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The lateral uniformity of self-assembled InGaAs quantum dots grown by molecular beam epitaxy (MBE)

was assessed as a function of growth conditions. Variations in the dot density and height were

determined from atomic force micrographs. Growth rate had a large influence on lateral uniformity. The

most uniform dot distributions were grown at low rates, 0.15 monolayers/s (ML/s). Dots deposited at a

density increased; however, they remained larger than those of dots deposited slowly. The lateral

uniformity of dots deposited quickly also improved for the top layer of dots in stacked layers, even

though these layers had decreased dot densities. There were negligible differences in the lateral height

and density uniformities of dots as functions of continuous versus pulsed growth, wafer diameter and

mole fraction of In.

Published by Elsevier B.V.
1. Introduction

The need to achieve regular in-plane spatial distributions and
sufficiently uniform size distributions of self-assembled quantum
dots (QDs) has long been recognized as a major challenge for
applications [1,2]. Numerous studies have addressed the size
uniformity of self-assembled QDs on the local scale (less than
1 mm). Techniques such as low growth rates [3–5], low arsenic
pressure [6], ‘‘punctuated’’ or ‘‘interrupted’’ growth [7–9], vertical
coupling of stacked dots [10–13] and buried ‘‘stressor’’ dot layers
[14–17] have been used to improve the uniformity of dot size
(obtain narrower dot size distributions) on a local scale. Arrays of
self-assembled dots with lateral ordering have been achieved on
high-index GaAs substrates, through balancing the competition
between anisotropic surface diffusion and the anisotropic elastic
matrix [18–20]. However, whether these translate to more
uniform lateral distributions on a large scale (e.g., from one side
of a wafer to another) has not been examined.
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In most studies, the dot size has been measured indirectly
through the photoluminescence (PL) linewidth, which is generally
accepted to be inhomogeneously broadened due to lateral
dispersion in dot size [21]. There have been reports of narrow
linewidths, which correspond to narrow dot size distributions, for
a variety of growth modes. However, PL analyzes a relatively small
area of a specimen, typically a square millimeter or less. Likewise,
studies that have examined the dot size distribution directly,
through atomic force or scanning tunneling microscopy, have
analyzed areas of several square micrometers. None of these
studies has addressed the lateral dispersion in dot size across
wafers. Therefore, while the local size dispersion may be quite
small, there may be large variations in the average dot size across
the specimen.

Similarly, the influence of growth parameters on local dot
density has been extensively studied. The density has been found
to increase with decreased substrate temperature [22–25] and
with increased growth rate [4,23,25,26]. High As flux and a high
degree of surface misorientation were also reported to increase
the dot density, presumably because they both reduce the cation
diffusion length [27]. The dot composition was found to affect the
dot density and also to substantially influence the uniformity of
the dot size distribution on a local scale [28]. However, again none
of these studies examined the lateral variation in dot density at
scales larger than several micrometers.

www.elsevier.com/locate/jcrysgro
dx.doi.org/10.1016/j.jcrysgro.2009.06.040
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For device manufacturing it will be important to know
whether, although the local size distribution and linewidth
remain small, the average dot size and, therefore, the PL peak
position vary laterally across full wafers. We have shown
previously that substantial lateral variations in both dot height
and density can exist across wafers, and that these inhomogene-
ities are unrelated to variations in the buffer layer morphology,
such as variations in the density and distribution of step edges or
surface roughness [29]. The causes of the inhomogeneous dot
distributions and the means for controlling them have yet to be
identified.

In this study, we examined the lateral variations in dot density
and height distributions of self-assembled InGaAs quantum dots
across GaAs substrates and correlated these with growth condi-
tions. We found large variations in both height and density for
dots grown at relatively high rates in a pulsed mode. For these
samples, the local dot height varied up to 50% of the average
height and the dot density varied up to 85% of the average density
across 51 mm wafers. These variations decreased as the dot
density increased. They were also reduced for the top layer of dots
in 10-layer stacks. Substantially improved uniformity was found
for dots grown at low rates in both pulsed and continuous
deposition modes. For dots deposited slowly and continuously, the
largest variation in height was 20% of the average and the largest
variation in density was 27%. The influence of wafer size, growth
rate, deposition mode (pulsed or continuous), QD layer thickness,
QD layer composition and spacing of stacked dot layers were also
studied.
2. Experimental procedures

InGaAs QDs, with nominally 0.45 mole fraction In, and pure
InAs QDs were grown by molecular beam epitaxy (MBE) on 51 and
76 mm diameter, Si-doped, (100)70.031 epi-ready GaAs sub-
strates. The MBE system used has been described in detail
elsewhere [30]. The temperature variation across a 76 mm wafer
in this system at 500 1C was estimated from optical pyrometer and
IR camera measurements to be less than 5 1C. The flux uniformity
was determined from X-ray measurements of In0.3Ga0.7As/GaAs
superlattices (SLs) grown at the highest and lowest In growth
rates used in this study on 76 mm wafers rotated at 10 rpm. For
the highest growth rate (In 0.22 monolayers/s (ML/s); Ga 0.50 ML/
s) the maximum difference in SL thickness was 1.0% across the
central 30 mm region and 2.0% across the central 50 mm region.
The maximum change in indium composition was 0.4% across the
central 30 mm region and 1.0% across the central 50 mm region.
That the thickness changes more than the composition suggests
that the In and Ga fluxes vary in a similar manner, as expected.
Similar differences in SL thickness and indium composition were
found for the lowest In growth rate.4 These differences are smaller
than the variations in QD height and density, which will be
described below.

Prior to QD deposition, the oxide was removed from the
substrates at 630 1C under flowing As2 (PAs2 ¼ 8�10�6 Pa, or
6�10�8 Torr), and a 500-nm-thick GaAs buffer was grown at a
rate of �1mm/h with the wafer held at 600 1C. This procedure was
previously identified as yielding smooth buffer layers, with
average root-mean-square (rms) roughness of 0.2 nm [29]. The
substrate was then cooled to the QD growth temperature and held
4 For the lowest In growth rate (In 0.06 ML/s and Ga 0.14 ML/s) the maximum

difference in SL thickness was 1.3% across the central 30 mm region and 2.9%

across the central 50 mm region. The maximum change in indium composition

was 0.4% across the central 30 mm region and 1.1% across the central 50 mm

region.
for 5 min, still with an As overpressure, to stabilize the
temperature across the substrate.

Dots were grown under a variety of conditions. The deposition
rate was varied from 0.069 to 0.22 ML/s for InAs5 and from 0.077
to 0.89 ML/s for GaAs. The total QD layer thickness deposited
ranged from 5.6 to 9.5 ML for the InGaAs dots and was 2 ML for
the InAs dots. Wafer rotation speeds of 10 and 40 rpm were used.
The growth temperature was varied from 495 to 550 1C and was
measured at the center of the wafers by optical pyrometry. Dots
were grown either continuously or in a pulsed mode, and dot
formation was monitored by reflection high-energy electron
diffraction (RHEED).

Pulsed mode QDs were deposited with alternating cycles of
0.25 ML In, �5 s As2 (PAs2 ¼ 8�10�6 Pa, or 6�10�8 Torr), 0.31 ML
Ga, and another �5 s As2. This sequence was repeated for a total
thickness of 5.6 ML and timed relative to the wafer rotation speed,
by adjusting the As2 exposure time, to distribute the material
uniformly across the wafer. The wafer rotated �6121 for each
sequence, completing 17 full rotations during dot deposition. The
elapsed time for each sequence was less than 2 min. This method
of deposition has been found previously to produce dots with
better uniformity on a local scale [21,31].

Because of the difficulty of establishing growth rates corre-
sponding to the nominal composition of In0.45Ga0.55As, continu-
ously grown QDs were deposited with alternating cycles of InGaAs
and GaAs. The growth is called ‘‘continuous’’ because As and
group III atoms were deposited simultaneously with no pauses in
deposition, only short pauses in the In flux for some samples. The
As2 pressure during the continuous growths was 3.7�10�4 Pa
(3�10�6 Torr). All samples were cooled to room temperature
immediately after deposition was complete.

Throughout this paper, samples are labeled ‘‘F’’, ‘‘M’’ and ‘‘S’’,
for fast (1.1570.05 ML/s), moderate (0.2270.02 ML/s) and slow
(0.1370.03 ML/s) deposition rates, respectively. Except where
noted otherwise, samples with a fast deposition rate were rotated
at 10 rpm while samples with moderate or slow deposition rates
were rotated at 40 rpm. The labels ‘‘P’’ and ‘‘C’’ are used to
designate pulsed and continuous growths.

The QD density and height were determined from atomic force
microscopy (AFM) images. Imaging was performed with commer-
cial, pyramidal, etched Si tips in tapping mode under ambient
conditions. Images were taken on a uniform array of 81 points
(see Fig. 1 in Ref. [29]) which covered the central 26�26 or
40� 40 mm2 regions (or �34%) of the 51 and 76 mm diameter
wafers, respectively. The scan size for the AFM images was chosen
from a study of the influence of scan size on measured dot density.
For 1mm2 scans it was found that four adjacent images had
relatively large differences in dot density. These local variations
diminished with increasing scan size, and the density of dots
determined for adjacent images was found to converge at a scan
size of 3�3mm2, which was used in this study.

Software which identified local maxima was used to determine
the QD positions. The accuracy of the algorithm was confirmed by
visual inspection of images generated with the dot positions
marked. For each image the average background level was
determined and subtracted from the height at each maximum,
in order to determine the QD heights. This approach to back-
ground subtraction was sufficient because the average rms
roughness of the buffers (0.2 nm) is similar to the smallest
5 The growth rate for InAs was corrected for deposition onto GaAs, which has a

smaller lattice parameter. The correction used was: GRGaAs ¼ GRInAs*(aGaAs/aInAs),

where GR is the growth rate in (ML/s) and a the lattice parameter. This reflects that

a monolayer of lattice-matched InAs on GaAs has more atoms per area than a

monolayer on InAs.
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Fig. 1. Typical AFM images of InGaAs quantum dots deposited (a) continuously at a rate of 0.13 ML/s, specimen SC3 and (b) in a pulsed mode at a rate of 1.10 ML/s, specimen

FP3, on 76 mm wafers. The images are 3�3mm2, and the grey scale is 40 nm. The buffer layer on all wafers was quite smooth (average rms roughness 0.2 nm), which

facilitated background subtraction for determination of dot heights.
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variations in dot height observed. Typical AFM images used for
data analysis are shown in Fig. 1.

Although several studies have analyzed the lateral dimensions
of In(Ga)As quantum dots based on AFM images [32], we have
found that AFM does not give an accurate measure of the dot
diameter. In addition, calculations of the influence of QD size on
PL linewidth have shown fluctuations in dot height have a larger
effect on spectral broadening than dot diameter [13]. Therefore,
only dot heights and densities are reported.
3. Results and discussion

The growth parameter found to have the largest influence on
the lateral uniformity of the quantum dots was deposition rate.
This is evident from plots of dot height and density for three
different 76 mm wafers shown in Fig. 2. The dots in contour plots
2 (a) and (b), sample FP3, were deposited in a pulsed mode at a
rate of 1.10 ML/s. The deposition rate for the dots in (e) and (f),
sample SP3, was nearly an order of magnitude lower, 0.12 ML/s.
The dots in (c) and (d), sample MP3, were also deposited at a
moderately low rate, 0.21 ML/s. The same range for the contour
lines was used for the three plots of dot height (4.5–10.0 nm) and
for the three plots of dot density (80–170 dots/mm2), to facilitate
comparison of the variations between specimens.

Large lateral variations are evident for the dots grown at the
fastest rate, sample FP3, particularly along the diagonal between
the bottom left and top right corners of the plots (Fig. 2(a) and
(b)). Such large gradients in height and density were typically
observed across wafers with fast deposition rates, although the
orientation of the gradient varied (see Ref. [29] for more
examples). Because the wafers were rotated during growth, it is
expected that any temperature gradient across the wafers would
be radial. Thus, the gradients in dot size and density probably
resulted from transitory inhomogeneities in the material thick-
ness during deposition, which are eliminated by the end of the
growth. Since the dots nucleate before the InGaAs deposition is
complete, as indicated by the appearance of chevrons in the
RHEED pattern part way through the growth, there is a gradient
across the wafer in the volume of material deposited at the time of

nucleation. That the final InGaAs volume deposited is quite
uniform across the wafer has been discussed previously [29].
This accounts for the commonly observed inverse relationship
between the dot height and density, which can be seen in Fig. 3(a)
and (b).

The dots deposited at low rates, samples MP3 and SP3 in
Fig. 2(c) through (f), have smaller lateral variations in height and
density than the dots deposited quickly, and the variations are
primarily radial from the center of the wafer. Again, the lateral
distributions of dot height and density are inversely correlated,
similar to those in the less uniform higher deposition rate
specimens, indicating that the total volume of InGaAs deposited
is laterally more uniform than the dot distributions. The radial
distributions suggest the influence of thermal and/or beam flux
gradients, both of which can produce radial gradients on rotating
wafers. As described in the experimental section, the flux in the
growth system used has a maximum variation of 3%. This is
significantly less than the maximum variations in the distribu-
tions of slowly deposited dots (see Tables 1 and 3 below) and
suggests that temperature gradients are largely responsible for
the radial distributions, which is not surprising since it is well
known that QD density varies rapidly with growth temperature
[22–25].

It is interesting that growth rate has such a large influence on
lateral uniformity of QDs especially since, as described in the
experimental section, there was no significant change in the flux
uniformity with growth rate for the MBE system used. The
increased lateral uniformity of dots formed at low deposition rate
is, however, similar to what has been found on a local scale in
previous studies where lower growth rates resulted in narrower
dot size distributions [3–5].

The statistics for the three samples in Fig. 2 and also for a
fourth sample, SC3, grown continuously at a low rate similar to
that used for the pulsed sample, SP3 (shown in Fig. 2(e) and (f)),
are given in the top of Table 1 (76 mm wafers). This table gives the
average and standard deviation of the dot heights and densities
from the 81 images analyzed for each sample. It also gives the
absolute difference between the maximum and minimum values
determined from the images, and the difference as a percentage of
the average.

As expected based on the contour plots, the standard
deviations and maximum differences in dot height and density
across the central 40� 40 mm2 region of the wafer are largest for
the sample with the fastest deposition rate, FP3. The standard
deviation in dot height was 15% of the average height, and the
standard deviation in density was 18% of the average. The
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Fig. 2. Contour plots for dots on three wafers (76 mm diameter) grown in the pulsed mode at different rates: (a) height and (b) density of dots deposited at 1.10 ML/s, FP3;

(c) height and (d) density of dots deposited at 0.21 ML/s, MP3 and (e) height and (f) density of dots deposited at 0.12 ML/s, SP3. The dots grown at the fastest rate have large

variations in both height and density across the wafer along one axis (bottom left corner to top right corner of the plot). Dots grown more slowly have smaller radial

variations, which are indicative of temperature gradients across the wafers. Heights are in nm and densities are in dots/mm2. The contour lines of dot height are plotted at

intervals of 0.1 nm; dot density lines are at intervals of 2 dots/mm2.
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Fig. 3. AFM image of InAs quantum dots deposited continuously at a rate of 0.06

ML/s, specimen SCIn, showing three large quantum dots amongst many much

smaller dots. The image is 3�3mm2; note the grey scale is 20 nm (unlike Fig. 1,

where it is 40 nm).

Table 1
Influence of deposition rate and wafer size on dot uniformity.

Sample QD height (nm) QD density (/mm2)

Avg s s % avg D D % avg Avg
P

s % avg D D % avg

76 mm wafers-central 40� 40 mm2 region

FP3 6 1 15 3.3 53 126 23 18 85 67

MP3 9.0 0.3 3 1.2 14 104 10 9 43 42

SP3 7.5 0.2 2 0.9 12 147 6 4 25 17

SC3 8.8 0.4 4 1.8 20 183 6 3 26 14

51 mm wafers-central 26� 26 mm2 region

FP2 9.0 1.0 12 3.6 40 165 27 16 142 86

MP2 8.5 0.3 3 1.6 18 125 13 10 78 63

SC2 6.2 0.5 7.6 1.7 27 362 8 2 46 13

Sigma is the standard deviation of the 81 points used to determine the average:

s ¼ ð
P
ðx� xÞ2=ðn� 1ÞÞ1=2.

Delta is the difference between the maximum and minimum values of the 81

points.

Samples labeled ‘‘F’’, ‘‘M’’ and ‘‘S’’ had fast (1.1570.05 ML/s), moderate (0.2270.02

ML/s) and slow (0.1370.03 ML/s) deposition rates, respectively. The labels ‘‘P’’ and

‘‘C’’ designate pulsed and continuous growths.

All samples were grown at 530 1C, except MP3 and SC2, which were grown at 480

and 520 1C, respectively.

All samples were rotated at 40 rpm, except MP2 which was rotated at 10 rpm.

* The large variation in QD height for sample SC2 was caused by streaks in the AFM

images.

Table 2
Dot statistics for fast pulsed growths arranged in order of increasing dot density.

Sample QD height (nm) QD density (/mm2)

Avg s s % avg D D % avg Avg s s % avg D D % avg

FP1 7.5 1.0 13 4.1 55 169 31 18 150 89

FP2 9.0 1.0 12 3.6 40 165 27 16 142 86

FP4 5.1 0.5 9 2.4 47 287 17 6 74 26

FP5 5.6 0.6 10 1.6 29 371 20 5 92 25

FP6 3.9 0.2 5 1.0 25 494 24 5 105 21

Stacked dots

FPS10 11.6 0.4 4 2.0 18 54 3 5 16 29

FPS7 7.5 0.3 5 1.7 22 160 7 4 31 19

All samples were rotated at 10 rpm.

Stacked dots had 10 dot layers

FPS10 had 10 nm GaAs spacer layers.

FPS7 had 7 nm spacer layers.

6 A comparison between pulsed and continuous deposition was not made for

the high growth rate since it was anticipated that for continuous deposition the

material distribution across the wafer would not be uniform. With no pauses in the

growth, the time required to deposit the dot layer at the higher rate would have

been �5 s, in which time the wafer would have rotated less than 3601.
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maximum differences in height and density in the central region
of this wafer were 53% and 67% of the averages, respectively.

These are large variations, particularly for commercial produc-
tion of optical devices. For manufacturing, consistent dot size will
be required to maintain reproducible wavelength response, and
consistent dot density will be necessary for reproducible device
sensitivity or brightness. Based on a simple height-cubed estimate
of the dot volume, we have previously calculated that a 40–50%
change in dot height would translate to a �100 meV (�124 nm)
shift in energy (wavelength) response for InGaAs QDs [29]. A 60%
variation in dot density would be expected to cause a roughly 60%
change in device responsivity, assuming device saturation is
possible.

Decreasing the growth rate by a factor of five (compare MP3
with FP3) substantially improved the height uniformity; however,
the density uniformity did not change as significantly. The
standard deviation in density as a percentage of the average was
reduced by only a factor of two, and the maximum deviation
changed even less. It is surprising that the height uniformity
improved more than the density uniformity when the deposition
rate was decreased, considering that the dot density is directly
related to the volume of the InGaAs layer deposited, while the dot
height is related to the volume to the 1

3 power, assuming that the
dot shape does not change across the wafer. However, this was
observed for both 76 and 51 mm wafers (MP3 versus FP3 and MP2
versus FP2).

Decreasing the growth rate further, by an order of magnitude,
caused a considerable enhancement of both height and density
uniformity. This was true for dots grown both continuously and in
a pulsed mode, SP3 and SC3.

Similar results were found for dots grown on 51 mm wafers
(also shown in Table 1). Dots deposited quickly, FP2, had large
standard deviations and maximum variations in height and
density in the central 26�26 mm2 region. As observed for the
larger wafers, reducing the growth rate by a factor of five
improved the height uniformity substantially, but the density
uniformity changed by less than a factor of two, for sample MP2.
The greatest lateral uniformity of dots, in terms of density, was
obtained by depositing at a very low rate, 0.13 ML/s, for sample
SC2. The larger variation in the QD height measured in this sample
was caused by streaks in many of the AFM images, which
artificially increased the dot height distribution. For this sample
the deposition was continuous but, based on the results for the
larger 76 mm wafers, we expect similar uniformity would have
been obtained for pulsed growth specimens.

From the results in Table 1 it can be seen that there was no
significant difference between the uniformity of dots grown on 51
and 76 mm wafers. In addition, the uniformities of dots grown at
low rates were similar for both pulsed and continuous depositions
(samples SP3 and SC3).6 This last result differs from local scale
studies which found improved QD uniformity with pulsed
deposition [21,31].

For specimens with fast deposition rates and pulsed growth
the dot uniformity increased with dot density. Data for specimens
with a deposition rate of 1.1570.03 ML/s and a variety of dot
densities are shown in Table 2. Here, it can be seen that the
standard deviations in both dot height and density were smaller
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percentages of their respective averages in samples with higher
densities, and the maximum variations in dot height and density
in these samples as percentages of their averages were lower as
well.

This was not the case for dots grown slowly (0.1370.03 ML/s)
and continuously. As can be seen in Table 3, the standard
deviations in dot height and density as percentages of the
averages for these samples were independent of dot density and
small in all cases, ranging from 2% to 4%. The maximum variations
as a percentage of the average were also independent of dot
density and relatively small, r27%. For these samples the
variations in height and density, as measured by the standard
deviation and the maximum difference, were always smaller
fractions of the average than those in samples with fast deposition
rates (compare s% avg and D% avg in Tables 2 and 3).

Dot composition had a negligible effect on the lateral dot
uniformity. Statistics for a specimen with pure InAs dots,
deposited slowly and continuously at 500 1C, are given at the
bottom of Table 3, sample SCIn. The deposition rate for these dots
was 0.06 ML/s, roughly half that of the InGaAs dots, because only
one group III element was being deposited. From the statistics it is
apparent that the lateral uniformities of the dot height and
density in this sample are quite similar to those of the InGaAs dots
deposited slowly.

This was true in spite of a greater dispersion in the size of the
InAs dots on a local scale. AFM images of specimen SCIn reveal a
low density of large dots (see Fig. 3), which are approximately 4
times as tall as the other InAs dots, and occur less frequently than
Table 3
Dot statistics for slow continuous growths arranged in order of increasing dot

density.

Sample QD height (nm) QD density (/mm2)

Avg s s % avg D D % avg Avg s s % avg D D % avg

SC1 10.2 0.4 4 1.7 17 114 3 3 13 11

SC4 7.9 0.2 3 0.9 11 134 4 3 21 16

SC3 8.8 0.4 4 1.8 20 183 6 3 26 14

SC40 7.4 0.2 2 0.9 12 277 9 3 42 15

SC10 6.4 0.2 3 1.0 16 286 10 3 44 16

SC5 8.3 0.1 2 1.0 13 339 14 4 92 27

SC6 7.8 0.1 2 0.8 10 366 16 4 90 24

SC7 7.1 0.3 4 1.3 18 368 15 4 70 19

InAs dots

SCIna 4.7 0.1 2 0.5 10 334 16 5 67 20

All samples were rotated at 40 rpm, except SC10 which was rotated at 10 rpm.

a Pure InAs dots.
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Fig. 4. Histograms of all the dot heights from 81 AFM images of samples (a) SCIn and (b

in sample SCIn visible.
1 per 1000 dots. Histograms of all the measured dot heights for
sample SCIn and sample SC5, which has a similar density of
InGaAs dots, are shown in Fig. 4. The number of dots at each
height is plotted on a log scale so that the small number of large
dots on sample SCIn is visible. Previous studies have also found
pure InAs QDs to be less uniform on a local scale than InGaAs dots
[28] and to have multimodal distributions on a local scale [33]. It
is interesting that, in spite of the greater local variations in InAs
dot size, the lateral uniformity is similar to that of InGaAs QDs.
That the uniformity does not vary with dot composition also
suggests that In re-evaporation was not an issue for these
samples.

Stacking dots was found to improve the uniformity of the top
layer of dots in a set deposited quickly (1.15 ML/s) in a pulsed
mode. The statistics for the top layer of dots on two wafers with 10
dot layers are given at the bottom of Table 2. The samples, FPS7
and FPS10, had 7- and 10-nm-thick GaAs spacer layers between
the InGaAs dot layers, respectively. For both samples the standard
deviations in the height and density of dots in the top layer are
4–5% of the average. This is quite close to the variations found
for single layers of dots deposited slowly and continuously (see
Table 3), and substantially better than that of single layers
deposited quickly. This improved lateral uniformity of the top
layer is consistent with previous observations of enhanced
uniformity of stacked dots on a local scale [34,35].

Also in agreement with local scale studies of stacked dots
[34,35], the top layer of dots in both of the stacked wafers had
lower dot densities than a single layer of dots grown under
nominally the same conditions, specimen FP4. In addition, the dot
density decreased as the thickness of the spacer increased. As
described earlier, the height and density uniformity of dots
deposited quickly in a pulsed mode improved with increased
density. However, in this case the dots in the top layer of a stack
have lower densities but better uniformity than a single dot layer
deposited under similar conditions (compare with FP4), and they
have vastly better uniformity than single dot layers with similarly
low densities (compare, for example, with FP1 and FP2). The
uniformity of dots grown slowly may also be improved by
stacking, however, this was not examined.

Under the growth conditions studied, the number of mono-
layers of InGaAs deposited was found to affect the dot height but
not the dot density. This was most clearly demonstrated by
specimens SC2 (Table 1) and SC7 (Table 3). These samples were
grown under nominally identical conditions, except with different
amounts of InGaAs, 6.8 and 9.5 ML, respectively, yet their dot
densities were nearly identical, 362 and 368mm�2. For these two
wafers there was less than a 2% difference in dot density for a 40%
change in the amount of InGaAs deposited.
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From this it appears that the density of dots was determined
earlier in the growth process, when fewer monolayers of InGaAs
had been deposited, and that it reached a saturation value (for the
given set of growth conditions, including temperature, flux, etc.)
before 6.8 ML of InGaAs were deposited. As more material was
added the existing dots grew larger, but new dots did not form.
That new dots were not nucleated as more material was deposited
is consistent with the fairly narrow dot size distributions found
even for tall dots (see statistics for SC1 SC3 and SC5). Similar
results have been obtained in studies of InAs QDs [25,36]. In those
studies, the dot density increased rapidly as a function of InAs
coverage up to �1.75 or 2 ML. For greater InAs coverage the
density of the QDs was saturated and independent of the amount
of InAs deposited. We expect saturation to occur at greater
coverage for InGaAs dots, because of the reduced strain and
increased wetting layer thickness compared with those for InAs
dots.

On a local scale (�0.5mm2) it has been found that 2 ML of InAs
grown at a very low rate (r0.01 ML/s) produced QDs that are
larger and more uniform in size but lower in density than 2 ML
grown at 0.1 ML/s [3]. Similar narrowing of InAs QD size
distributions, on a local scale, for growth rates r0.01 ML/s has
been observed in other studies as well [4,5]. It is possible that the
lateral uniformity of QDs could also be improved further by
growing at even lower rates than the lowest rate (0.12 ML/s) used
in this study; however, it is anticipated that temperature and flux
gradients will become limiting factors.
4. Summary

Deposition rate had a large influence on lateral uniformity of
QDs. InGaAs quantum dots deposited at low rates had the smallest
lateral variations in size and density across 51 and 76 mm
diameter wafers, for both continuous and pulsed growth modes.
As the deposition rate was increased, from 0.13 to 1.15 ML/s, the
lateral dispersion in dot height and density also increased. Dots
grown slowly had radial distributions, probably caused by
gradients in temperature and/or flux across the wafers. For dots
deposited quickly, the variations were diagonal or lateral rather
than radial and they decreased with increasing dot density. The
uniformity also improved for the top layer of stacked dots
grown at a high rate, even though these had low densities. For
dots with fast growth rates, even the most uniform specimens
had larger lateral dispersion than dots grown slowly. The
uniformity of dot distributions on 51 and 76 mm diameter
wafers was similar. Changing the dot composition from 0.45 to
1.0 mole fraction In did not affect the lateral uniformity of dots
deposited slowly, even though the InAs dots were less uniform on
a local scale.
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