bIEA

Raman scattering from quantum dots of Ge embedded in SIi0, thin films

Minoru Fujii

Division of Science of Materials, The Graduate School of Science and Technology, Kebe University, Rokko,

Nada, Kobe 657, Japan
Shinji Hayashi® and Keiichi Yamamoto

Department of Electronic Engineering, Faculty of Engineering, Kobe University, Rokko, Nada, Kobe 657,

Japan

(Received 22 June 1990; accepted for publication 15 October 1990)

Raman measurements were carried out on Ge guantum dots from 6.1 to 15 nm in size
embedded in Si0; thin films. The samples were prepared by rf co-sputtering and post-
annealing. In contrast to the amorphous-like broad spectra previously obtained for gas-

evaporated Ge microcrystals of comparable sizes, relatively sharp lines around 300 cm ™

1

were observed, because the present dots satisfy the fixed boundary condition. The

increase in the linewidth observed with decreasing the size i1s in good agreement with the
results of the calculation based on the phonon confinement model. However, the downward
shift of the line predicted from the calculation was not observed presumably due to the

compressive stress exerted on the dots.

The optical properties of semiconductor microcrystals
as small as a few nanometers {(usually called guantum
dots) embedded in solid matrices are currently attracting
much interest, because they are expected to show very
large optica! nonlinearity"? and offer the possibility of fab-
ricating novel optical devices. Until now much experimen-
tal work based on the linear and nonlinear optical spec-
troscopy has becn made in order fo clarify the size-
guantized electronic states in these dots and explore new
optical phenomena reiated with the size guantization
(quantum size effects).> However, to our knowledge no
systematic measurement on the vibrational states of the
quantum dots embedded in solid matrices has beer made
so far. Information on the phonons is indispensable for the
discussion of electron-phonon interactions in the dots.

Very recently, we have succeeded in producing Ge
quanturm dots ranging from 3 to 10 nm in size embedded in
thin films of pure 8510, by applying an rf co-sputtering
technique.® In our previous paper,® we reported the results
of optical transmission measurements which demonstrate
the quantum size effects. This work is an extension of the
previous work and we report here results of Raman mea-
surements. The Raman lines observed are relatively sharp
inn contrast to the broad amorphous-like bands previously
observed for gas-evaporated Ge and Si microcrystals.”
The size dependence of the Raman line is discussed on the
basis of the phonon confinement model.

The samples were prepared by the rf co-sputtering
method similar to that used in our previous work.® Small
pieces of Ge wafers ( ~0.5X5x 15 mm?) were placed on a
pure SiQ; target 10 cm in diameter and they were co-
sputtered in Ar gas. Thin films of the mixture of Ge and
Si0, were first deposited onto Si wafers, then they were
annealed at 800 °C for 30 min in vacuum of the order of
107 ° Pa. In the present sample preparation method, the
size of Ge microcrystals is controllable by varving the vol-
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ume ratio of Ge to Si0,, i.e., the number of Ge targets at
the moment of sputtering. Raman measurements were car-
ried out in a conventional 90° scattering configuration. The
spectra were excited by the 514.5 nm line of an Ar ion laser
and recorded by a Spex Ramalog 5M spectrophotometer.
After completing the Raman measurements, samples for
cross-sectional transmission electron microscopy (TEM)
were prepared following a standard thinning procedure in-
cluding mechanical and ion thinning techniques. High-
resolution electron microscopic (HREM ) images were ob-
tained by operating a JEM-200CX electron microscope at
200 kV.

Figure | shows a HREM image of 4 film obtained by
placing two Ge targets on the Si0, target. Lattice {ringes
corresponding to Ge microcrystals grown in the Si(3, ma-
trix are clearly seen. The microcrystals are spherical and
well dispersed in the matrix. From the distance between
the fringes (0.33 nm) and the angle between crossed
fringes (70.5%), we can identify these fringes with the
{111} planes of the diamond structure. In this work, the
average size d (diameter) of the Ge microcrystals was de-
termined directly from TEM images. For the sample
shown in Fig. 1 we obtained 4 = 6.1 nm with a standard
deviation of the distribution equal to 1.7 nm. The ratio of
the standard deviation {o the average size was roughly the
same { ~0.28) for all the samples prepared.

Figure 2 displays the results of Raman measurements.
We see that the sample with d = 15 nm exhibits a sharp
Raman peak at about 300 cm ™~ ! which is essentially the
same as that observed for buik Ge crystals. The peak can
thus be attributed to the I'ys phonon at the center of the
Brillouin zone. As the average size decreases from 15 to 6.1
nm, the Raman peak broadens and shifts slightly to higher
frequencies. Furthermore, the peak becomes weaker and
asymmetric accompanying a tail at the low-frequency side.
The tail is very pronounced for the sample with d = 6.1
nm. Results of a precise measurement of the full width at
half maximum (FWHM) and peak frequency are plotted
in Fig. 3 together with theoretical curves explained later.
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FIG. 1. HREM image of quantum dots of Ge embedded in 2 Si(¥, thin
film. We can clearly see lattice fringes corresponding to the {111} planes
of the diamond structure.

The FWHM for the sample with d = 15 nm is slightly
farger than that of the bulk Ge (~3.5 em (l), but as the
size decreases to 6.1 nm, the FWHM increases up to 10
cm !, which is about three times larger than the bulk
value. In contrast to the strong size dependence of the
FWHM, the size dependence of the peak frequency is very
weak. The peak tended to shift to higher frequencies but
fess than 2 em ™~ .

It should be noted here that the Raman peaks pres-
ently observed for the Ge quantum dots are relatively
sharp in good agreement with previous Raman data for
so-called microcrystalline Si films,”*! in which Si grains
smaller than 10 nm are contained. However, the present
data completely disagree with our previous data for gas-
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FIG. 2. Size dependence of Raman specirum for quantum dots of (e
embedded in 5103, thin films. The average particle size d was determined
from clectron micrographs.
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FIG. 3. Plot of the FWHM and peak frequency as a function of the
particle size. Open and closed circles are experimental FWHM and peak
frequencies, respectively. Solid curves represent the results of calculation
based on the phonon confinement model.

evaporated Ge microcrystals.”? In fact, we have shown
that gas-evaporated Ge microcrystals about 8 nm in size
exhibit very broad amorphous-like spectra, although they
are crystalline judged from HREM images. The great dif-
ference in the Raman spectra is thought to arise from the
difference in the surface boundary condition.

Since the Ge microcrystals in the gas-evaporated sam-
ples are only loosely packed, they satisfy the free-boundary
condition resulting in strong surface effects.””® The
amorphous-like Raman signals are thought to come from
the surface layers of the microcrystals, whose atomic ar-
rangement is more or less in disorder. Furthermore, the
signals are believed to be enhanced by several surface en-
hancement mechanisms. On the other hand, the present Ge
microcrystals are embedded in the 810, matrix and simi-
larly Si microcrystals in the microcrystalline films are
tightly stacked. The surfaces of these microcrystals are not
free and the surface effects are weak. The Raman spectra of
the present samples as well as those of the microcrystalline
Si films thus conserve the bulk character and the signals
are thought to come mainly from the interior of the mi-
crocrystals. Although the surface effects are weak in the
present samples, a tail appearing at the low-frequency side
of the Raman peak for smaller microcrystals may be at-
tributed to the surface layers. It is natural that the tail
becomes stronger as the size decreases, because the surface
to volume ratio increases.

For & semiconductor quantum dot as small as a few
nanometers, one would expect changes in the Raman spec-
tram caused by the confinement of phonon in a finite vol-
ume. Using expressions of the Raman intensity and pho-
non confinement function given by Campbell and Fauchet
[Egs. (6) and (9) in Ref. 11], we have calculated the size
dependence of the Raman line. The phonon dispersion
curves given by Nilsson and Nelin!'? were used in the cal-
culation. The solid lines in Fig. 3 represent the calculated
size dependence of the FWHM and peak frequency. Be-
cause of the size-dependent breakdown of the & = 0 selec-
tion rule in the Raman scattering process, the calculated
FWHM increases with decreasing size, while the peak fre-
quency decreases. Although the experimental points for
the FWHM are slightly lower than the calculated curve,
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the agreement between experiment and caiculation is sat-
isfactory. In contrast to this, the present samples do not
show the large downward shifts predicted by the calcula-
tion. We note here that for the microcrystalline Si films,
the downward shifts of the Raman pesk have been ob-
served with decreasing the grain size.’ !

The reason for the discrepancy in the experimental and
calculated size dependence of the peak frequency is not
clear at present. However, a possible explanation is the
compressive stress exerted on Ge microcrystals due to the
existence of the SiC, matrix. The nearest neighbor distance
irr a-Si(}, is of the order of 0.16 nm and that in Ge crystals
is 0.24 nm. The mismatch in the nearest neighbor distances
may result in the compressive stress on the Ge microcrys-
tals, similar to the cases of strained superlattices and epi-
taxial layers on various substrates. The compressive stress
leads to upward shifis of the Raman line thereby compen-
sating the downward shifts caused by the phonon confine-
ment. The stress may also affect the linewidth of the Ra-
man line. However, discussion of the effects of the stress on
the linewidth is extremely difficult at present, because de-
tailed information about the stress is not available. For
example, we do not know to what extent the siress is uniax-
ial or hydrostatic. If the stress is uniaxial, it may induoce the
splitting of the phonon branch and resull in an apparent
broadening of the Raman line. Further detailed studics are
required to clarify the effects of the stress on both the peak
position and the linewidth.

In the above discussion we did not take into account
the cffects of size distribution. If there is a strong size
dependence of the peak position, the size distribution will
cause a non-negligible inhomogeneous broadening of the
Raman line. However, we did not observe the strong size
dependence of the peak position. Therefore, the inhomoge-
neous broadening is thought to be much less important
compared to the broadening caused by the phonon con-
finement.
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In summary, we have demonstrated that Ge guantum
dots embedded in thin 510, ilms show sharp Raman lines
in severe disagreement with amorphous-like broad bands
previousty observed for gas-evaporated Ge microcrystals of
comparable sizes, The present Raman lines are sharp, be-
cause the present dots satisfy the fixed boundary condition.
The increase in the linewidth observed with decreasing size
is in good agreemeni with the calculation based on the
phonon confinement model. However, the downward shift
predicted from the calculation was not observed presum-
ably due to the compressive siress exerted on the dots. The
present results together with those on gas-evaporated Ge
microcrystals clearly demonstrate that the surface bound-
ary condition plays a crucial role in determining the Ra-
man spectra.
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