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Self-assembled Si12xGex islands were studied in detail using atomic force microscopy. The
self-assembled Si12xGex islands were formed by a novel two-step process. First, highly strained
Si12xGex thin films ~with x;0.4! were selectively grown on a silicon wafer by chemical vapor
deposition at 650 °C. The growth was followed by an annealing step performed in hydrogen at
750 °C at reduced pressure conditions for specific times. The size and distribution of the islands was
found to be a function of the annealing conditions and an ordered pattern could be achieved with
specific annealing conditions. This growth process shows a new way of creating device islands,
which are confined within oxide regions and could be ordered, for applications in optical and
electronic devices on silicon. ©2001 American Vacuum Society.@DOI: 10.1116/1.1354976#
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I. INTRODUCTION

Self-assembly of semiconductor islands on a crystal
substrate for the formation of quantum optical and electro
devices has become increasingly important in recent ye
One of the motivations behind these efforts is to find c
effective means to form nanoscale device regions without
use of expensive lithography techniques. Another motivat
is to form devices and functions that take advantage of qu
tum confinement effects for electronic and optical appli
tions such as light emitting diodes~LEDs!, tunneling diodes,
detectors, etc. The well-known Stranski–Krastanov~SK!
growth concept for self-assembly of semiconductor crys
was initially demonstrated on III–V and II–VI families o
semiconductor materials. The main goal of the efforts in t
area is to form ensembles of identical quantum size syste
For example, three-dimensional InAs,1,2 InSb, GaSb, and
AlSb3,4 nanometer-scale dots have also been grown
GaAs. Similarly, in recent years, the SK growth techniq
has been applied to silicon-based heterostructures and
Ge islands have been grown on silicon substrates.5–10 The
islands were grown using a modified SK growth process w
chemical vapor deposition of germane from 10 T to atm
spheric pressure in a commercially available reactor.5 The
same authors also show that preferential formation of
islands takes place at the edges of a selective silicon re
facet.6 In a later study, the authors also showed that once
islands are formed, subsequent annealing changes the s
and size of the islands as a function of annealing time.7 At-
oms can detach from one island and diffuse to other lar
islands as function of thermal conditions, a phenomen
known as Ostwald ripening.5,8,11 The positioning of single-
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crystal Ge islands at specific locations by Silicon me
formed by nanoimprinting and etching has also been dem
strated in an effort to achieve an ordered array of dev
islands.9 We have also reported on the formation of order
SiGe islands by annealing of thin SiGe films, thus providi
a method to localize the formation of SiGe islands.10

The silicon–germanium (Si12xGex) materials system is
quite attractive since the possibility of integrating se
assembled nanostructures with silicon technology for e
tronic and optical applications provides great promise to
tend the silicon technology roadmaps. LEDs in SiG
nanostructure diodes have been reported as possible
amples of such technology.12 Lithographic positioning of
germanium quantum dots, which was demonstrated earl6

has also been used to propose a prototype dot registe
quantum computing.13 For optical applications, random po
sitioning of the germanium dots is sufficient, but for ele
tronic applications, such as the dot register described ab
ordered placement of dots within a device region is nec
sary. This article provides further details on the process fl
the formation, and atomic force microscopy~AFM! charac-
terization of self-assembled SiGe islands that can be form
in ordered arrays within device regions bounded by oxide
novel two-step process has been devised consisting
growth and subsequent thermal annealing of a metast
Si0.6Ge0.4 film. This process can potentially be used to for
devices, which can have applications as electronic dev
~active device regions, dot registers, etc.! and optical devices
~LEDs, etc.!.

II. PROCESS FLOW

The process for the formation of structures described h
is shown in Fig. 1. A 3500 Å thick oxide was formed usin
local oxidation of silicon on 8 in. silicon wafers. Variou
il:
5171Õ19„2…Õ517Õ6Õ$18.00 ©2001 American Vacuum Society
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regions were defined on the wafers with an overall expo
area of about 15%. Thin Si0.6Ge0.4 films are selectively
grown on silicon wafers using a commercially available e
itaxial system~ASM Epsilon-1! in reduced pressure chem
cal vapor deposition conditions. A high temperature~950 °C!
H2 bake for 10 min at 30 T was used to remove any nat
oxide prior to the growth. The films were then selective
deposited directly on the silicon exposed area at 40 T
650 °C. GeH4 and Si2H2Cl2 were used as the source gas
and HCl was used to enhance selectivity over the oxide.
HCl to Si2H2Cl2 ratio was 100 sccm/75 scccm. Hydroge
was used as the carrier gas at flow rates of 20 slm.

After growth, the wafers were visually inspected and
sign of defects or dislocations were observed. The gro
was perfectly selective and nucleation did not occur on
oxide regions. Different regions were analyzed on the wa
Region A consisted of a large square of silicon germani
opening in the oxide, which was 50mm on a side. Region B
had the same overall size as region A but had 1mm silicon
germanium spaces between the 2mm32 mm oxide islands
distributed evenly in a 50mm square region. Region C con
sisted of small 3mm34 mm silicon germanium windows
with oxide spaces in between them. After structure grow
all of the wafers were brought to atmosphere and analy
using AFM, scanning electron microscopy~SEM!, and trans-
mission electron microscopy~TEM!.

III. CHARACTERIZATION AND DISCUSSIONS

Scanning electron microscopy was first used to inspect
as-grown films, which did not go through any subsequ

FIG. 1. Process flow for the island formation.~a! Local oxidation of silicon
to form active device regions,~b! selective growth of silicon–germanium
alloy, and~c! controlled relaxation and nucleation of islands.
J. Vac. Sci. Technol. B, Vol. 19, No. 2, Mar ÕApr 2001
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anneals. Results showed a smooth film surface within
selective growth regions, as shown in Fig. 2. A hig
resolution cross-sectional TEM image, performed throu
region A, shows a film thickness of 55 Å, as shown in Fig.
Even though the film does not show any defects or dislo
tion, it is most likely in a metastable regime, as given by t
well-known Mathews–Blakeslee curves and stabil
criteria14 and hence should relax when annealed. A sim
TEM was also performed in region C along the narrow 2mm
width and the results showed a film growth of about 160
and thus there were microloading effects present due to n
optimized growth conditions.

After the selective film growth as described above on
other wafer~No. 2!, it was in situ annealed at 750 °C in H2 at
40 Torr for 6 min. Hence, this wafer was not exposed
atmospheric conditions, but rather annealed in the sa
vacuum cycle after the growth. Subsequent inspection of
films on wafer No. 2 demonstrated the formation of islan
in the regions where the selective growth had taken pla
The islands were characterized by an AFM~Digital Instru-
ments Nanoscope III Dimension 5000!. Figure 4 shows an
AFM image of the islands formed in region A of wafer No
2. These islands are larger than the previously reported
formed by SK growth of Ge on silicon substrates, whi
were 20–75 nm wide.6,7 The root mean square~rms! rough-

FIG. 2. SEM of the as-grown selective SiGe film in region A in wafer No
showing a smooth film.

FIG. 3. TEM of as-grown selective SiGe film in region A in wafer No.
showing a 55 Å film.
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ness of a 10mm310mm area in region A of wafer No. 2
was 23.6 nm. The island density was found to be about
mm22. From the roughness scans, the maximum height of
islands was found to be 102.5 nm also confirmed by a cro
sectional scan. Region B in wafer No. 2 showed islan
which were most uniform in size when compared to regio
A and C. The rms roughness of the silicon germanium
lands in between the oxide squares in region B was foun
be 20.7 nm, and the island density was increased to abo
mm22 as compared to 3.2mm22 in region A. From the
roughness scans, the maximum height of the islands in
gion B was found to be 127 nm.

Grain size analysis software from Digital Instruments w
used to determine the size distribution of the islands in wa
No. 2 and the grain size was found to vary with the init

FIG. 4. AFM scan of the islands in region A.

FIG. 5. Angled scanning electron microscope picture of region B. Islands
formed in the regions between the oxide where the film was initially gro
selectively.
JVST B - Microelectronics and Nanometer Structures
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exposed silicon area. The AFM scan of islands in region
and B are shown in Figs. 6 and 7, respectively. Within t
10mm310mm area in region A, the mean grain size w
found to be 1.293105 nm2 ~;359 nm diameter assuming
circular shape! with a standard deviation of 6.623104 nm2

~;257 nm!, as tabulated in Fig. 8~a!. As can be seen from
the pictures in Fig. 8, and numerically demonstrated by
grain size analysis, there is a large variation in island size
particular, a few of the islands are large and oblong wh
increases the standard deviation. Of course, it is desirab
have the island size as uniform as possible.

Between the oxide patterns in region B, the mean gr
size of silicon–germanium islands was found to be 4
3104 nm2 ~;245 nm diameter assuming a circular shap!
with a standard deviation of 1.673104 nm2 ~;139 nm!. The

re
n

FIG. 6. AFM scan for the grain size analysis in region A.

FIG. 7. AFM scan for the grain size analysis in region B. The oxide regio
were subtracted from the analysis.
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histogram of the island size in region B is shown in Fig. 8~b!.
The island size and the standard deviation are reduced c
pared to what was observed in region A.

AFM scans and grain size analysis was also performe
region C, which were the 4mm33 mm initial silicon open-
ings, as shown in Fig. 9. The islands are clearly smalle
size than those in region A. However, the distribution
dense, similar to those observed in region B~Fig. 7!. The
data from Figs. 9 and 10 clearly show that island size i
function of the size of the initial silicon open areas on whi
the selective SiGe film was grown. When the openings
small, the size of the SiGe islands formed after annealin
also small. Comparatively, the islands are larger when t
are grown on larger areas of silicon. Cross-sectional T
was also used to characterize region C, and a represent
image is shown in Figs. 11~a! and 11~b!. The previously
smooth film has clearly coarsened into islands. There

FIG. 8. ~a! Histogram of device island size from grain analysis of region
~b! Histogram of device island size from grain analysis of region B~exclud-
ing the oxide regions!.

FIG. 9. AFM scan for the grain size analysis in region C.
J. Vac. Sci. Technol. B, Vol. 19, No. 2, Mar ÕApr 2001
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defects and stacking faults within the islands originati
from the interface. The region adjacent to the islands is
pressed and it appears that migration of silicon atoms
taken place from these regions to the islands. Micro-Au
studies were performed with a spot size which was sma
than one of the islands in region C. The germanium conc
tration in the unannealed, strained film was found to
41.05%~50 Å deep into the surface!, whereas the germanium
concentration in the annealed film was found to be 18%~at

FIG. 10. Histogram of device island size from grain analysis of region

FIG. 11. ~a! Cross-sectional TEM through the islands. The oxide edges h
been highlighted.~b! Close up TEM through one of the islands showin
stacking faults within the islands.
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the same depth of 50 Å!. Hence, it appears that addition
silicon species were incorporated into the islands as the
relaxed and formed islands resulting in a net lower germ
nium concentration in the islands and a depletion of the s
con surface around the islands.

IV. EFFECT OF ANNEAL CONDITIONS AND
DISCUSSION

Various annealing conditions were explored in order
produce uniformly sized islands and to improve our und
standing of the underlying physical phenomena occurring
this system. An additional sample was grown as describe
the section above, however, the temperature of thein situ
anneal was reduced to 650 °C for 25 min in hydrogen at
T. The resulting film was still highly strained and had n
relaxed, i.e., SEM micrograph images revealed a lack of
island formation. AFM analysis of this particular samp
showed a rms roughness of only 1.17 nm. This indicated
the initiation of island formation is certainly thermally drive
and annealing at a lower temperature~for a longer duration
of time! did not form islands as did the sample that w
annealed at 750 °C for 6 min at 40 T. The relaxation mec
nisms of such a system have also recently been stu
where wave and island formation was observed as func
of annealing conditions.15 It has been confirmed that hydro
gen acts a surfactant in silicon growth and thought to red
surface mobility. The same might also be true in the Si
system. The formation of these islands is related to the
face migration and lateral movement of the atoms to adjac
sites. The diffusion of the atoms is related to their mean f
path, which is known to be a function of pressure. Hence
anneal was performed on an additional wafer at 650 °C
25 min in hydrogen at 20 T to examine the effect on isla
shape and form. Figure 12 shows an AFM image of t
region. As clearly evident, the island density, shape, and
are different than the sample annealed at the previous co

FIG. 12. AFM scans in region A after the thermal annealing~subsequent to
the growth!. Anneal was performed at 650 °C for 25 min at 20 Torr
hydrogen. Order is clearly visible.
JVST B - Microelectronics and Nanometer Structures
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tions. The surface undulations and waves are also spat
reduced. These samples and conditions show the mos
dered arrangement of submicron sized islands. When Fig
is compared to Fig. 4, the islands in Fig. 12 are smaller, h
a higher area density, and are ordered. The grain size an
sis was not performed since the islands are not isolated
are still connected. The rms roughness of islands in Fig.
~region A! was found to be 19.8 nm, and the island dens
was increased to about 11mm22 clearly indicating an in-
creased packing. From the roughness scans, the maxim
height of the islands was found to be 142 nm. The conn
tion between the islands can possibly be removed eithe
an etching step or by a sacrificial oxidation step. It can a
be conjectured that given the proper thickness of the film
anneal conditions, the islands can be made perfectly orde

The mechanisms behind the formation of these isla
can be postulated as follows. The initiation of the isla
formation is due to the relaxation of the metastable gro
film once thermal energy is provided to the system. T
mechanisms could be similar in nature to ones governing
SK growth processes. Initially, the unannealed film
strained and in a metastable state. When thermal energ
provided to the system, the film relaxes and the surf
drives to attain the lowest energy, i.e., the islands. A mo
fied form of Ostwald ripening could be taking place th
assists in the formation of the islands.5,8,11 Ostwald ripening
occurs in various materials, where second phase parti
grow in a matrix to form clusters and reduce the total ene
of the system. The initiation can take place from kink sit
either at the edges of the oxide/SiGe or from sites of imp
fection at the SiGe/Si interface. Lower temperature redu
the formation of the islands due to the reduction in the th
mal energy provided to initiate the relaxation. The late
diffusion, migration of atoms, and surface undulations of
film are expected to be dependent on the ambient pres
and the hydrogen surface coverage. This was found in
case since reducing the pressure increases the diffusion
the ‘‘mean free path’’ of the atoms and enhances the form
tion smaller size islands.

V. CONCLUSIONS

In conclusion, we have examined a new technique to fo
ordered self-assembled device islands using annealing of
SiGe films, which were selectively grown within oxide win
dows. The novel two-step process includes the growth of
film and anin situ thermal anneal which relaxes the met
stable film into self-assembled islands. The island distri
tion and size were examined using AFM and the high
density and smallest size islands were formed in the sma
size oxide windows. The size of the islands was sma
when the ambient hydrogen pressure was reduced. Using
approach presented in this article, evidence has been
sented which shows that ordered self-assembled device
lands can be formed with proper optimization of the anne
ing conditions.
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