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In situ mask designed for selective growth of InAs quantum dots in narrow
regions developed for molecular beam epitaxy system
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We have developed an in sifu mask that enables the selective formation of molecular beam
epitaxially grown layers in narrow regions. This mask can be fitted to a sample holder and removed
in an ultrahigh-vacuum environment; thus, device structures can be fabricated without exposing the
sample surfaces to air. Moreover, this mask enables the observation of reflection high-energy
electron diffraction during growth with the mask positioned on the sample holder and provides for
the formation of marker layers for ensuring alignment in the processes following the selective
growth. To explore the effectiveness of the proposed in situ mask, we used it to grow quantum dot
(QD) structures in narrow regions and verified the perfect selectivity of the QD growth. The grown
QDs exhibited high optical quality with a photoluminescence peak at approximately 1.30 wm and
a linewidth of 30 meV at room temperature. The proposed technique can be applied for the
integration of microstructures into optoelectronic functional devices. © 2007 American Institute of

Physics. [DOL: 10.1063/1.2756624]

I. INTRODUCTION

Selective area epitaxy (SAE) has attracted attention be-
cause of its tremendous potential for achieving the mono-
lithic integration of optoelectronic devices and low-
dimensional semiconductor structures, including laser
diodes, optical switches, and quantum dots.'™ Various results
have been obtained through the implementation of this tech-
nique, including molecular beam epitaxy (MBE), metal or-
ganic vapor phase epitaxy (MOVPE), and chemical beam
epitaxy (CBE) growth.*® SAE enhances the effectiveness of
crystal growth techniques by defining local areas in which
materials can be grown using oxide masks, self-aligned sub-
strate masks, or mechanical shadow masks. ! Among these
methods, the shadow-mask-based SAE method has various
advantages over the oxide- and substrate-mask-based ones
due to its simplicity and suitability for multiple SAE steps.
For example, in the former, no polycrystalline coatings need
to be removed, nor does it involve complicated substrate
surface treatments. Mechanical masks for selective growth

YPresent address: Fundamental and Environmental Research Laboratories,
NEC Corp., 34 Miyukigaoka, Tsukuba, Ibaraki 305-8501, Japan;
Electronic mail: s-ohkouchi@ab.jp.nec.com

0034-6748/2007/78(7)/073908/5/$23.00

78, 073908-1

were first used by Cho and Reinhart for the in sifu fabrication
of waveguide structures in integrated optics in 1972."° Fur-
thermore, the selective growth in preferentially etched chan-
nels on a GaAs substrate was demonstrated by Tsang and
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FIG. 1. Schematic diagram of the procedures of epitaxial growth using the
in situ mask.
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Ilegems in 1977."" In their study, silicon masks with etched
windows were used because of their mechanical strength and
their reusability in MBE growth since the polycrystalline
GaAs epilayer can be easily removed after growth. In addi-
tion, the excellent selective formation of both CdTe and Au
layers by employing a multiple mask technique was recently
reported.12

In this article, we report on an in situ mask that enables
the selective formation of a molecular beam epitaxially
grown layer in a narrow region. The mask was designed
from the viewpoint of facilitating to integrating low-
dimensional semiconductor structures such as quantum dots
(QDs) into optoelectronic devices. The effectiveness of the
mask was demonstrated by the selective formation of QD
structures in narrow regions.

Il. IN SITU MASK
A. General principle

In situ device processing is an attractive approach to
simplify complex device-fabrication technologies. Ideally, it
is preferable that the entire device structure can be fabricated
within a vacuum system without an intermediate exposure to
air. This will result in a significant simplification of the fab-
rication process and a subsequent increase in device yields.
Figure 1 shows a schematic diagram illustrating the prin-
ciples of epitaxial growth using the proposed in situ mask. A
mechanical mask with window-type openings is held be-
tween the evaporating sources and substrate during MBE
growth. We designed this special mask such that it could be
fitted to the sample holder used for MBE. Made of molyb-
denum, this mask can be fitted and removed in an ultrahigh-
vacuum (UHV) environment. The molecular beams of con-
stituent materials such as In, Ga, and As atoms can be
irradiated onto the sample surface through the window open-
ings in the mask. The rectangular windows are fabricated by
mechanical machining and chemical polishing. Several win-
dows are formed in the mask with typical dimensions of
300 um X2 mm. The edges of the windows are beveled to
an angle of 40° to prevent shadowing from the incident mo-
lecular beams during growth. The dimensions of the in sifu
mask are nearly identical to those of the sample holder. The
diameter of the sample holder is approximately 40 mm. The
metal mask is mounted in the mask holder by using three
springs that keep the mask firmly pressed against the sub-
strate surface around the fringe. The reverse side of the cen-
ter region of the metal mask, where selective growth is per-
formed, is ground to a depth of 100 um to prevent the
contact between the metal mask and substrate surface. Set-
ting the mask on the sample holder during growth permits
selective growth only in the open regions.

B. Additional functions

The proposed in situ mask has two additional functions.
The first function is that it allows for the observation of
reflection high-energy electron diffraction (RHEED) during
growth. In the shadow-mask-based methods, typically, it is
not possible to observe RHEED during growth since the
mask shadows the RHEED-incident electron beams. To solve
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FIG. 2. Schematic diagram of the principle of the RHEED observation using
the proposed mask. The tunnel was formed on the reverse side of the metal
mask. The RHEED electron beam enters through the tunnel entrance with a
small incident angle and the diffracted beam at the observed area exits
through the tunnel exit.

this problem, we fabricated a tunnel for the electron beam on
the reverse side of the metal mask, as shown in Fig. 2. Ad-
ditionally, another window was fabricated in the center re-
gion, where the electron beam for RHEED is diffracted, and
the molecular beams were irradiated under the same condi-
tions. The RHEED electron beam enters the tunnel at a small
incident angle of less than 0.5°, and the diffracted beam exits
from the tunnel. This configuration for enabling RHEED ob-
servation can be achieved by precisely adjusting the position
and rotation of the sample holder relative to the incident
electron beam. By using the proposed mask, it is possible to
observe RHEED with the mask positioned on the sample
holder.

The second additional function is the fabrication of
marker layers to ensure alignment in the processes following
the selective growth. If the selectively grown layer is very
thin, it cannot be viewed using an optical microscope and/or
a scanning electron microscope. In these cases, additional
marker layers can be grown using this function. For this
purpose, we fabricated another small window and a shutter
mechanism on the mask holder, as shown in Fig. 3. The
additional windows are fabricated outside the selectively
grown regions. The shutter can be opened and closed by
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for Marker Rotate

<
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FIG. 3. Schematic diagram of the principle of fabricating a marker layer
using the proposed mask. During the selective growth, the shutter is opened,
as shown in (a). After the selective growth, the sample is rotated by 180°, as
shown in (b), such that the shutter is closed and the marker layers are grown
only in the additional small open areas.
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FIG. 4. (Color online) Photographs of a sample holder and the in sifu mask.
(a) shows the front views of the sample holder and in sifu mask, and (b)
shows a side view of the in situ mask mounted onto the sample holder. The
size of the mask is approximately 40 mm (1.5 in.) in diameter.

rotating the sample holder due to the weight of the shutter
itself. To ensure this shutter movement, a weight is attached
to the end of the shutter. During a selective growth, the shut-
ter is opened, as shown in Fig. 3(a). After a selective growth,
the temperature of the sample is lowered to prevent the de-
sorption of V-group element atoms on the sample surface due
to the interruption of the irradiation of flux by the shutter.
The sample holder is rotated by 180° using the mechanism of
a MBE manipulator, as shown in Fig. 3(b), such that the
shutter is closed and the marker layers can be grown only in
the additional small open areas. The material chosen for fab-
ricating the marker layer generally depends on the growth
systems. In this study, a GaAs layer grown at a low tempera-
ture was used as a marker layer.

C. Fabricated mask

Figure 4(a) shows the photographs of a special mask
with the sample holder developed in this study. The sample
holder has six pins on its side. The three pins on the lower
level are used for fixing the sample holder to the MBE ma-
nipulator, and the remaining three pins on the upper level are
used for fitting the mask holder to the sample holder; the
mask holder features slots corresponding to the upper level
pins. The mask holder also has three pins on its side; these
pins allow for the placement of the mask holder in a cart for
transport in transfer modules or for transfer to the MBE
growth system using a transfer rod. The metal mask is
mounted and fixed to the mask holder equipped with a shut-
ter. It has an array of open square windows for selective
growth, a large window in the center region for RHEED
observation, and two small windows for the fabrication of
the marker layers. On the sample holder, shallow grooves are
formed to allow for the correct determination of the relative
position of the substrate and metal mask by mounting the
substrate along the grooves. Figure 4(b) shows a photograph
of the side view of the mask holder attached to the sample
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FIG. 5. Schematic diagram of a sample structure. The selectively grown
layers were formed using the in sifu mask.

holder, which is mounted on the MBE manipulator for selec-
tive growth. The entrance of the electron beam for RHEED
observation is located on one side of the mask holder. The
dimensions of the entrance are 1 X2 mm?.

lll. SELECTIVE GROWTH USING IN SITU MASK
A. Growth procedures

To explore the effectiveness of the proposed in situ
mask, we used it to selectively grow QD structures in narrow
regions. All the fabrication processes were carried out in an
UHV environment without exposing the sample surface to
air. Prior to the growth process, the in situ mask was baked at
600 °C for 2 h in the UHV chamber, which was connected
to the MBE chamber through the UHV tunnel, and it was
kept in the UHV environment until the selective growth us-
ing the mask was achieved. These processes protected the
sample surface from contamination during the growth. This
was also confirmed by another experimental result; the pho-
toluminescence (PL) spectrum of the QDs in the masked
region revealed no degradation even after the process of
mounting and removing the mask during the growth
sequence.13 The cross-sectional structure of the sample is
shown in Fig. 5. First, we grew a 100-nm-thick GaAs buffer
layer at 560 °C without the in situ mask. Then, after setting
the in situ mask on the sample, we grew GaAs
(20 nm)/AlGaAs (20 nm)/GaAs (100 nm) layers. An ex-
ample of a RHEED pattern observed during this growth is
shown in Fig. 6. This image was produced by the diffracted
electron beam that penetrated through the tunnel when the in
situ mask was attached. The growth temperature of the QDs
was determined from the transition temperature, which was

FIG. 6. RHEED pattern of the open regions during the growth of the GaAs
layer after mounting the mask onto the sample holder. The incident electron

beam is along the [110] azimuth.
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FIG. 7. (Color online) Optical microscope image of the GaAs marker layer
grown by the molecular beam supply through the additional windows.

determined by the change in the surface reconstruction of the
RHEED pattern.

Then, a 2.6 ML (monolayer) InAs QD layer was grown
at 480 °C by the two-step growth method, which provides
both satisfactory uniformity and high density for optical
measurement.'* This method comprises two stages: In the
first stage, InAs is grown rapidly until its thickness just ex-
ceeds the critical thickness required to form high-density nu-
clei as a template. In the second stage, InAs is grown con-
tinuously at a lower rate to enlarge and homogenize the QDs.
In actual growth, after rapid (0.2 ML s~!) deposition of a 2.0
ML InAs layer, the rate was reduced to 0.2 MLs™! by shutter
control, and the remaining 0.6 ML was deposited at a lower
rate. After the growth of a QD layer, a capped Inj,GajgAs
layer (4 nm) was grown at 430 °C to shift the PL of the QDs
up to 1.3 um; this procedure was employed with a view to
applying it in the fabrication of long-wavelength optical
communication devices."” In addition, GaAs
(96 nm)/AlGaAs (20 nm)/GaAs (20 nm) layers followed.
Finally, one more InAs QD layer was grown at 480 °C by
using the two-step-growth method once again; this layer was
used to measure the QD density by atomic force microscopy
(AFM).

Figure 7 shows an optical microscope image of a marker
layer. This layer was composed of GaAs grown at a low
temperature and was formed outside the selectively grown
region. During the selective growth, the shutter was opened,
as shown in Fig. 3(a). After the selective growth, the tem-
perature of the sample was lowered to 200 °C. Then, the
sample holder was rotated by 180° using a MBE manipula-
tor, as shown in Fig. 3(b). Consequently, the shutter was
closed and the selectively grown layers were covered. Under
this configuration, the marker layers could only be grown in
the additional small open areas. The dimensions of the
marker layers were 300 um X 1 mm. Although these marker
layers were not used for the subsequent fabrication process
in this experiment, it is a powerful function for ensuring the
alignment in the subsequent processes, especially in the case
wherein the selectively grown layer cannot be recognized by
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FIG. 8. (Color online) AFM images of (a) an open region and (b) a masked
region. High-density QDs are formed in the open region, whereas no QDs
are observed in the masked region.

other methods such as by using an optical microscope.

B. Characteristics

First, we observed the AFM image of a top InAs QD
layer grown selectively in the open regions of the proposed
in situ mask. Figure 8(a) shows the AFM image in which the
grown QDs exhibit a high density of 3 X 10'® cm™. In con-
trast, the AFM image of the regions covered by the in situ
mask shown in Fig. 8(b) reveals no QDs.

Next, we measured the optical characteristics of the
sample. Figure 9 shows the PL spectra at room temperature.
In the open region, a distinct peak is seen at 1.30 wm, where
the linewidth is as narrow as 30 meV. This PL spectrum was
measured in the center region of the selectively grown area.
In contrast, in other regions covered by the in sifu mask, no
PL peak was observed. These results show that the proposed
method using the in situ mask allows for the perfect selective
growth of high-quality QDs.

The intensity of the PL in the open regions is almost
identical in all the grown areas, except for the regions within
approximately 50 um from the edges. That is, there are no
QDs near the edge of the open areas. This shrinkage of the
selectively grown areas is probably due to the thermal evapo-
ration of the QDs by heat radiation from the mask, which
was positioned close to the sample surface. QDs are sup-
posed to be sensitive to heat radiation as compared with
other thin films and are easily destroyed. This reduction in
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FIG. 9. (Color online) Room temperature photoluminescence spectra of the
InAs dots formed in masked and open areas.
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FIG. 10. Optical microscope image of PC-SMZ devices which were fabri-
cated on a selectively grown QD layer using the in situ mask.

the selectively grown regions should be taken into account
when designing the device structures using this technique.

C. Applications

This method can be applied to the integration of QD
structures into optoelectronics devices. One specific applica-
tion wherein this method can be employed is the fabrication
of our proposed photonic-crystal-based symmetrical Mach-
Zehnder-type (PC-SMZ) all-optical switch.'®'” In this de-
vice, QDs are used as optical nonlinear materials. This de-
vice requires a large number of high-uniformity, high-quality
QDs in the PC waveguide region. To achieve the switching
of signal pulses, the open area should be defined as the
phase-shift region of the waveguide. Figure 10 shows an
optical microscope photograph of a sample of PC-SMZ de-
vice fabricated on a selectively grown QD layer. Thus, we
have successfully realized a PC-SMZ structure with an opti-
cal nonlinear waveguide. Achieving the selective growth of
QDs is one of the key issues in designing optoelectronic
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functional devices. The significance of the proposed method
is evident because it can be used to fabricate not only our
proposed PC-SMZ device but also future high-performance
functional devices, such as multiwavelength light-emitting
sources and photonic crystal microcavities.'™'? The proposed
method using in situ mask provides additional latitude in
designing optoelectronic and electronic devices.
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