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Abstract. Interfacial properties of InAs quantum dots (QDs) grown by a double-cap method in metalorganic chemical 
vapor deposition have been investigated by cross-sectional scanning tunneling microscopy (XSTM). XSTM images 
reveal that top and bottom interfaces of the InAs QD are extremely sharp. QDs with a monolayer-stepped height in the 
range 6-14 ML are observed, which indicates that the double-cap method can produce QDs with a well-defined height. 
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INTRODUCTION 

Single InAs quantum dots (QDs) have recently 
attracted much attention because of potential 
applications in quantum information devices for 
optical telecommunication!; 1,2]. Changing a height of 
single InAs QDs on InP, the photoluminescence 
wavelength can be selected in the range from 1.3 to 1.5 
urn. A technique called as a "double-cap" method has 
been proposed to control a height of InAs QDs on a 
scale of several monolayers[3]. Recently, we have 
succeeded to control the QD height using the double-
cap method in metalorganic chemical vapor deposition 
(MOCVD)[4], and observed single-photon emission 
from a single InAs QD[5]. A well-defined QD size and 
sharp interfaces between InAs and InP layers are a key 
factor to achieve better performance of a single-photon 
emitter at a certain wavelength. However, structures 
and interfacial properties of the QDs grown by the 
double-cap method have never been studied by 
techniques such as scanning tunneling microscopy 
(STM). 

In this paper, we investigated interfacial properties 
of InAs/InP QDs grown by the double-capped method 
in MOCVD by means of cross-sectional STM (XSTM). 
Extremely sharp interfaces between the QD and the 
InP layer were observed, which indicates the formation 
of QDs with the discrete height in the range 6-14 
monolayers (ML). 

EXPERIMENT 

The samples were grown on Sn-doped n-type 
InP(OOl) substrates in a low-pressure MOCVD using 
trimethylindium, arsine and phosphine as precursors. 
The sample consists of five periods of InAs QDs/InP 
structure. The details of the double cap method were 
described elsewhere[4]. Self-assembled QD layers 
were formed at 500 C by depositing 3.4 ML-InAs 
followed by 15-s-annealing in an AsH3 ambient, and a 
1.5-nm-thick InP layer was grown as a first cap layer. 
A 180-s-growth interruption with PH3 exposure was 
performed to reduce the height of the QDs, and an 18-
nm-thick InP layer was grown as a second cap layer. 

XSTM was performed in an ultrahigh-vacuum 
chamber with a pressure of 2 x 10~8 Pa[6]. Samples 
were cleaved in situ to create clean and atomically flat 
(110) surfaces with exposed cross-section of InAs 
QDs. STM measurements were carried out in constant 
current mode at a sample bias voltage of-1.5 V and a 
tunnel current of about 50 pA. 

RESULTS AND DISCUSSIONS 

Figure 1 (a) shows an XSTM image with a scan size 
of 62 x 11 nm2. The brighter trapezoid with a height of 
4.2 nm is identified as an InAs QD. The image shown 
in Fig. 1(b) is treated with a local mean equalization 
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filter, to enhance atomic details by removing the large 
scale background contrast due to the electronic 
structure and strain relaxation effects [7]. 
Superimposed stripes are attributed to atomic rows on 
the (110) surface. The trapezoidal shape of the InAs 
QD with the height of 14 ML and the lateral size of 45 
nm is clearly observed in the XSTM image. 

Focusing on one atomic layer on the (001) surface, 
we can obtain the fraction of As atoms in the atomic 
layer by calculating the sum of the length of the bright 
spots along the [110] direction in the image and 
dividing it by the total length of the atomic layer[8]. 
The brighter spot seen in the filled state image is 
identified as the surface As atoms in the InP layer, 
because the bond length of InAs is greater than that of 
InP and the valence band edge of InAs is higher than 
that of InP. The As compositional profile shown in Fig. 
1(b) indicates that the InAs-on-InP interface is 
separated by 1 bilayer (2 ML) and the InP-on-InAs 
interface varies within 2 bilayer. The As composition 
inside the InAs QD is approximately unity, which 
indicates that the QD consists of pure InAs. 

Figure 1(c) shows the XSTM image taken on a 
different area of the (110) cleaved surface. The bright 
line with the width of 1 bilayer, which is indicated by 
the arrows, is an InAs wetting layer. As shown in the 
composition profile, the wetting layer is not purely 
InAs, suggesting that a compositional alloying weakly 
takes place in the wetting layer. 

As composition 

FIGURE 1. (a) Cross-sectional STM image of an InAs QD 
at a bias voltage of-1.5 V. (b) STM image treated by a local 
mean equalization filter, (c) Cross-sectional STM image of 
an InAs wetting layer at a bias voltage of -1.5 V. As-
composition profiles along the growth direction are shown at 
the sides of the images. 

We measured XSTM images on different areas of 
the surface to look for InAs QDs with different heights. 
Figure 2 (a) and (b) show the cross-sections of InAs 
QDs with the heights of 6 ML and 10 ML, respectively. 
The top and bottom interfaces of the dot are sharply 
separated from the InP layer, and there is no 
fluctuation of thickness in the dot. Therefore, we have 

found that the double-cap method in MOCVD can 
produce the well-defined dots with a monolayer-
stepped height. Here, we note that the resolution of dot 
height in our study is 1 bilayer, because the As atom 
row on the (110) surface is observed in the filled state 
image. 

FIGURE 2. Cross-sectional STM images of InAs QDs with 
the heights of (a) 6 ML and (b) 10 ML, respectively. 

Around the sides of the QDs shown in Fig. 1(b) and 
Fig 2(b), however, we notice that brighter spots are 
scattered about in the InP layer. As the brighter spot 
corresponds to the As atom distribution, this result 
suggests that the side walls of the QD are not sharp 
and the InAs QD is surrounded by the alloy layer in 
the lateral direction. 

CONCLUSIONS 

We have investigated interfacial properties and 
compositional distributions of InAs QDs grown by the 
double-cap method. XSTM images revealed that the 
top and bottom interfaces of InAs QD are extremely 
sharp, which confirmed the formation of QDs with a 
monolayer-stepped height by the double-cap method. 
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