
APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 4 27 JANUARY 2003
Strain-induced growth of SiO 2 dots by liquid phase deposition
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Silicon dioxide dots are deposited on the Si cap layers of self-assembled Ge dots using a liquid
phase deposition method. The Si capping layer directly above the Ge dots has a tensile strain, while
the Si cap on the wetting layer is not strained. The tensile strain can enhance the silicon dioxide
nucleation and deposition on Si surface, and SiO2 dots are directly formed on the top of Ge dots
with the SiO2 wetting layers between the dots. The step height and base width of the dots increase
with the deposition time. A metal-oxide-semiconductor photodetector is fabricated using the
liquid-phase-deposited oxide, and has a responsivity of 0.08 mA/W at 1550 nm. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1542682#
tte
ic

ia
sc
e

un

is
th
o

ox
d

tio
re
es

s
o

o-

e
p

i
/S
s
no
20

r as
on.

he
i-
D
-
f
is-

ion
sili-
on-
at

ere
ed
er-
ith

n
.
en-
t of
ted
bled
cer

-
tral

ht-
EM
d a
ep
yer
f
he

ma
The SiGe/Si heterostructures have attracted great a
tion in the high-speed electronics and optoelectron
applications.1,2 The strain engineering in the Si/Ge mater
system can change the band structures such as band di
tinuity, effective mass, electron mobility, and the band d
generacy. Various heterojunction devices such as heteroj
tion bipolar transistors~HBT!,3 high electron mobility
transistors,4,5 and strained Si/Ge channel field-effect trans
tors ~FET!6,7 were demonstrated. Strain can also control
layer growth, and self-assembled Ge dots on Si are dem
strated with material properties and optical properties.8,9 In
this letter, we demonstrate the dot structures of silicon di
ide can be grown on Si/Ge self-assembled layers with
density similar to the underlying Ge dot density.

To avoid material degradation such as strain relaxa
and Ge outdiffusion, the low-temperature oxide is often
quired to reduce the thermal budget of SiGe device proc
Liquid phase deposition~LPD! is a promising low-
temperature process for SiO2 formation with the advantage
of low cost, selective growth, and high throughput. Based
the reaction of H2SiF6 with water to form hydrofluoric acid
and solid SiO2 ,10,11the oxide prepared by liquid phase dep
sition can be deposited on Ge or Si substrates.12–15The Si/Ge
quantum dots are used to generate local strain on Si lay
and are prepared by ultrahigh vacuum chemical vapor de
sition ~UHVCVD! on p-type Si ~001! substrates. After a S
buffer layer of 50 nm was grown, 5 or 10 periods of Ge
bilayers were grown to form the self-assembled Ge dot
the temperature of 600 °C under the Stranski–Krasta
~SK! growth mode.16,17 The Ge layers are separated by
nm Si spacer layers. A 3 nm~nominal thickness! Si cap was
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deposited above the top layer of self-assembled Ge laye
the starting layer for the subsequent LPD oxide depositi
All ultrahigh vacuum chemical vapor deposition~UHVCVD!
layers arep-type with the estimated concentration on t
order of 131016 cm23. For comparison, rapid thermal ox
dation~RTO! at 700 °C was also performed. During the LP
process, the silicic acid (SiO2 :xH2O) was added to hydro
fluosilicic acid (H2SiF6,3 mol/L) at the temperature o
35 °C, and the solution was filtered to remove the und
solved silica. H2O was then added to the saturated solut
and enabled the solution to become supersaturated with
con oxide. Both quantum dots samples and the bare Si c
trol samples were placed into the immersing solution
50 °C together for different growth time. These samples w
then taken out from the solution and rinsed with deioniz
water. The oxide thickness of control Si wafer was det
mined by ellipsometry. The samples were characterized w
atomic force microscopy~AFM!, and transmission electro
microscopy~TEM! on $110% cross sections of the samples

Figure 1 shows the cross-section TEM image of the t
period Ge dots structure with the base and the heigh
;100 and;6 nm, respectively. The Ge layers are separa
by ;20 nm Si spacer layers. The Ge dots are self-assem
in a row vertically on the same position due to the spa
thickness smaller than the correlation length.8 After 15 min
LPD oxide growth, the SiO2 dots are formed on Si cap di
rectly above the Ge dots. Note that in the image, the cen
SiO2 dot is clearly seen, while the dots on the left- and rig
hand side exist, but the images are smeared. From the T
images, the oxide dots have step height of 14 nm, an
wetting layer of 5 nm. The definition of the height is the st
thickness between the oxide dot and the oxide wetting la
@the inset of Fig. 2~a!#. The wetting layer is a thin layer o
bright contrast above the Si cap in the TEM micrograph. T
il:
© 2003 American Institute of Physics
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thickness~5 nm! of wetting layer obtained from TEM micro
graph is similar to the oxide thickness~7 nm! on the control
Si samples, measured by the ellipsometry using the ref
tion index of 1.458. The step height~14 nm! of oxide dots
obtained from TEM is similar to AFM results~15 nm!. In
Fig. 2~a!, the oxide dot height obtained from AFM increas
with the LPD deposition time up to 27 nm. The oxide thic
ness on control Si is also shown in Fig. 2~a!, approximately
indicating the thickness of the oxide wetting layer. The ba
of the oxide dots also increases with deposition time from
~10 min! to 176 nm ~25 min!, as shown in Fig. 2~b!. To
confirm that the SiO2 dots replicate at the sites of the Ge do
globally, AFM is performed on the five-period sel
assembled Ge dots sample with a 20 nm Si spacer. The A
image is shown in Fig. 3. The oxide dot density is 3 –
3109 cm22, very similar to the Ge dot density which i
measured on the samples with the same growth cond
without the top Si cap. This indicates that the deposited S2

dots are vertically aligned on embedded Ge dots. The me
nism of this alignment is probably related with the stra
field on the Si cap. Due to the relaxation of Ge dots, the
cap area directly on the Ge dots has tensile strain,8 while the
Si cap area above the Ge wetting layer is strain free~Fig. 4!.
The nucleation of oxide during LPD process may be mu
easier on the Si area with tensile strain than the strain-fre
area. Since the step height of oxide dots increases with d
sition time faster than the oxide thickness on control Si

FIG. 1. Cross-section TEM micrograph of oxide dots on the self-assem
Ge quantum dots structures.

FIG. 2. ~a! Step height of LPD oxide dots and the oxide thickness on
control Si wafers vs LPD growth time. The oxide thickness on the contro
wafers is similar to the wetting layer thickness;~b! Base width of oxide dots
as a function of deposition time.
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shown in Fig. 2~a!, the tensile strain also enhances t
growth rates on tensile strained areas. The strain effect
last at least for oxide dot thickness of;45 nm @sum of the
oxide height and oxide thickness at the deposition time of
min in Fig. 2~a!#, since the step height still increases at th
oxide thickness.

To have a metal–oxide–semiconductor~MOS! structure,
aluminum is deposited on the LPD oxide and is patterned
form a MOS photodetector18 with a circular area of 3
31024 cm2. The infrared of 1550 nm wavelength is shine
on the edge of the MOS photodetector through an opt
fiber. The photogenerated minority carriers~electron! can be
collected by the gate electrode under the positive gate
by diffusion and drift~as shown in the inset!. A responsivity
of 0.08 mA/W ~efficiency of ;131024) is obtained with
the dark current as 0.3 mA/cm2 from the MOS photodetector
Figure 5 is the current–voltage curves with and without lig
exposure.

d

e
i

FIG. 3. AFM surface image of LPD oxide on the Si cap layer of 5-peri
self-assembled Ge dot sample with 20 nm Si spacers.

FIG. 4. Schematic diagram of strain field distribution. The Si cap area ab
the Ge dots has a tensile strain, and the Si cap area on Ge wetting lay
strain free.
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In summary, the strain field on the Si cap of se
assembled quantum dots can have preferential oxide de
tion during liquid phase deposition process. The oxide d
are formed on the Si cap with tensile strain, and are alig
vertically with Ge dots embedded in the Si caps. The ox
wetting layer is deposited between oxide dots on the Si
of self-assembled Ge dots. This strain controlled deposi
is demonstrated in the LPD process, similar to the epita
quantum dot growth reported in Si/Ge system.

FIG. 5. Current–voltage curves of a MOS photodetector using the L
oxide. The wavelength of infrared exposure is 1550 nm. The photogene
carriers can be collected by lateral drift and diffusion.
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