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Abstract. Under certain growth conditions InAs/Si heteroepitaxial growth proceeds via Stranski-Krastanow
or Volmer-Weber growth modes depending on the growth parameters. The critical thickness at which three
dimensional InAs islands start to appear at the Si(100) surface is within the range of 0.7–4.0 monolayers
(substrate temperature range is 350 °C – 430 °C). Their size depends critically on the growth conditions
and is between 5 nm and 80 nm (uncapped islands). Critical lateral size of the coherent (Si capped) dislocation-
free island is equal to 2–5 nm depending on the island height. Islands having larger size are dislocated.
Optical properties of InAs nanoscale islands capped with Si reveal a luminescence band in the 1.3 µm
region.

1. INTRODUCTION

Self-organisation effects on semiconductor surfaces
which occure in the course of molecular beam epitaxy
(MBE)have attracted much attention over the last ten
years. A particular interest was shown in the quantum
dots (QDs) in III/V – III/V e.g., InAs – GaAs) [1, 2],
II/VI – II/VI (e.g., CdSe – ZnSe) [3] or IV – IV (Si –
Ge) [4] materials systems. This system stimulates much
investigations because silicon remains a key material
in the modern microelectronics industry. For optoelec-
tronic applications silicon is not well suitable because
of its indirect band gap nature. Attempts to improve
the situation using SiGe – Si QDs did not lead to a
significant progress as these nanostructures provide
indirect band alignment both in k – and in real space.
In order to increase luminescence efficiency of silicon-
based structures we propose to insert direct bandgap
InAs QDs in a Si matrix using MBE growth [5]. We
emphasize that this approach is different from the
growth utilizing InAs QDs on thick GaAs buffers [6].
Small coherent InAs islands additionally enable a pos-
sibility to overcome the problems of strong lattice
mismatch and formation of antiphase domains inherent
for the growth of thick III – V epilayers (e.g. GaAs) on Si.

In this paper we report on the MBE growth and
properties of the InAs nanoscale islands formed on sili-

con. We have found that under certain growth
conditions InAs/Si heteroepitaxial growth proceeds via
Stranski-Krastanow or Volmer-Weber growth modes
depending on the growth parameters leading to the
formation of nanoscale islands. The lateral size depends
critically on the growth conditions and is in the range
of 2–80 nm. Optical properties of InAs QDs capped
with Si reveal a luminescence band in the 1.3 µm
region. A pronounced excitation density dependence
of the photoluminescence (PL) peak position and a
decay time of approximitely 400 ns were observed.

2. EXPERIMENTAL DETAILS

The growth experiments were carried out using EP1203
(Russia) or Riber Supra (France) MBE machines on
exactly oriented Si(100) substrates. The Si(100) sur-
face was prepared in a way similar to that described in
[7]. Thermal desorption of silicon native oxide was
performed in a growth chamber at the substrate tem-
perature of 830 °C – 870 °C during 15 min. Afterwords,
well-resolved (2×1) or mixed (1×2) and (2×1) surface
reconstructions typical for cleaved Si(100) surface were
observed. Then the substrate temperature was smoothly
reduced to the desired value and the InAs deposition
was initiated at a conventional MBE mode. The InAs
deposition rate was typically 0.1 monolayer (ML) per

(
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second. When the deposition of the desired average
thickness of InAs had been completed, the sample was
immediately quenched to the room temperature and
removed from the growth chamber in order to perform
scanning tunnelling microscopy (STM) and scanning
electron microscopy (SEM) studies. SEM
measurements were performed using CamScan setup.
Pieces for STM studies were covered with silicon
vacuum oil immediately after exposure to the atmo-
sphere, a procedure used before in our studies of InAs
QDs on GaAs surfaces  [8]. A calibration of the growth
rate, III – V flux ratio, and monitoring of the surface
morphology during growth was performed using
reflection high energy electron diffraction (RHEED)
system composed of a high sensitivity video camera, a
video tape recorder and a computer, all interconnected
via specially-designed interface  [9]. Transmission elec-
tron microscopy (TEM) images were obtained on the
samples when InAs islands were covered with 30–50
nm of silicon using JEOL 4000EX microscope. The
same structures were used for luminescence experi-
ments. A 514.5 nm line of the Ar+ laser was used as an
excitation source and a Ge photodiode as a detector.
The excitation density was 5–100 W/cm2. The struc-
tures for TEM and PL studies were grown in a follow-
ing manner. Just after InAs deposition, a 10–20 nm Si
cap layer was grown at the same substrate temperature
T

s
 as for InAs deposition followed by a 10 min annealing

procedure at 650 °C – 700 °C. Then 20–40 nm of Si
was grown at the same temperature with optional

consequent 10 min annealing at 700 °C – 800 °C in
order to smooth the resulting surface.

3. RESULTS AND DISCUSSION

In Fig.1 we summarise RHEED data of the dependen-
cies of the substrate temperatures and As

4
/In fluxes ratio

in the ranges 350 °C – 450 °C and 2 – 12, respectively,
on the critical thickness d

crit
 (mean thickness at which

3D nanoscale islands start to appear at the surface).
The lowest limit of  T

s
 was chosen for two reasons:

first, determination of T
s
 at very low temperatures is

difficult and second, because of poor quality of Si cap
layer grown at too low temperatures. Poor quality of
the Si cap layer may hinder the device applications.
On the other hand, we have found that at temperatures
higher then 450 °C no nanoislanding is observed on
the surface independently on the V/III flux ratio, total
arsenic overpressure, etc. limiting the range for the
highest T

s
 as indicated in Fig.1. (At higher T

s
 only

mesoscopic dislocated clusters with lateral size of ~400
nm appeared on the Si(100) surface  [10]). Following
the data presented in Fig.1 one can conclude that de-
pending on the growth conditions, 2D–3D transition
can be tuned in the thickness range of 0.7–4.0 ML. On
the other hand, we have observed two different growth
modes for the InAs/Si heteroepitaxial growth. First,
Volmer–Weber growth mechanism could be realised
when InAs nanoscale islands are formed on the bare
Si substrate (i.e. for d

crit
<1 ML). Typical RHEED pat-

tern for this case is presented in Fig. 2,a. At higher T
s

(400 °C – 450 °C) we observed Stranski-Krastanow
growth mechanism when d

crit
 exceeded 1.0 ML and

the formation of InAs nanoscale islands occurs on the
top of the wetting layer. RHEED pattern for this par-
ticular case is presented in Fig. 2,b. These results are
in agreement with the 2D – 3D transition intervals ob-
served by other groups [11, 12].

Typical surface morphology extracted from the STM
images for these cases revealed high density arrays of
nanoscale islands (with surface density of the order of
((1÷6)×1011 cm-2) and the lateral sizes of 10–20 nm
[13, 14]. These islands are basically pyramidal in shape
with rectangular or triangular base.

We have found that the growth conditions (the
amount of InAs deposited, fluxes ratio influenced
greately the arrangement, sizes and surface density of
InAs/Si islands  [15]. In order to clarify how growth
parameters influence the surface morphology we grew
three samples, labelled 1–3. Their MBE growth
conditions and geometrical characteristics measured
with SEM are presented in the Table 1.

The main trends for the uncapped InAs/Si island
formation are the following. At higher As pressure and

Fig. 1. Critical thickness dependence on substrate temperature
and JAs4/JIn fluxes ratio during InAs/Si growth.
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Fig. 2. Typical RHEED patterns in [011] direction taken
after the formation of InAs 3D islands in Si(100) surface via
(a) Volmer-Weber and (b) Stranski-Krastanow growth
modes.

a)

b)

the same InAs mean thickness the island size drops as
compared to the case of the decreased As/In fluxes ratio
(samples 1 and 3). We believe that this is due to the
suppressing of the surface migration length. The den-
sity of the islands for the sample 3 is four times higher

than that of the sample 1. The islands size distribution
becames narrower, too. With increasing the average
InAs thickness (sample 2) the islands start to form large
conglomerates. These clusters are elongated and ex-
hibit crystallographic shape with the base oriented
along [011] and [011] directions. The similar situation
was observed in  [11] where such clusters were formed
during the InAs growth on Si(100) passivated (hydro-
gen-terminated) surfaces with approximately same size
and surface density. We note that for the sample 2 the
critical thickness is larger by the value of 1.8 ML, i.e.
2.5 times higher. In InAs/GaAs heteroepitaxial system
such  large sizes should lead to the formation of the
dislocations. In order to check the crystalline quality
we studied the same uncapped samples with cross—
sectional TEM.

      Most of the islands exhibited considerably good
crystalline quality although misfit dislocations appeared
at the InAs/Si interface. In Fig. 3 typical cross-section
TEM image for single InAs nanoisland is presented.
Using high resolution TEM data taken from the Si
capped samples we have found that the critical lateral
size of the coherent dislocation—free islands is equal
to 2-5 nm depending on the island height. Islands of

Table. MBE growth conditions and geometrical characteristics of the InAs/Si(100) quantum dot samples

Sample InAs thickness, As/In fluxes Island lateral Surface density of
No. ML ratio size, nm islands, 1010 cm2

 1  1.2   3  15–50 4
 2  2.5   3  20–80 1.6
 3  1.2  10  3–15 16

Fig. 3. Typical high resolution cross-section TEM image of
the single InAs nanoscale island at Si(100) surface.
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larger size are defected due to misfit dislocations or
twins. We also suggested that most of the InAs
reevaporated during the deposition (or annealing) of
the cap layer. Fig. 3. shows typical high resolution
cross-section TEM image of the single InAs nanoscale
island at Si(100) surface.

The samples with such InAs quantum dots capped
with 30–50 nm Si layer show a luminescence band in
the 1.3 µm region for temperatures up to ~170K. The
PL exhibited a pronounced blue shift with increasing
the excitation density and decays at the time constant
of ~400 ns  [16]. Fig.4  compares  low  temperature PL
spectra of the 4.8 ML with the 1.6 ML InAs samples
deposited in different growth modes (Stranski-
Krastanow for 4.8 ML and Volmer-Weber for 1.6 ML*.
These spectra reveal TO-phonon assisted exciton
emission of the Si substrate and barrier at ~1.11 eV.
The broad emission band in the 0.9 to 1.05 eV region
was observed for both InAs deposition thickness sug-
gesting its origin to be associated with the InAs
nanoobjects embedded in Si matrix. This broad line
was not observed for the samples with InAs insertions
smaller than the critical thickness or on a Si substrate.
However, the size of these insertions evaluated using
TEM measurements does not exceed 5 nm  [16] which

Fig. 4. PL data for the InAs nanostructures embedded in Si matrix: (a) InAs grown via Stranski-Krastanow, (b) InAs grown
via Volmer-Weber growth modes.

is definitely not enough for charge localisation and
quantum confinement.

     Our very recent detailed TEM investigation of
these samples shows that besides a random distribu-
tion of InAs molecules, two kinds of ordering were
detected. Such regions (φ < 6 nm) are characterised by
larger InAs concentration. The first kind shows an
ordering of InAs molecules in (101), (101) planes in-
clined to the [001] growth direction, while in the sec-
ond one the ordered (110), (110) planes are parallel to
the [001] growth direction. The formation of such a
structure results in energy lowering due to the decrease
of the number of mixed Si–As and Si–In bonds. We
believe that the appearance of the broad PL peak is the
result of solid solution formation and/or ordering, be-
cause the incorporation of InAs molecules into Si ma-
trix changes the band gap of material and possibly shifts
the relative positions of conduction and valence bands.
Detailed results on TEM study will be presented in a
separate paper  [17].

4. CONCLUSIONS

We have demonstrated that InAs/Si(100)
heteroepitaxial growth might proceed via Stranski -
Krastanow or Volmer-Weber growth modes depend-
ing on the MBE growth parameters. Critical thickness
at which three dimensional InAs islands start to ap-

* InAs critical thickness for both samples was exceeded
by the value of 0.8 ML.
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pear at the Si(100) surface varies within the range of
0.7–4.0 monolayers (substrate temperature is 350 °C –
430 °C, As/In fluxes ratio is 2–12). Their size depends
critically on the growth conditions and is between 5
nm and 80 nm (uncapped islands). Critical lateral size
for Si capped InAs coherent dislocation-free islands is
equal to 2–5 nm depending on the island height. Is-
lands of larger size are dislocated. Optical properties
of the InAs nanoscale islands capped with Si reveal a
luminescence band in the 1.3 µm region independently
on the growth mode used for InAs deposition. The ap-
pearance of this peak can be caused by the solid solu-
tion formation and/or ordering due to the incorpora-
tion of InAs molecules into Si matrix during post
growth annealing which changes the band gap of ma-
terial and possibly shifts the relative positions of
conduction and valence bands. InAs/Si heteroepitaxial
system seems to be promising for Si–based optoelec-
tronic applications, in particular for short distance fi-
ber optics and integration of microelectronics and op-
tical parts at the same silicon wafer.
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