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Detection and volume estimation of semiconductor quantum dots
from atomic force microscope images

Sangwook Oh, Chankyeong Hyon, Sanghoon Sull,a) and Sungwoo Hwangb)

Department of Electronic and Computer Engineering, Korea University, Anam, Sungbuk,
Seoul 136-075, Korea

Yongju Park
Semiconductor Materials Laboratory, Nanodevice Research Center, Korea Institute of Science
and Technology, P.O. Box 131, Cheongryang, Seoul 130-650, Korea

~Received 9 April 2003; accepted 17 August 2003!

An automated quantum dot detection and volume estimation method of atomic force microscope
images are proposed and implemented. Quantum dot detection is based on the image-segmentation
method widely used in image processing. We used a modified local watershed algorithm, which
produces stable and effective segmentation results in order to detect the peak position of the
quantum dot of the atomic force microscopy image. An effective volume estimation of the quantum
dot is performed by intelligently determining the boundary of the quantum dot at each height step
and by simply adding small volume fractions lying inside of the quantum dot boundary. Our volume
estimation results are quantitatively analyzed by comparison with the quantum dot volume obtained
by assuming conical and pyramidal shapes. The detection results of our method are quantitatively
compared with the results of two other methods for general grain detection, and with a transmission
electron micrograph of the quantum dot. Finally, information such as the number of quantum dots,
the density, the size and the height distribution are also provided as a result of implementing our
method. This method can be applied to detect and estimate volume of a similar shape with a
different size. ©2003 American Institute of Physics.@DOI: 10.1063/1.1618015#
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I. INTRODUCTION

The atomic force microscopy~AFM! is the most widely
used instrument among recently introduced scanning pr
microscopy~SPM! techniques.1 The widespread use of th
AFM is attributed to the accurate three-dimensional rec
struction of the sample topography with atomic resolut
for a relatively low cost and within a short time. Anoth
important reason for widespread use is that there is almos
restriction on the sample to be imaged.2

Although the SPM can image the sample surface w
atomic resolution, different types of distortion are introduc
during the measurement. Generally observed sources o
distortion are for example, the tilt of sample, the nonline
response of the piezo scanner, the thermal drift, the con
lution effect of the tips, and the addition of spatial frequen
noise components. A solution to these problems will be
provement of the hardware. Advances in the instrumenta
hardware contribute to the high-quality AFM data acqui
tion. Significant improvement in the measurement accur
and scan speed is achieved, for example, by the adva
control system that employs a state-of-the-art digital sig
processor, a fast digital to analog converter and an analo
digital converter.3 On the other hand, AFM equipment is em
ploying piezo scanners with a different concept; thez scan-
ner is separated from thex–y scanner. More importantly
early pioneering groups engaged in the development of
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AFM resolved those problems by introducing various ima
processing techniques, such as filtering or customized
rection methods for each problem, providing ways to anal
and interpret more accurately the geometry of the surface4–8

However, so far, most of the data processing techniques h
been used to improve the quality of raw data and th
have rarely been applied to any type of more advanced
analysis.

Many scientists find a use for the AFM in different area
Semiconductors, biotechnology, life sciences, materials,
surface characterizations are typical applications.9–11 In most
of the cases, morphology study is the main purpose of
AFM since it provides almost real three dimensional top
graphic information. Furthermore, the AFM data contain i
portant information for structural analysis of the surface. F
example, the AFM is considered a powerful tool for mo
phology analysis of nanoscale structures such as quan
dots~QDs!.12 The size, height, and density of QDs are cri
cal since they determine the characteristics of devices fa
cated with these QDs. Therefore, the determination of th
parameters should always be carried on after the growth
QDs.13 Even though algorithms exist for general grain dete
tion, so far there is no specific tool for automatic QD dete
tion and we must rely on manual detection of the posit
and size of QDs.12 Moreover, the manual size determinatio
process strongly depends on the user’s decision, and t
exists a possibility for errors in the size determination p
cess. Therefore, we need a more reliable method indepen
of the user’s decision. Although the well-trained user c
7 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



e
th
nt
o

g
ar
he
e
Ds
an
in
ly

.

o
i

al
c
t

i
i
in
r-

ac
.

lin
ry
s
es
an
es
b
a
re
ily
n

e
D
s
l
g
D
th
.
n
he
tiv

ic
e
h
m

el,
ge
ina-

ive
ce of

are
men-
o-
lgo-
s of
t-
rupt
iple
ning
t of
ion
his

an
pro-
ms.

gi-
in

n-

4688 Rev. Sci. Instrum., Vol. 74, No. 11, November 2003 Oh et al.
easily identify the position of QDs by the difference in th
image contrast, there is no specific algorithm to point out
position of QDs. Volume calculation of QD is also importa
since we can estimate the amount of source material c
sumed in the formation of QDs.12

In this article, properties of the AFM data containin
QDs are analyzed, and then a QD position detection and
determination algorithm based on the modified waters
method is proposed. Once the areas of QDs have been d
mined, we use the result to calculate the volume of Q
Finally, the proposed QD detection, area determination,
volume calculation are applied to various images contain
QDs with different density and results are quantitative
compared to ascertain the effectiveness of the algorithm

II. QD DETECTION AND VOLUME ESTIMATION
SCHEME

A. General aspects of the AFM image containing QDs

The AFM image is a two-dimensional representation
the three-dimensional topography of sample surfaces w
respect to a scan coordinate system~SCS!. The probe makes
a soft contact with the sample and is raster scanned par
to the x–y plane of the SCS while maintaining the conta
force between the sample and the probe to a set poin
relying on an electronic feedback system. The variation
the z direction, which corresponds to the height data,
monitored and stored at each particular sampling po
(x,y).14 Therefore the AFM image is a two-dimensional a
ray of these height data or pixels where the value of e
pixel corresponds to the contrast of the gray scale image
the surface of interest has a perfectly terminated crystal
structure, such as Si or GaAs, the AFM image will be ve
flat with almost no variation in height. The addition of QD
to the flat surface will introduce relatively regular structur
with a lateral dimension of several tens of nanometers,
local height variation will be observed in the AFM imag
containing QDs. The variation of the height is manifested
the contrast change, whereas the region without QDs rem
a flat area where the height variation is minimum. Therefo
whenever a QD is present in an AFM image, it is eas
distinguished or ‘‘segmented’’ by the difference in the co
trast around the dot.

Figure 1~a! shows a typical AFM image of GaAs surfac
containing QDs. There are 169 randomly distributed Q
easily discernible by the naked eye and almost circular ba
~bottom part of the QD! are noticed. As the height leve
increases, the top of small QDs is met first and then lar
QDs. Bright spots correspond to the upper part of the Q
whose diameter ranges from 20 to 62 nm, meanwhile
height ~base to top! of the QDs ranges from 4 to 14 nm
Therefore, the automatic position detection reduces to fi
ing out points that have local maxima in height, which is t
key aspect of the detection. The histogram of the rela
height distribution is shown in Fig. 1~b!. The height of the
surface area is distributed in the range from 0 to 5 nm, wh
corresponds to black to dark gray level in the AFM imag
respectively. Almost 85% of the data are in this region. T
rest corresponding to QDs area have a height ranging fro
Downloaded 08 Nov 2003 to 163.152.30.135. Redistribution subject to A
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to 14 nm, which corresponds to light gray to white lev
respectively. We should pay attention to the height ran
between 4 and 5 nm where the height data are the comb
tion of relatively high surface area and the base area~bottom
part! of QDs. Therefore, QD detection reduces to an effect
separation of QDs from the base area, which is the essen
this article.

B. Image segmentation method and QDs detection

In the image processing area, objects in the image
separated or segmented from the background by the seg
tation algorithm, which can separate mutually exclusive h
mogeneous regions of interest. Image segmentation a
rithms generally are based on one of two basic propertie
intensity values: discontinuity and similarity. In the first ca
egory, the approach is to partition an image based on ab
changes in intensity, such as edges in an image. The princ
approaches in the second category are based on partitio
an image into regions that are similar according to a se
predefined criteria. Thresholding, region growing, and reg
splitting and merging are examples of methods in t
category.15

In many image segmentation algorithms, we describe
approach based on the morphological watersheds, which
duce more stable segmentation results than other algorith
The watershed algorithm, which is an important morpholo
cal tool for image segmentation, has been widely used
recent years.16–18 The watershed technique is a regio

FIG. 1. ~a! AFM image of InAs QDs on GaAs~100! substrate and~b!
corresponding distribution of the height data.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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growing algorithm that analyzes an image as a topograp
surface.15,19,20It detects minima of the gradient of the pix
value and grows these minima according to the gradient
ues. It can be regarded as a water flooding process. The
idea is simple: suppose that a hole is punched in each l
minimum and that the entire topography is flooded from
low by letting water rise through the holes at a uniform ra
When the rising water in distinct catchment basins is ab
to merge, a dam is built to prevent the merging. The flood
will eventually reach a stage where only the tops of the da
are visible above the water line. These dam boundaries
respond to the watershed line. Therefore, these water
lines are the boundaries extracted by a watershed segm
tion algorithm. Eventually, if there are some islands, peak
the islands are only revealed as points.

We propose the modified watershed algorithm that u
an inverse flooding process for QD detection, which
shown in Fig. 2. Suppose that there are islands and all isla
are submerged into water in the beginning. As the floodwa
gradually subsides, the peaks of the islands are revealed
@Fig. 2~b!# and more regions of the island are revealed gra
ally @Fig. 2~c!#. Finally, the water disappears and all regio

FIG. 2. ~a! Concept image for islands submerged into water in the be
ning, ~b! image for revealed peak of island,~c! image for revealed regions o
island, and~d! image for almost totally or totally revealed region of islan
Downloaded 08 Nov 2003 to 163.152.30.135. Redistribution subject to A
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of island are revealed@Fig. 2~d!#. QDs in the AFM image can
be considered as islands in this concept.

The watershed algorithm often leads to extrem
oversegmentation.19 For example, protrusions in flat region
or noises are easily detected as QD peaks. There are
approaches to reduce this problem. The first approach
volves merging adjacent regions according to some crit
after the use of the watershed algorithm.16–18 The second
approach extends the watershed algorithm to deal with m
ers to reduce oversegmentation.20 Markers are a set of com
ponents marking object regions of an image; i.e., ea
marker indicates the presence of an object. A marker re
sents the interior of an object. We use the second metho
the proposed algorithm to prevent oversegmentation s
the second method can be simply implemented in the p
posed algorithm. We can impose the detected local max
in the image and their parameters as markers.

C. QD detection with modified watershed algorithm
using local maxima

In the previous section, we proposed and introduced
basic concept of the modified watershed algorithm to de
QDs in the image using local maxima. The modified wat
shed algorithm can be simply implemented and the per
mance in detecting QDs in AFM image is very effective.

We define an AFM image asI and the normalized pixe
value asg(x,y). The MAX and MIN are used to denote th
maximum and minimum pixel values of imageI, and the
subsiding process goes down fromn5MAX 11 to n
5MIN. The topography will come out with water level dec
rements, fromn5MAX 11 to n5MIN.

Let M1 , M2 ,...,MC max be sets denoting the coordinate
of points in the regional maxima of an imageI andC max be
the total number of regional maxima in the image. Then
Rn(Mi) be a set denoting the coordinates of the points in
region associated with regional maximumMi at stagen. And
at any stepn of the subsiding process, the algorithm search
pixels whose value is equal to the water level. LetT@n#
represents the set of coordinates (x,y) for which g(x,y)
5n. That is,

T@n#5$~x,y!ug~x,y!5n%. ~1!

Geometrically,T@n# is the set of coordinates of points inI
lying on thenth plane. If we letTMi

@n# denote the set of
coordinates of points associated with regional maximumMi

that are subsided at stagen:

TMi
@n#5$~x,y!ug~x,y!5n

and

Neighborn~x,y!5Rn11~Mi !%. ~2!

Herein, Neighborn(s,t) indicates what is the neighbor o
(x,y) using 333 pixel window at stagen. We define
Neighborn(x,y) as

-

IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rn11~Mi !, if 333 window contains one or more pixels ofRn11~Mi !
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Neighborn~x,y!5H NEW if 333 window contains no regional pixel

0 if 333 window contains pixels ofRn11~Mi ! and Rn11~M j ! ,iÞ j ~1< i , j <C!

. ~3!
e

tiv
a
of

t

of
as
Every M has a different height value. For usual watersh
algorithms, preprocessing for finding all ofM in the image is
needed. But this preprocessing is exhaustive and duplica
We use the Neighborn(x,y) to find the neighbor and detect
regional maximum dynamically. From the definition
Neighborn(x,y), each pixel of Neighborn(x,y)5Rn11(Mi)
in T@n# is assigned toRn(Mi) and when Neighborn(x,y) is
NEW, the new regional maximumRn(Mc11) is dynamically
created at stagen and the pixel of Neighborn(x,y)5NEW is
assigned toRn(Mc11). ~Here, NEW is simply a flag!. C is
increased toC11. If Neighborn(x,y) is zero, this means tha
Downloaded 08 Nov 2003 to 163.152.30.135. Redistribution subject to A
d
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(x,y) is a boundary pixel among someRn(Mi). In this case,
(x,y) is not assigned to anyRn(Mi). Rn(Mi) can be ob-
tained from

Rn~Mi !5 ø
k5MAX 11

n

TMi
@k#. ~4!

It is easy to see that the elements inRn(Mi) are not replaced
during execution of the algorithm, and that the number
elements in this set either increases or remains the samen
decreases. Thus, Eq.~4! can be replaced as
FIG. 3. Flowchart of the proposed QD
detection algorithm.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



os

c

t
te
the

n
s

4691Rev. Sci. Instrum., Vol. 74, No. 11, November 2003 Volume of quantum dots by AFM
Rn~Mi !5Rn11~Mi !øTMi
@n#, ~5!

whereRn(Mi) may be regarded as a binary image. Supp
that the coordinates inT@n# that are on thenth plane are
marked white and all other coordinates are marked bla

FIG. 4. ~a! Original AFM image of InAs QDs~sample A!, ~b! image show-
ing determined primitive area, and~c! the overlapped image of the positio
and morphology.
Downloaded 08 Nov 2003 to 163.152.30.135. Redistribution subject to A
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Then, when we look down on thexy plane at any decremen
n of subsiding, we will see a binary image in which whi
points correspond to points in the image that are above
nth plane, that isRn(Mi). According to Eqs.~2! and~5!, we
can obtain finalRMIN(Mi) at stagen5MIN. When the pro-

FIG. 5. ~a! Original AFM image of small sized and densely formed InA
QDs ~sample B!, ~b! image showing determined primitive area, and~c! the
overlapped image of the position and morphology.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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cessing is finished,C indicates the total number of region
maxima (C5C max) and eachRMIN(Mi) indicates the final
coordinates of the points in the region associated with
gional maximumMi . ThereforeRMIN(Mi) becomes a de
tected QD region. Finally, Fig. 3 shows a flowchart summ
rizing the algorithm.

As mentioned in the previous section, this algorithm p
duces the oversegmentation result. In particular, protrus
in flat region or noises are also detected as the QD’s p
Therefore, some characteristics of QD are used to determ
whether the detected peak is a real QD or not. Below we
three characteristics of QD.

~i! The height of a peak should be sufficiently high fro
the base of QD—since the QD should have a me
ingful volume, the height of QD should be reasonab
high and the height of a protrusion of the flat shou
be small.

~ii ! The diameter of a QD should be large enough—sin
the QD should have a reasonable volume, the dia
eter should also be reasonably large. This in tu
means that the gap between peaks should be l
enough.

FIG. 6. QD detection result of sample A:~a! by threshold detection method
and ~b! by original watershed algorithm.
Downloaded 08 Nov 2003 to 163.152.30.135. Redistribution subject to A
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~iii ! The QD has a round or polygonal shape. This me
that a ratio between maximum radii on orthogon
coordinates should be reasonably acceptable.

Using these properties, each detected region is considere
be a QD region or not, and the regions that are determi
not to be a QD are removed. The final data setRMIN(Mi) is
used to test the above three criteria. It corresponds to
marker explained in Sec. II B. Finally, the volume of the Q
is calculated by adding small fractions lying inside betwe
quantum dot boundaries at two consecutive height steps

III. EXPERIMENTAL RESULTS AND DISCUSSION

We used AFM data obtained from a commercially ava
able AFM.8 The QD detection and volume determination a
gorithm was coded inC language and a common person
computer~PC! was used for the data processing. Since m
of the modern AFMs use PCs for the probe control and
age processing, our implementation can be directly ap
cable to them. Two different AFM images will be discusse
Prior to the QD detection, the original data went through
tilt correction and flattening process. All images have t
same scale in thex and they directions~131 mm2!, and the

FIG. 7. QD detection result of sample B:~a! by threshold detection method
and ~b! by original watershed algorithm.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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4693Rev. Sci. Instrum., Vol. 74, No. 11, November 2003 Volume of quantum dots by AFM
scanning direction isx. The AFM image is comprised o
2563256 pixels with a lateral resolution of 3.906 25 nm. T
scales in thez direction are set to display the whole range
the height data.

The QD sample used in this work has the followin
structure. Starting with semi-insulating~100! GaAs sub-
strate, 300 nm of GaAs buffer layer and 3–3.6 monolay
~MLs! of InAs QDs are grown by the molecular beam ex
taxy system. The growth temperature of the QDs is 480
Further details about the QD growth are found in Refs.
and 13.

First, the image of Fig. 1~a! has gone through the deve
oped detection/volume estimation algorithm. Figure 4~a! is
the original image with 169 QDs easily discernible by t
naked eye ~sample A!. QDs are randomly distributed
throughout the entire surface. Figure 4~b! shows the QD’s
area determined after the processing of the image with
proposed algorithm. White regions reflect the detected
area while black regions are the surface of the sample.
cording to the figure, the shape of the base of the QD
rather circular. In this determination process, all of the 1
QDs are automatically detected, which agrees exactly w
the manually counted result. In order to estimate the eff
tiveness of the proposed algorithm in determining the ex
position of the QDs, we overlapped the determined QD a
image with the peak position image in Fig. 4~c!. As can be
seen in this figure, the peak position is well inside of the Q
indicating the successful detection result.

Next image considered for QD detection is shown in F
5~a! where approximately 752 QDs are determined by
naked eye~sample B!. We did not include small QDs whos
height variation was almost impossible to see. As shown

FIG. 8. Histogram of the distribution of the diameter in the elongated a
of the samples A and B.
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the figure, QDs are smaller than the previous image,
QDs are more densely formed which makes the detec
more difficult. Manual QD counting and size determinati
of this amount become tedious and time-consuming wo
therefore automation is mandatory. Figure 5~b! shows the
obtained QD’s area image, and Fig. 5~c! shows the area im-
age overlapped with the peak position image. In this det
tion, 762 QDs have been automatically detected. About
positions have been detected by oversegmentation, and
corresponds to 1.33% of the total detected QDs. Very l
aspect ratio or small size of the QDs gives rise to the diff
ence in the number of QDs determined by manual detec
and the proposed detection method. More careful QD de
tion, taking into account the oversegmentation~discussed in
Sec. II C!, can reduce the detection error to less than 0.8

A threshold detection and an original watershed alg
rithm have been applied to both samples A and B. A sim
amount of optimization, as in the case of the proposed a
rithm, has been done. Figures 6~a! and 6~b! show the results
of QD detection for sample A, by the threshold detection a
by the original watershed, respectively. The numbers of
tected QDs are 153~threshold! and 117~original watershed!.
These values are much smaller than the manually dete
number~169!. Figures 7~a! and 7~b! show the results of QD
detection for sample B, by the threshold detection and by
original watershed. In this case, the detected QDs are e
343 or 489, which are a lot fewer than the actual num
~740!. In both Figs. 6 and 7, we can also identify man
detection spots which are artifacts.

Once the area and position of the QDs are determin
additional information such as the diameterd, heighth, as-
pect ratioA, and volumeV of the QDs can be automaticall
derived. The diameter of the QD is an important factor sin
it determines the quantum functionality of the device. Th
statistical information such as size uniformity determined
the standard deviation of the QDs diameter is also usefu
predicting the quality of the device to be fabricated.21,22 For
example, it is desired to obtain QDs with uniform size f
optoelectronics application. Figures 8~a! and 8~b! show the
distribution of the diameter of QDs in the elongated axis,
samples A and B, respectively. According to the histogra
the QDs of sample A are more uniform than those of sam

s

TABLE I. Diameter, height, and aspect ratio of sample A.

Threshold
Original

watershed
Proposed
watershed

Average diameter
in the elongated axis
~nm!

Avg. 27.45 45.81 36.66
s 7.67 18.05 4.50

Min 13.42 18.25 19.53
Max 55.07 101.51 65.00

Height ~nm! Avg. 2.82 3.51 3.22
s 0.65 0.57 0.66

Min 0.87 1.15 1.15
Max 7.04 7.04 7.04

Aspect ratio Avg. 0.102 0.076 0.088
s 0.085 0.032 0.015

Min 0.065 0.063 0.058
Max 0.128 0.07 0.108
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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B. This fact is reflected in the corresponding standard de
tion values, which are 4.5 and 5.923 97 nm. Around 80%
the QDs of sample A are distributed in the diameter range
33–43 nm and more than 95% are in the range of 32–45
Other information about the geometry of samples A and B
summarized in Tables I and II, respectively. Additional info
mation such as the minimum distance between QDs~not
shown here! can be obtained, which would provide an an
lytical tool for the study of migration of QDs. For compar
son, the geometry information obtained using the thresh
detection and the original watershed are also shown. In
worst case, the diameter values are approximately 25%
ferent from that of the proposed method. The standard de
tion of the diameter is much larger than that of the realis
QD distribution when these conventional methods are us

According to the previous investigations, the morph
ogy of the QDs was revealed as lens shape, which can
approximated as conical for~100! substrates and pyramida
or prism like shape for (n11) substrates.22–24 Therefore, we
also calculated the volume assuming conical and pyram
shape. As mentioned previously, the AFM data contain
only two dimensional information but also the height da
which provides very useful information for volume calcul
tion. The volume estimation is considered to be an import
procedure in the QD growth, since the amount of the sou
material consumed can be predicted precisely. The resu
the volume determination can help the investigation of
quantitative adsorption and desorption process during
QD growth. The amount of the InAs deposited for Q
growth was 3 and 3.6 MLs for samples A and B, respectiv
During the QD growth, a wetting layer of 1.7 MLs is forme
first ~verified with reflection high-energy electron diffraction!
and spontaneously InAs QDs are formed thereafter. Th

TABLE III. Estimated and automatically calculated volumes of sample

Model Volume~nm3! Ratio ~%!

Consumed 394 000 X
Conical model 203 310 51.6
Pyramidal model 128 709 32.7
Threshold method 103 708 26.32
Original watershed method 150 418 38.18
Proposed method 243 288 61.76

TABLE II. Diameter, height, and aspect ratio of sample B.

Threshold
Original

watershed
Proposed
watershed

Average diameter
in the elongated axis
~nm!

Avg. 38.39 31.27 23.90
s 41.95 48.25 5.92

Min 8.49 10.82 8.73
Max 765.38 766.50 62.99

Height ~nm! Avg. 1.67 2.05 1.76
s 0.45 0.52 0.59

Min 0.38 0.58 0.17
Max 4.48 4.48 4.48

Aspect ratio Avg. 0.043 0.066 0.073
s 0.011 0.011 0.017

Min 0.045 0.054 0.019
Max 0.006 0.006 0.12
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fore, the amount of the InAs consumed for the formation
the QDs are 1.3 and 1.9 MLs for samples A and B, wh
correspond to a thickness of 0.394 and 0.576 nm, resp
tively. Corresponding volumes of InAs consumed for QD
regarding a square of 131 mm2 are 394 000 and 576 000 nm3

for samples A and B, respectively. Three types of volum
are calculated automatically. They are: as determined
umes calculated by adding up volume fractions at every s
n, the volume assuming a conical QD with a radius a
height derived from eachRMIN(Mi), and finally the volume
assuming a pyramidal QD with a square base and hei
where the base and height are derived again from e
RMIN(Mi). The formula of the volume used for conical an
pyramidal shape can be expressed in terms of the diamed
and heighth of the QD. We assumed that the base of t
pyramid with a square base fit exactly inside a cone wh
base is a circle with a radiusr 5d/2:

Vcon5~p/3!~d2h/4!, ~6!

Vpyr5~1/3!~d2h/2!. ~7!

As a result the ratio betweenVcon andVpyr becomesp/2.
All the volume calculation results are summarized

Tables III and IV. The results show differences between
theoretically calculated deposited InAs volumes and as
termined QDs volumes. The volume of InAs QDs of samp
A consumes in the growth was 394 000 nm3 while the sum of
the as determined QDs volume was 243 288 nm3, corre-
sponding to a ratio of 61.76%. A similar result is obtained
the sample B, where the ratio between consumed volu
and as determined volumes was 52.89%. The volume va
obtained using the threshold detection and the original
tershed are also shown in the tables. Both methods s

FIG. 9. TEM image of a typical QD in sample A.

TABLE IV. Estimated and automatically calculated volumes of sample

Model Volume~nm3! Ratio ~%!

Consumed 576 000 X
Conical model 238 563 41.43
Pyramidal model 151 874 26.3
Threshold method 104 512 18.14
Original watershed method 194 075 33.69
Proposed method 304 478 52.89
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even smaller values than the proposed values. The main
son is that the conventional methods cannot detect a l
portion of the existing QDs.

The fact that the volume calculated from the propos
method is smaller than the consumed volume can be at
uted to the desorption process of the InAs, although a p
found analysis and experiments are needed to figure ou
exact mechanism of adsorption and desorption processe
sociated with the QD growth. Another uncertainty could
the convolution effect of the tip, which always causes so
exaggeration in the measured QD diameter. In that case,
QD volume is always slightly less than the as determin
volumes given above. Figure 9 shows the transmission e
tron micrograph image of a typical QD in sample A. Cle
image of the crystal lattices enables accurate estimatio
the QD diameter and height. The accurate diameter and
height obtained from this TEM image are 30 and 4.8 n
respectively. While the accurate diameter is in reasona
agreement with the average diameter obtained from the
posed method, the height of the proposed method is un
estimated. The radius of curvature of the used tip is 10
and such uncertainty in height value is consistent with
curvature of the tip. Another important point is that the a

FIG. 10. Detection of QDs grown on a corrugated surface:~a! the original
image and~b! the overlapped image of the position and morphology.
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erage diameters obtained from the threshold and the orig
watershed show much larger discrepancies than the prop
method.

Finally, we applied the proposed algorithm to the dete
tion of QDs grown on a corrugated surface,13 where the
height of the base of the QDs differs by more than 6 nm,
some cases. By using only thresholding method the detec
of the QDs grown on valley area will be impossible. Figu
10~a! shows the original AFM image of the QDs grown o
such a corrugated surface. The total number of QDs ide
fied by the naked eye is 282. After the detection proced
the number was 280 as shown in Fig. 10~b!. But in the de-
tection procedure eight QDs were not detected, while
QDs are detected wrongly, giving a detection error of 6.4
Perhaps, this is the limit of the automation, or we need m
advanced approaches such as the two-dimensional parti
ing of the image by selecting areas of similar height a
applying the proposed algorithm separately. Finally,
should emphasize that the QD detection and volume esti
tion are totally automated and any type of manual handlin
not involved.
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