band edge changes (11) Lim, H.; zhang, W.; Tsao, S.; Sills, T.; Szafraniec, J.; Mi, K.;

(dashed line) are not sufficient to explain the CPD results. Adding
the calculated strain contribution (doted line) yields a curve (solid
line) that clearly resembles measured CPD results of InSb QD on
GaAs. (b) The assumed measured results (black square line)
calculated CPD profile (solid line), and deconvoluted (doted line)
results. Note the great similarity to Figure 3 experimental results.
The zero baseline in both figures is attributed to the calculated local
vacuum level of GaAs {4.89 V). It seems that strain and
composition changes are the main contributors to the CPD profile.

ered, and the top of the QD was assumed to be fully
elastically relaxed and the edges fully straifi&€@he lattice
constants were taken from the HR TEM measurements;

a better control of dots composition, uniform doping, size,

and strain distribution, as well as the crystalline structure at
the QDs-substrate interface. Understanding and optimization
of these crucial parameters will have a large impact on dots
growth in general, and on their integration in devices in

particular.
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