
APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 24 15 JUNE 1998
Fabrication of multiperiod Si/SiO 2 /Ge layered structure through chemical
bond manipulation

K. Prabhakaran,a) T. Matsumoto,b) T. Ogino, and Y. Masumotob)

NTT Basic Research Laboratories, 3-1 Morinosato Wakamiya, Atsugi-Shi, Kanagawa-ken 243-0198 Japan

~Received 18 November 1997; accepted for publication 13 April 1998!

In this letter, we report a method called chemical bond manipulation for fabrication of multiperiod
nanometer sized Si/SiO2 /Ge layered structure. Chemical bond manipulation is a self-organization
process which involves selective breaking and making of surface chemical bonds and thereby enable
formation of the desired species on a full wafer scale. We show that oxygen of germanium oxide
layer formed on Si~111! are picked up by the Si atoms arriving at the surface during subsequent
growth. This phenomenon involves breaking of Ge–O bonds and making of Si–O bonds and leads
to the formation of ultrathin Si and Ge layers sandwiched between ultrathin silicon oxide layers,
preserving the original wafer morphology. This material exhibits blue-green light emission at room
temperature when excited by ultraviolet laser. ©1998 American Institute of Physics.
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Light emission from group IV semiconductors has be
emerging as one of the important research fields, aime
developing Si-based optoeletronics technologies.1-4 Si has
been reported to emit light when it is in nanostructure form5,6

and the luminescence behavior is crucially dependent on
nature of the nanometer sized structures. However, con
lability of the size of the nanostructures, interfaces, and s
face planarity have posed problems in realizing integrate
optoelectronic devices.6 In the area of fabrication of nano
structured materials, control of atomic processes is a
approach to achieving the formation of the desired spec
Several researchers have reported7 nanostructure fabrication
by atom manipulation such as using scanning tunneling
croscope tip. However, this approach has the main drawb
that it is limited to only a very small area of the wafer a
involve only a single type of material and therefore is n
technologically feasible. Chemical bond manipulation
volves a judicious combination of deposition techniques s
as molecular beam epitaxy~MBE! and surface phenomen
such as chemical reaction. Through manipulation of surf
chemical bonds,8 it is possible to impart functionality to
nanostructures by forming different phases of materials s
as semiconductor, metal, and insulators which are esse
for devices.

The growth of Si and Ge was carried out in an MB
chamber.In situ ultraviolet and x-ray photoelectron spectr
scopic measurements~UPS and XPS! were performed to
characterize the surface species and the reaction pathw
Si~111! wafers (n type, 1–5V cm! were cleaned using stan
dard methods and a buffer layer of; 150 Å was deposited to
ensure good quality starting surface. On this sample
monolayers~;6.5 Å! of Ge was deposited at room temper
ture ~RT!. The sample was oxidized by exposing to flowin
oxygen, outside the ultrahigh vacuum~UHV! chamber, for 1
min. This process resulted in the formation of nearly tw
monolayers of Ge oxide. The sample was reinserted into
UHV chamber immediately and characterized using pho

a!Electronic mail: prab@will.brl.ntt.co.jp
b!Single Quantum Dot Project, ERATO, JST, 5-9-9 Tohkohdai, Tsukub
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emission measurements. Si~3 nm! was deposited onto this
sample at RT. This procedure~Ge deposition, oxidation, and
Si deposition! was repeated seven times~in the case of the
sample discussed in this letter, hereafter called as 7-pe
sample!, each time characterizing the surface species.
nally, the sample was capped with Ge~6.5 Å! and Si~5 nm!
and ex situmeasurements such as cross-sectional trans
sion electron microscopy~XTEM!, Auger depth profiling,
atomic force microscopy~AFM!, and photoluminescenc
~PL! measurements were performed. We preferred Si~111!
substrate to Si~100! for the growth of multilayers becaus
our previous work9 showed that bonding partner change r
action performed on Si~100! substrate resulted in conside
able surface roughening.

Fig. 1 shows the XPS in the Ge 2p region after oxidizing
the Ge covered Si~111! surface@spectrum~a!#, and after de-
positing Si onto the Ge oxide covered surface@spectrum~b!#.
Spectrum~a! shows that oxidation results in the formation
a mixture of Ge oxides. On depositing Si onto this surfa
Ge–O bonds are broken and Si–O bonds are formed
other words, oxygen changes the bonding partner from G
Si10 and the signal due to the oxides in Ge 2p spectrum dis-
appears completely. The Ge 2p spectrum returns to that o
the same prior to oxidation, implying complete reducti
@see spectrum~b! in Fig. 1#. Corresponding Si 2p spectra are
plotted in the inset to Fig. 1 and show signal due to silic
oxides after the deposition of Si onto the Ge oxide cove
Si~111! surface. The signal due to the oxides in Si 2p is
weak compared to that of the Ge oxides because the m
peak is dominated by bulk Si. Spectral changes in O 1s as
well as UPS corroborate the chemical bond manipulat
reaction. This breaking of Ge–O bonds and making of Si
bonds can be understood based on the large differences i
heats of formation11 of Ge oxides~for GeO and GeO2,
DH f5262 and2131 kcal/mol, respectively! compared to
that of Si oxide (DH f52217 kcal/mol!. The strength of the
chemical bonds are accordingly different~Ge–O and Si–O,
151 and 191 kcal/mol, respectively!. The O 1s core level
exhibits a peak around 531.2 eV from oxidized Ge layer a
after depositing Si, the peak shifts to 532.4 eV due to
9 © 1998 American Institute of Physics
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp



ar
n
e
e
ve
ai
y o
re
di
e
e
ve
he

le

r-
. 2
is

s in

s.
and

d
ple
the
ol-
s is
er-
for

ach
a

a-
i
xi
a

e
e

the

3170 Appl. Phys. Lett., Vol. 72, No. 24, 15 June 1998 Prabhakaran et al.
formation of Si–O bonds. This was confirmed after comp
ing with independent oxidation experiments on clear Si a
Ge wafers. Changes in the HeI UPS further substantiates th
occurrence of the reaction. After oxidizing the Ge capp
Si~111! and the main signal due to Ge–O bonds is obser
at 5.6 eV. Upon depositing Si onto this surface, the m
peak is observed at a remarkably different binding energ
6.6 eV due to the formation of Si–O bonds. Furthermo
cross-sectional TEM pictures as well as AFM images in
cate that Si atoms reaching the surface in excess of the r
tion with the Ge oxides, form a uniform layer on top of th
silicon oxide. By repeating the above procedure, a no
structure consisting of ultrathin Si and Ge layers sandwic
between ultrathin silicon oxide layers, was fabricated~shown
schematically in Fig. 2!.

Figure 2 is the XTEM image from the 7-period samp

FIG. 1. XPS in the Ge 2p region from a thin~4 ML! Ge layer deposited on
Si~111! and oxidized@spectrum~a!#. The component peaks due to germ
nium oxides are resolved. Spectrum~b! is obtained after depositing 20 Å S
onto this sample at RT, indicating the disappearance of germanium o
peaks. The height has been normalized to make the comparison cle
Inset shows the corresponding Si 2p spectra. Signal due to silicon oxid
formation on depositing Si onto the germanium oxide covered surfac
indicated.
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indicating the formation of continuous layers with an inte
face roughness of the order of atomic dimensions. In Fig
we also show the Auger depth profiling data from th
sample. The sharp dips observed in the SiLVV signal due to
the depletion of elemental Si and the corresponding peak
O KLL signal~as indicated by the arrows!, show the forma-
tion of silicon oxide layers after each deposition of Si atom
Figure 3 shows the morphology of the clean substrate
the 7-period sample, as observed by AFM@images~a! and
~b!, respectively#. In spite of the overlayer growth~total
thickness; 30 nm! and the occurrence of chemical bon
manipulation in each period, the final surface of the sam
clearly shows the step/terrace structure, similar to that of
starting surface. In other words, the original wafer morph
ogy is preserved throughout the fabrication process. Thi
mainly because, the chemical bond manipulation is p
formed at RT, where the atom diffusion rates responsible
interface roughening are considerably reduced.12 This helps
to maintain a smooth interface, reduce the strain in e
layer, and thereby maintain surface planarity. This is

de
rer.

is

FIG. 3. Surface morphology~AFM! of ~a! clean Si~111! substrate and~b!
7-period sample. The original morphology is preserved, as indicated by
clear observation of surface steps.
ple is also

ond
FIG. 2. XTEM image from the 7-period sample showing the formation of continuous layers and sharp interfaces. A schematic description of the sam
given. Auger depth profile data from the 7-period sample is also shown. The sharp dips in the SiLVV signal ~due to depletion of elemental Si! and the
corresponding peaks in OKLL signal ~as indicated by the arrows!, confirm the formation of silicon oxide layers, as a result of the chemical b
manipulation.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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unique aspect of the chemical bond manipulation and p
mits the formation of the new layered structure on a fu
wafer scale. It is to be noted that on annealing at 500 °C,
layer structure is destroyed and the sample surface beco
rough, as the AFM images show the presence of nanom
sized voids.

Figure 4 shows the PL spectrum measured using 325
excitation light from a He-Cd laser. Blue-green lumine
cence is observed at RT with a spectral peak at;2.6 eV~full
width at half maximum of the order of 1 eV!. The inset to
Fig. 4 is a photograph of the light emitting sample at a tem
perature of 13 K. We recorded the PL intensity as a functi
of temperature and found that the intensity decreases w
the sample is brought to room temperature from 13 K. A
ditionally, we fabricated samples with different periods~4
and 2! and found that the PL intensity from those sampl
were significantly low compared to that of the 7-perio
sample.

We fabricated the multilayer structured samples wi
varying thicknesses of Si and Ge and performed PL measu
ments, in order to examine the effect of quantum confin
ment on the blue-green light emission. We did not obser

FIG. 4. RT PL spectrum from the 7-period sample excited by He-Cd la
~325 nm,;2 mW!. Inset shows the photograph of the emission~beam spot
size;0.5 mm! taken at a sample temperature of 13 K.
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any shift in the PL peak energy and therefore can rule out
quantum confinement effect as a possible explanation for
light emission. We can also conclude that the emission is
due to nanocrystals/nanoparticles of Si13 or Ge14 as the
samples do not contain them, as verified by XTEM~the en-
tire fabrication process is carried out at room temperatu!.
We can also exclude the possibility that the emission or
nates from Ge oxides15 because XPS results clearly sho
that Ge is completely in the elemental form~see Ge 2p spec-
tra in Fig. 1!. Other possibility for the light emission is de
fects created at the interface or in the silicon oxide layer.16–18

It is known that defects in SiO2 matrix and nonstoichiometric
oxide of Si ~SiOx wherex,2! can luminesce efficiently19,20

and the emission observed at 2.7 eV is assigned as orig
ing from oxygen vacancy.21 In our samples, the signal due t
oxides in the Si 2p spectrum after the occurrence of the r
action, is a broad feature and therefore indicate the prese
of a mixture of suboxides and SiO2 ~indicated by the arrow
in the inset to Fig. 1!. This may suggest that the emission
suboxide related. Additionally, it is possible that in o
samples isolated luminescent species, such as for exam
E8 center are created as a result of the bonding par
change reaction. However, such species, if at all presen
our samples, are below the detection level in techniques s
as electron spin resonance spectroscopic measurem
Tamura et al.22 reported that hydroxyl groups~2OH!
present in the system can cause blue-green luminescenc
that is a possibility which cannot be ruled out in our sampl
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