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The structure of Ge nanocrystals embedded into g 8i@krix on either SiLO0) or quartz-glass substrates
has been studied by transmission electron microscopy, x-ray absorption fine structure, and Raman scattering.
The size of the nanocrystal$—20 nn) is found to strongly depend on the substrate material, while their
shape—either spherical nanocrystals with multiple twinning defects or faceted single crystals—depends on the
location of the nanocrystals in the matrix. We found that Ge nanocrystals are predominantly formed from the
amorphous Ge phase, preexisting in the samples with higher Ge concentration, the formed nanocrystals are
randomly oriented and have a Ge—Ge bond length of 20151 A, i.e., are relaxed.
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[. INTRODUCTION vantages of XANES over the often used x-ray photoemission
spectroscopyXPS) to characterize the degree of oxidation

Si and Ge nanocrystalsc-Si,Gé embedded in Siphave  are(1) bulk rather than surface sensitivity af@) a smaller
recently attracted much attention due to their possible appndegree of the sample charging during the measurement.

cations in integrated optoelectronic devi¢e$in particular, In this paper we first present transmission electron mi-
croscopy(TEM) images of the formed nanocrystals that pro-

lctalhs afjichinosﬁigcgfizﬁsti:izlsn ;rrgalIosslsieglgrc;tljapsl\;rniréc(;crysvide direct evidence of the nanocrystal formation. We further
prcal . P X 9u€d, = gescribe in detail the results of x-ray absorption studies of

based on comparison of Si and Ge effective masses and egimpedded Ge nanocrystals. We finally compare the conclu-

ergy differences between the indirect gap and direct gap, thafions based upon these results with those obtained from op-

it should be easier to modify the electronic structure aroundical measurements.

the band gap of G&.

One of the promising ways to fabricate Ge nanostructures Il. EXPERIMENTAL DETAILS

is to make embedded Ge nanocrystals, the matrix usually Qur samples were prepared by co-deposition of Ge and
being SiQ. Different techniques, such as co-sputtering andsio, by radio-frequency(rf) magnetron sputtering onto ei-
ion implantions’~® and subsequent annealing are the usuather guartz glass or Q00 substrates with about 3—5-nm-
way to produce the nanocrystals. Intense visible photolumithick native oxide. The thickness of the samples was in a
nescence(PL) from Ge nanostructures has indeed beerb00-nm to 1um range and the Ge concentration varied from
reportedt®t 25 to 60 mol %. After deposition, the samples were annealed
The structure of nanocrystals is usually investigated usinde’ 1 h at 800°C in an argoatmosphere which produced
Raman scattering spectroscopy. While this is a powerfu anocrystals. Mgore details on the sample preparation can be
technique, in the particular case of Ge nanostructures gro und elsewhere.Below we shall refer to different samples

: . . i as Ge --)/substrate, with the number within the angular
on Si substrates it has to be applied with much care. We havl?rackets denoting the Ge concentration. Thus the notation

demonstrated earliér™” that in many cases the experimen- e 755100 corresponds to the sample with 25 mol % Ge
tally observed peak at300 cm ~ arises in fact from the Si e SiQ matrix on a Si100) substrate. TEM images were
substrate. . , taken on a Hitachi H-9000 instrument with an accelerating
A technique ideally suitable to determine the local struc-yoltage of 300 kV.
ture is x-ray absorption spectroscopy. Analysis of extended X-ray absorption measurements were performed in the
x-ray absorption fine structu&XAFS) allows one to deter-  fluorescence mode at room temperature at beam line BL13B
mine the bond lengtltwith an accuracy of up to 0.005)A  of the Photon Factory. As the fluorescence x-ray detector, we
coordination number, and degree of disorflerean-square have used a 19-element pure Ge detector. Typical count rates
relative displacementMSRD)]. X-ray absorption near-edge were about 20 000 count/sec. A double-crystal 8I) mono-
structure(XANES) spectra, in addition to the local atomic chromator designed for a high-heat-load wiggler was used.
structure, provide information on the electronic stafead- Higher-order harmonics were minimized by detuning the
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FIG. 1. TEM image of the annealed ®&€)/Si(100) sample.

Si(111) crystal monochromator to about 70% of maximum
incident intensity. The measured energy resolution at the Cu
K-edge(8.980 keVf was 2.0 eV with a partially limited ver-
tical beam size. Extrapolating the function, the energy reso-
lution is expected to be about 4 eV at the Ke&dge energy.

The stability of energy position was monitored by the
independent XANES measurements of reference materials,
i.e., copper foil and bullkc-Ge, the former being the calibra-
tion point. It was found that the energy scale was stable
during the experiment, extending up to 6 days within
+0.0002° in Bragg angle, which amounts to about 0.57 eV
in uncertainty. For XANES spectra, measurements were se-
quentially performed during the same fill for which uncer-
tainty in the energy scale was estimated to be less than 0.5
eV. More details on the experimental equipment can be
found elsewheré&®

As references, we have used a thiabout 1um) film of
Ge grown by molecular beam epitaxy on(1%10) (measured
in fluorescence modeand tetragonal GeQ(measured in
transmission mode Raman scattering was done at room
temperature using 633 and 514 excitation wave lengths.

IIl. EXPERIMENTAL RESULTS . FIG. 2. HR-TEM images Of: the annealed(GG)/Si(lOO) Sample
with Ge nanocrystals formed in the bulk of the sam{tgo) and in
A. Transmission electron microscopy the vicinity of the S{100 interface (middle), and of the G&0)/

Figure 1 shows the TEM image of the annealed@pg  duartz samplébottom.

Si(100). One can clearly see the formed nanocrystals. Inter- ) ) o

estingly, the nanocrystals are preferentially formed in the Interes_tmgly, the size and distribution of the nanocrystals

area away from the sample surface. One can also see thatR{eparedin a parallel processgrown on quartz glass are

the interface with the silicon substrate the density of theduite different from those on &i00). This is demonstrated in

nanocrystals is somewhat higher. Fig. 2 (botto@. One can clearly see that the size _of the
High-resolution (HR) TEM images (Fig. 2, top and nanocrystals in the nc-Ge/quartz sa_mple is c_onS|derany

middle) reveal several other features of the formed nanocrysSmaller and the nanocrystals form a kind of continuous net-

tals. The nanocrystals formed in the bulk of the sample hav¥/0rk.

clearly pronounced facets and are single crystals, in a few

cases with twinning defects. The nanocrystals formed in the B. X-ray absorption studies

direct vicinity of the Si substrate, on the other hand, are

spherical and the interface under these nanocrystals is no

longer flat. The size of the nanocrystals is almost the same in Figure 3 summarizes the Géedge EXAFS oscillations

both cases and is about 20 nm. after subtraction of smooth backgrounds due to the atomic
In the sample with lower Ge content, the nanocrystal sizeabsorption from the fluorescence yield spectra and normal-

is found to be smaller, in particular, in the annealed4Bg  ization to the edge jump. The background subtraction has

Si(100 sample, their size is-8 nm. been performed usinguToBK of the uwxAFs3.0 (Ref. 16

1. Extended x-ray absorption fine structure

195314-2



FORMATION OF Ge NANOCRYSTALS EMBEDDED INA . .. PHYSICAL REVIEW B7, 195314 (2003

0.3F = 10
Ge<25>/5i(100)

Ge<25>/quartz

0.2

(a)
—— as-deposited

asen eXp't
0.5 /\ A A — fit
] e annealed 0.0 AV AVAV"-'*
0.0 ‘/\/\NWW 0.5} V U V
) Ge<60>/quartz 7 Ge<60>/Si(100)
| | | | |

—— as-deposited

0H] . annealed

x(k)

i

-0.1 L ) 1 ) | ) L | \ ] . 1 L < -1.0 I_ {
4 8 12 4 8 12 o 2 4 6 8 10 12 14
Wavenumber (A™) x
FIG. 3. Raw EXAFS oscillations for as-deposited and annealed
samples on quartz substrdteft) and S{100) (right). The Ge con- 0.5+
tent is shown next to each curve. r\
0.0 V v..,"
andusTcxAFs2.0(Ref. 17 codes. The figure also shows the V V U
modification to EXAFS spectra upon annealing for the nc- 0.5~
Ge/S(100) (left) and nc-Ge/quartgright). U
One can see that the substrate dependence is not as strong L (N W TN . SN N
as may be expected judging from the difference observed in 2 4 6 8 10 12 14

the TEM images. Higher amplitude of oscillations at lower

wave numbers in samples with low and intermediate Ge con-

centrations (Fig. 3 indicates that Ge species in those FIG. 5. Fitting examples. Both Ge-O and Ge-Ge shells were

samples are predominantly surrounded by light elements. used for fitting(R range of 1.0—-2.7 fthe EXAFS spectra of thea)
The EXAFS oscillations multiplied bk [kx(k)] were  as-deposited andb) annealed G@O0)/Si(100 samples. Dotted

Fourier-transformedFT) using the region typically extend- lines, experiment; solid lines, fit.

ing from 4 to 16 A'* and a Hanning window. Figure 4 com-

pares the FT spectra for the as-deposited and annealgfk.Ge peak increases and higher shells appear, which pro-
samples deposited onto the two substrates. One can see thgfes evidence of the formation of the crystalline state.

the spectra consist essentially of two peaks located at 1.7 and por quantitative analysis, the least-squares curve fit was
2.4 A. The peak located at 1.7 A is due to Ge-O interaction,erformed using the'stcxarsz2.ocodel” and the theoretical
while that at 2.4 A represents the Ge-Ge interaction. Themplitude functions were calculated bgrra'4 The Fourier-
relative intensity of the Ge-Ge peak increases with an iNyansformed data were filtered and back-Fourier-transformed
crease in the Ge content. Upon annealing, the intensity of thgyo k space. To achieve better statistics and maximum con-

fidence in the results, the fitting was performed including

Wavenumber (A”)

600F : both Ge-O and Ge-Ge nearest-neighbor correlations in the
s00k- Ge<25>/quartz l: Ge<25>/5i(100) fit. We did not include Ge-Si correlations in the fit, and the
reason for that is discussed in Sec. IVC1.

400 —— as-deposited The filtered data GE€0)/Si(001) samples using theéR
300k 1 e annealed range includingboth Ge-Ge and Ge-O pair$l.0-2.7-A

A range, together with the result of the least-squares curve
200 R fitting based on a single scattering theory, are shown in Fig.
100 i N 5 AA 5 to demonstrate the quality of the fit. The obtained good fit

3 quality provides additional evidence that Ge-Si bonds are not

FT magnitude

| 1 | | [ . .
608 Go<60>/51(100) present in our samples. Structural parameters obtained for all
500 L i samples are summarized in Table I.
400} ‘

2. X-ray absorption near-edge structure

300 Figure 6 (top) shows XANES spectra for as-made

samples with different Ge concentration deposited on two
different substrates. For comparison, XANES spectra of ref-
erence samples, i.e., Ge and Ge@re also showriFig. 6,
bottom). One can see that for the low-Ge-concentration
samples there is a substrate dependence, namely, the white
line is higher for the case of the @5)/Si(100 sample. The

FIG. 4. FT spectra of as-depositésolid lineg and annealed high-Ge-concentration samples have identical XANES spec-
(dotted lineg samples. tra for both substrates.

200
100

0

0 1 2 3 4 5 60 1 2 3 4 5 6
Distance (A)
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TABLE |. Summary of the fitting results. [~ [~
Ge<25> Ge<60>
Sample Bond R o B .
description type N (x0.01 8 (+0.03 4 eanens 22 g,‘ﬁ%ﬁ,

Geg25)/Si(100 Ge-O  4.0+0.3 1.73 0.06
as-deposited Ge-Ge <0.2
Ge(40)Si(100 Ge-O 3.1+04 1.73 0.07
as-deposited Ge-Ge 0.7£0.3 2.44 0.07
Ge60)/Si(100 Ge-O  1.5+0.3 1.74 0.06 °
as-deposited  Ge—-Ge 2.5+0.3 2.45 0.07 =
Geg25)/Si(100 Ge-O  3.6+0.3 1.73 0.05 .
annealed Ge-Ge 0.3+0.2 - c-Ge
Ge(40)/Si(100 Ge-O  2.9+0.3 1.73 0.06 B
annealed Ge-Ge 1.2+0.2 2.45 0.06
Geg60)/Si(100 Ge-0O 1.0=0.3 1.73 0.06 o
annealed Ge-Ge 3.2+0.3 2.45 0.06 |
Ge(25/quartz Ge-O  4.2+0.3 1.73 0.05
as-deposited Ge-Ge <0.2 o
Ge(40)/quartz Ge-O  3.9+0.4 1.73 0.05 | | :
as-deposited ~ Ge-Ge  <0.2 1.0 1112 11,14 11.16 1110 1112 11.14 11.16
Gel60)/quartz Ge-O  1.3+0.3 1.75 0.06
as-deposited ~ Ge-Ge 2.4+0.4 2.45 0.07 Energy (keV)
Ce29/quartz  Ge-O  3.8-04 173 0.06 FIG. 6. XANES spectra of as-deposited samples with different
annealed Ge-Ge <02 low and high Ge content on different substratésp pai) and
Ge(40yquartz  Ge-O  4.0x04 1.73 0.05 XANES of reference samplebottom paiy.
annealed Ge-Ge <0.2
Geg6b0y/quartz  Ge-O  1.4+0.3 1.73 0.05 . .
annealed Ge—Ge 2.7+0.4 545 0.07 the higher Ge content, the formation of Ge nanocrystals upon

annealing is also shown by Raman scattering spectroscopy.
As an example, we show the spectra for as-made and an-

Upon annealing, the modification of the XANES spectranealed Gé&60) samples on the two different substratésy.
strongly depends on the Ge content and the substrate matg). A broad feature located around 280 thin the as-made

rial (Fig. 7). Thus for the SiL00 substrate annealing of the
low-Ge-content sample does not lead to any detectable
changes. The G60)/Si(100) sample, on the other hand, ex-
hibit a pronounced change: instead of a broad single-peak
white line in the as-deposited sample, two features are
clearly observed in the white line of the annealed sample.

In the case of the quartz substrate, annealing of the
Gg25) sample results in a significant reduction of the white-
line intensity. For the higher Ge concentration, the change is
similar to, but not identical to, the @00 substrate case.
The white line in the annealed sample also exhibits two fea-
tures, but the intensity of the higher-energy feature is stron-;
ger for the quartz-glass substrate than that for tH&0®)
substrate. A certain similarity in the spectra for the annealed
samples is also observed. The higher-energy feature has th
same intensity for the samples with different Ge content, but
the spectrum for the high-concentration Ge additionally pos-
sesses a shoulder at low energies. Such shoulder is not ok
served for the low-concentration sample. To summarize,
XANES spectra exhibit strong substrate dependence, anc
their modification upon annealing also strongly depends on
the Ge content.

IFi/i,

C. Optical studies

Si(100)

Ge<25>

Ge<25>

Quartz

Ge<60>

as-depo
= gnnealed

Ge<60>

as-depo
wesee gnnealed

1110 1112 11.14 11.16

11.10 1732 11.14 1116
Energy (keV)

1. Raman scattering

FIG. 7. Modification of XANES spectra for samples with low
and high Ge content on different substrates upon annealing. Top

For the G&25 samples, Raman spectroscopy was nolpair, G&25); bottom pair, G&O); left column, S{100); right col-
able to reveal any Ge-related features. In the samples withmn, quartz substrate.
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FIG. 9. Polarized Raman spectra for the annealed6Ge
FIG. 8. Raman spectra for as-deposit@eft) and annealed sj100) sample. Scattering geometries: solid lizéxy)z; dotted
(right) Ge(60) samples on different substraté833-nm excitation |ine, z’(x'y’)z’. The unprimed coordinates correspond to usual
light). Notice that vertical scales are different for the right-hand sidecype edges; the primed coordinates correspond to a system rotated
and left-hand side plots. about[001] axis by 45°.

samples(left) is t_rar?sformed into a sharp prysta”ine peakvnanocrystals are mainly formed from the preexisting amor-

located at 300 cm' in the annealed sampleight). phous Ge phase. We believe that this explains the lack of Si
The dlfference between the sgmples prepared in a p.aralledlnoymg_ The rather “soft” amorphous SiOmatrix is a

way on two different substrates is clearly seen. Even in aSgely reason for the formation of well-faceted nanocrystals.

deposited samples, the peak shape is different. For the The Ge atoms located in Sj@lose to the Si substrate, on
Ge(60)/Si(100 sample the peak has a shape characteristic ohe other hand, are under compressive strain. In order to

the amorphous phadet the same time the peak for the inimize the effect of strain, the nanocrystals tend to mini-
Ge(60)/quartz sample is asymmetric and signs of initial Crys-nize the surface energy, the result being a spherical shape
tallization are seen. The difference is also seen in the angitn multiple twins. Spherical Ge nanocrystals of similar
nealed samples. The nc-Ge peak for the(@HSi(100  gjze and structure have also been reported in Refs. 4 and 21.
sample is narrow and almost symmetric. The n¢@BE  The nanocrystals located in the vicinity of the substrate have
quartz sample, on the other hand, possesses a Raman Spgg-aqditional possibility to interact with the substrate. The
trum characterized by a broader asymmetric peak. interface roughness under the nanocrystals suggests Si-Ge

Figure 9 shows the polarized Raman spectra for the NCytermixing. It is worth mentioning that the above alloying
Ge(60)/Si(100. One can see that while the substrate peak igyeqominantly occurs on the substrate and not in the nano-

strongly polarized representing the orientational dependencgrystms, as we have found in Raman scattering and as was
the Ge-Ge peak intensity does not depend on the Scatterirtﬁeviously observed by TENE

geometry. The feature located at 410 Crwhich is due to The difference in the nanocrystal structure for the differ-
Ge-Si vibrations, on the other hand, is polarized in the samgp; supstrate use is further proof of the importance of the
way as the Si-Si peak. interface around the Ge nuclei for nanocrystal formation. At
] o present we do not have an explanation as to why the nano-
2. Optical transmission crystal size and shape differ so much for th€180) and

Figure 10 compares optical transmission spectra of aguartz-glass substrate.
deposited and annealed &6)/quartz samples. One can see

that annealing modifies the transmission spectrum in two 100
ways: the amplitude of interference oscillations increases and
the absorption edge becomes less steep. 80
IV. DISCUSSION € 60}
A. Transmission electron microscopy .
. . - 40 f _

Evidence of the formation of Ge nanocrystals is directly 0 i annealed
given by TEM. As mentioned previously, the density of the ]
nanocrystals is the lowest at the surface and there is a denser 20
region in the immediate vicinity of the SpdSi interface :
(Fig. 1). This is in agreement with some of the previous 0 L_-’( i 1 1 |
findings and is explained by diffusion of Ge towards the 200 400 600 800 1000 1200

SiO, /Si interface!®®

Comparison of the nanocrystal shape in the bulk of the
sample and at the interfaces clearly demonstrates the impor- FIG. 10. Optical transmission of as-deposited and annealed
tance of the surrounding. Previously we conclifdetiat the  Ge60)/quartz samples.

Wavelength (nm)
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B. X-ray absorption study sible. XANES features are determined by multiple-scattering
processes and, provided the size of each phase is comparable
to the region in which the multiple scattering takes place,
Raw EXAFS and FT data show that, generally, there argepresentation of the XANES as a weighted sum of different
two kinds of correlations, Ge-Ge and Ge-O. In as-madehase may not be corrett.
samples with low and intermediate Ge concentrations, Ge-O Several conclusions can, nevertheless, be made. First, the
correlation is dominant. In the high-concentration samplestructural modification of the samples strongly depends on
Ge-Ge correlation dominates, but only the signal from thehe Ge content and the substrate material. For tti£08)
first shell is observed. This result indicates that, although Gease, annealing does not seem to produce any significant
and Si form a continuous solid solution, in the GeBIO,  changes for the low-Ge-content sample. For the high-Ge-
system with Ge concentration exceeding a certain valuesontent sample, the two features are resolved in the white
phase separation takes place and Ge exists in the amorphdise. This change may represent the formation of better phase
phase(in samples with higher Ge content separation as a result of annealing. Indeed, for the strongly
Upon annealing, Ge-O correlations decrease and Ge-Gatermixed Ge-O and Ge-Ge phases one should expect a
correlations increase. In addition, higher shells appear, indibroad featureless white line. In the sample with well-defined
cating crystallization of Ge. phases, the characteristic size of each being larger than the
The observed bond length in nc-Ge of 248.01 A, ef-  characteristic size of the multiple-scattering region, the
fectively the same as in bulk Ge, demonstrates that th&ANES can be presented as a weighted sum of the constitu-
nanocrystals are relaxed despite a 4% lattice mismatch bent phases. Assuming the lattand knowing from TEM that
tween Ge and Si. For epitaxial growth, the strain in the bondhe nanocrystal size is20 nm), we can estimate the fraction
length was reported to cause Ge—Ge bond compression ef the Ge phase to be60%, which agrees with the results of
0.03 AZ223 A similar value of Ge—Ge bond compression in EXAFS data analysis.
epitaxially grown dots were also observed in our previous For the quartz-glass substrate, the situation is quite differ-
study** We believe that the difference in the Ge—Ge bondent. The white line in the low-Ge-content sample is greatly
relaxation in epitaxial dots and in embedded nanocrystals iflecreased after annealing, clearly demonstrating the reduc-
due to the fact that the amorphous Si@atrix is rather tion of Ge oxide. This result is in good agreement with pre-
“soft” and allows for the structural relaxation in the nano- vious conclusion$. For the high-Ge-content sample, the
crystals. white line increasesafter annealing. This result may be in-
Assuming that Ge and Ge-oxide phases are well sepaticative of the formation of the oxide but also of the spatial
rated, we can get, based on the fractional coordination nunredistribution of Ge species. Assuming that rather large
bers, the amount of Ge atoms in the Ge phase te-66—  amorphous Ge regions form small-size nanocrystals, one can
60% in the G&O0) samples. The assumption of the expect an increase in the fraction of the surface atoms. Since
formation of the well-defined Ge phase is based on an obsethe surface atoms are coordinated by oxygen atoms, such
vation of Ge features in the Raman spectra. It should betructural modification should result in an increase of the
noted, however, that this estimation provides an upper limibxide white-line intensity. We believe that this is the reason
value. for the increase of the white line in our case. The small size
The annealing modifies the Ge-O and Ge-Ge peaks diffefef the nanocrystals detected by TEM confirms this conclu-
ently in different samples$Fig. 4). The curve-fitting results sion.
demonstrate that in all samples the partial Ge-Ge coordina- The observed differences suggest somewhat different
tion number seems to increase very insignificanlje  mechanisms of the nanocrystal formation in samples with
change being within the error barbiowever, we believe that low and high Ge content. While the nanocrystals in the
the trend is clear and the observed increase in the Ge-Gewer-concentration samples may be formed primarily
signal for samples on &i00 upon annealing observed both through reduction of Ge oxide and rearrangement of the
in Fig. 4 and in the fitting results is real. We do not have anywhole matrix, in high-concentration samples the process may
explanation as to why a similar trend is not observed for thegredominantly consist in crystallization of preexisting amor-
quartz substrate. A strong substrate dependence of the nanshous Ge.
crystal formation has been also observed by TEM as de-
scribed earlier.

1. Extended-x-ray absorption fine structure

C. Optical studies
2. X-ray absorption near-edge structure 1. Raman scattering

Comparison of the measured XANES spectra with those In samples with low Ge content the Ge-Ge peak is absent
for reference sample&Fig. 7) demonstrates that generally in both As-deposited and annealed samples. Most likely, this
both oxidized and reduced Ge species are present: the formar due to the fact that the concentration of Ge—Ge bonds is
resulting in the strong white line and the latter producing alow, other neighbors of Ge atoms involved in Ge—Ge bond-
shoulder at lower energies. A simple analysis based on déng being oxygens. In samples with a high Ge content, a
convolution of the XANES spectra into metallic Ge and broad feature observed in as-made samples is due to amor-
GeO, spectra allows one to roughly estimate the fraction ofphous Ge. It should be stressed, however, that th@@e
Ge atoms in the oxidized state. Precise determination of thquartz sample, in addition to the broad amorphous feature,
fraction of oxidized Ge using XANES is, however, impos- possesses another feature that is most likely due to very
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small nanocrystals. Following Ref. 26 we can roughly esti-tals the change is the opposite. We believe that the observed
mate the size of these nanocrystals to be around 2—3 nm. change indicates that the nanocrystal size in our sarfple

The appearance of strong and sharp peaks upon annealing) is too large for the modification of the band structure.
represents the formation of the crystalline phase. The peakhe as-deposited sample, on the other hand, may possess
position (299 cm 1), somewhat lower than that in bulk Ge, much smaller nanocrystals that could not be detected by
suggests confinement of phonons in nanocrystals. Since tHeXAFS (because the majority of Ge atoms form the amor-
stress in nc-Ge is negligibléthe observed Ge—Ge bond phous phagebut were detected by Raman scattering. These
length is the same as that in bulk Gthe small difference in nanocrystals may account for the steeper absorption edge.
the peak positions for nc-Ge and butkGe allows us to This result also agrees with the conclusion that for the direct
conclude that the confinement is quite weak, which is reaeptical band to be formed the size of the nanocrystals has to
sonable for the 20-nm nanocrystals. be less than 4 nrff and in addition it was suggestéd®that

The symmetric line shape for the nc«B6)/Si(100) such small nanocrystals should have ST-12 rather than the
sample shows a rather large size of the Ge nanocrystals. Thikamond structure in order to produce efficient PL.
asymmetric shape of the peak obtained for the n®GGé This explanation agrees with the recent PL studies on the
quartz sample is characteristic of the small crystals. Thesame set of samplé8The PL intensity was the strongest in
crystal size estimated from the peak full width at half- as-deposited samples and much weaker in the annealed
maximum (FWHM) using the calibration curves from Ref. samples. Assuming that efficient PL is due to quantum
27 yields the crystal size of 3—7 nm, which agrees well withconfinemenf, one would expect stronger PL in smaller
the results of TEM imaging. nanocrystals that are likely to exist in the as-deposited

The absence of the polarization dependence of the Ge-GBe(60)/quartz sample. We would like to stress here that the
peak suggests that the nanocrystals are randomly orientedrigin of strong PL in Ge nanocrystals embedded in ;SiO
The fact that the Ge-Si feature exhibits a strong polarizatiomemains a matter of controversy and further experiments are
dependence, similar to that of the substrate peak suggesteeded to draw the final conclusions.
that Ge-Si alloying only takes place at the interface with the
Si(100) substrate. Since the nanocrystals located at the
Si(100) interface are clearly separated from the substrate
(Fig. 2, middle imaggeand are not epitaxial with respect to it,

we conclude that the Ge-Si signal is coming from the very Wwe have performed comparative TEM, x-ray absorption,
surface of the substrate that becomes alloyed with Ge as gnhd Raman scattering studies on as-deposited and annealed
result of annealing. Based on the above arguments, we b@&e/SiG, samples prepared in a parallel way on quartz-glass
lieve that the formed nanocrystgier se both those in the  and S{100) substrates. We found that annealing results in the
bulk of the SiQ layer and at the $100) interface, consist of formation of Ge nanocrystals, their size and configuration
pure Ge without any Ge-Si alloying. It is this result that strongly depending on Ge content and the substrate material.
allowed us to neglect the Ge—Si bonds in the EXAFS fitting.In the particular case of G&0)/Si(100) samples, the formed
nanocrystals are-20 nm in size and can be either faceted or
spherical, depending on their location in the matrix. The
The observed changes in the amplitude of oscillations if3e—Ge bond length in the nanocrysté@sA5 A) is the same
the optical transmission spectra indicate a decrease indhe as that in bulkc-Ge, i.e., the nanocrystals are relaxed. The
(nis the refraction index and the thicknesksof the annealed formation of the nanocrystalline phase has been also detected
film. Direct measurements of the film thickness have show®y Raman scattering. A small shift in the Ge-Ge peak posi-
that the thickness decreased by abed5% after annealing, tion is attributed to weak phonon confinement in the nanoc-
i.e., the density of the film increased. rystals.
More important is the observed change of the slope of the
absorption edge. Since the Si@atrix is completely trans-
parent in this spectral region, the observed change is entirely
due to the changes in the electronic structure of Ge. It has This work, partly supported by NEDO, was carried out at
been argued that small Ge nanocrystals should possess a daint Research Center for Atom Technolad@RCAT) under
rect optical gap and thus a steeper absorption edge. Oum research agreement between AIST and Angstrom Technol-
experiment shows that upon the formation of the nanocrysegy PartnershigATP).

V. CONCLUSIONS

2. Optical transmission
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