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Quantum confinement of quasi-two-dimensionaE; excitons in Ge nanocrystals studied
by resonant Raman scattering
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Ge nanocrystals of diameters ranging from 4 to 10 nm were synthesized by ion implantatichioh&ato
SiO, films followed by annealing. Confinement of its optical phonon and of the quasi-two-dimensignal
exciton have been observed at room temperature by resonant Raman scattering. The observed size-dependent
blueshifts of theE, excitons energywhich can be larger than 0.7 ¢¥re found to be in good agreement with
a theoretical calculation based on the effective mass approximation.

So far, there have been many reports of quantum confineers grown thermally on a Si wafét.The implanted samples
ments of electron-hole pai®r excitong in semiconductor were annealed in aj\atmosphere at various temperatures up
nanocrystalgnc’s). However, these efforts® have mainly  to 850 °C for 30 min followed by characterization with x-ray
been restricted to the study of the fundamental band gagiffraction (XRD) and plane-view and cross-sectional high-
only, while most semiconductors possess higher-energy exesolution transmission electron microscogiiRTEM).
citons with quite large oscillator strengths. For example, theSample characteristics obtained from these studies have al-
E; transitions in bulk Ge occur around 2.2 eV, well aboveready been detailed in Ref. 18. XRD indicates that, after
the indirect and direct band gaps with energies of 0.6 and 0.8nnealing at around 800 °C, the nc’s are crystalline and un-
eV, respectively. So far, quantum confinement effects on the strained with the diffraction peaks appearing at the same po-
fundamental band gap in nc’s have been explaineditions as in bulk Ge. Examples of the XRD spectra of a
theoretically~® including the use of simple models like an sample before and after isochronal thermal annealing are
infinite  spherical well within the effective mass shown in Fig. 1a). In this paper we shall concentrate on
approximation” However, there are relatively few calcula- three samples grown by implantation dosages ®fl0'7, 2
tions of the confinement effect on the higher-energy excitons< 10, and 3x 10'7ions/cnt and subsequently annealed at
for lack of experimental results. For probing transitions well800 °C. They will be referred to as Gel, Ge2, and Ge3, re-
above the fundamental gap, resonant Raman scatteringpectively. Their nc-size distributions, as determined by HR-
(RRS is superior to both absorption and emission, which areTEM and reported in Ref. 18, can be fitted with either a
the standard techniques for studying confinement of excitog-normal or Gaussian function. The meandi@metersare
tons. In addition to electronic transitions, RRS can provide4.2 and 6.5 nm for Gel and Ge2, respectively. The half-
information on phonons and their interactions with widths of these distributions are around 0.5—1 nm. From the
electrons! The latter capability is significant since it has broadening of the XRD peaks, we estimated the average nc
been established that confinement effects can change the \diameters in Gel, Ge2, and Ge3 to be 4, 7, and 1Qwith
brational modes and hence the electron-phonon interaction efncertainties of-1 nm), respectively’® Thus the average nc
semiconductor nanostructurés’* Recently, RRS has been sizes determined by HRTEM and XRD measurements are in
applied to study thée; transitions in nm-size Ge quantum good agreement. The XRD spectra of Ge3 show a sharp peak
dots™>®However, the confinement energy of g exciton  in at 20=26.5° [see Fig. 13)]. We tentatively identify this
for self-organized Ge quantum dots embedded in Si wapeak with Ge@.?° It was not seen in the XRD spectra of Gel
found to be quite smalf In this paper we report a RRS and Ge2.
study of the confinement of both the optical phonon and the Raman spectra were measured in a near-backscattering
E; exciton in Ge nc’s embedded in the large-band-gap insugeometry with a Spex Triplemate spectrometer and a cooled
lator Si0,. We have been able to explain quantitatively thecoupled channel devic€CCD) array. The spectral resolu-
experimental results by using the effective mass approximaions of the spectrometer and the CCD pixel are 6 and 1
tion and by assuming the motion of tBg exciton to betwo  cm™?, respectively. An Ar-ion pumped dye las@vith three
dimensional This approximation is justified since thHe;  different dyes: Stilbene 3, Coumarin 540, and Rhodamine
transitions involve electrons and holes along[th&l] (or A) 6G) was used to achieve a tuning range of 2.0-2.9 eV. All
directions of the Brillouin zone where masses along she experiments were performed at room temperature. Although
directions are much larger than those perpendicular to\the the Ge Raman peak was unpolarized, the Si substrate Raman
directionst’ peak was strongly polarizéd.Thus it is important to ensure

Nanocrystals of Ge were grown by implanting Giens  that the same scattering geometry was used in all the mea-
with kinetic energy of 190 keV into 500-nm-thick Sjtay-  surements.
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terms of the confinement of phonols?? The inset of Fig. 2
shows how the linewidth of Ge nc Raman peak varies with
excitation photon energy. This result can be understood
within the confinement models by including the effects of
resonance enhancement and noting that our samples typically
contain a distribution of nc sizes. Atw<2.5eV the line-
width is relatively independent oiw because the Raman
spectra are dominated by larger nc’s whose phonons do not
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200 400 600 800 1000 confinement of their phonons results in a broadening of the
Raman Shift (cm") Raman I_|neW|dth. In Ge2 and Ge3 where the linewidths are
roughly independent ofiw, the average nc sizes deduced
FIG. 1. (a) The x-ray andb) Raman spectra of sample Ge3 as a fflom the Raman linewidth using the model in Ref. 22 are
function of annealing temperature. consistent with the values obtained by XRD and HRTEM.
To determine the dependence of the Ge nc Raman cross
Figure 1b) shows some typical effects of annealing on section oniw, we first measured the Raman intensity of the
the Raman spectra of implanted Ge samilesults are from Ge nc’srelative to that of the Raman mode of the Si sub-
Ge3 excited with a 2.71 eV lagerThree distinct features strate. This intensity ratio is less sensitive to possible
were (1) a sharp peak at 521 crh due to the Si substrate changes in optical alignment resulting from varying the dye
(labeled as-Si); (2) a broad and asymmetric peak centeredlaser wavelength. We then multiply this intensity ratio by the
around 299 cm®, which appeared after annealing at Raman cross section of Si at room temperature reported by
=800 °C, is identified as the one-phonon Raman mode of GRenucciet al?® The resulting cross sections for the three
nc’s (labeled as-Ge); and(3) a broadband around 280 clh  samples are shown as the data points in Fig. 3. The unit for
which appeared in samples annealed<&00 °C, and prob- the vertical axis in Fig. 3 is neither absolute nor completely
ably contains contributions from an amorphous phase of Garbitrary(although labeled 90This is because the Si Raman
(Refs. 14 and 1Band (labeled asa-Ge) as well as some intensity we measured is not simply proportional to the Si
multiphonon modes of Si. Note that the optical phonon fre-Raman cross section. It depends on the absorption coefficient
quency in bulk Ge crystals is300 cmi 1.} The broadband of Ge nc’s in the Si@layer since the incident and scattered
around 700 cm! in the as-implanted sample may probably radiation has to pass through this overlayer to reach the Si
be due to oxygen vacancies created during the iorsubstrate. There is no simple way to determine the correction
implantation?! Upon annealing, these defects were removedor this absorption effect without removing the Si substrate.
and this high-frequency band also disappeared. In spite of this uncertainty, we do not expect the Ge absorp-
In Fig. 2 we compare the line shapes of the Ge nc Ramation to change significantly th&, exciton peak energy as
peak in our three samples when excited by a laser of photodetermined by RRS. We note that such absorption correction
energy%w=2.7 eV. Notice that their widtlincreaseswvhile ~ was found by Renucait al?* to have little effect on thé&;
their peak frequencylecreasewith a decrease in the nc’'s. resonance energy determined by RRS in bulk Ge.
Both effects have been observed before and analyzed in Consistent with our assumption, we found that the en-
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FIG. 3. The photon energy dependence of the Ge nc Raman
cross section obtained by multiplying the measured ratios of the Ge 02k i
to Si Raman intensities with the Si Raman cross section given in '
Ref. 24.
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very close in energy to that of thg, andE,+ A, transitions 00 = ™ w0 s 70
in bulk Ge (we shall neglect the spin-orbit splitting and refer
to both transitions as theE; transitions’).* The width of
the resonance in Ge3 is, however, larger due to the inhomo- |G, 4. The confinement energy of g, exciton in Ge nc
geneity in nc sizes. The peak in Ge3nisieshiftedfrom the  piotted as a function of radius. The solid line is the theoretical curve
E, transitions in bulk Ge by-0.1 eV. This blueshift is con-  obtained from Eq(1), while the solid circles and vertical bar are
siderably larger in Ge2 and for Gel the resonance is shifte@xperimental results.
to lie above our tuning range. We attribute these large nc-
size-dependent bluesh!fts to quantum confinement effect ognergy term in Eq(1) is larger in 2D than in 3D. Figure 4
the energy of thé&; exciton. So far, such an effect has been h th fi i f the E it
investigated theoretically in Ge only at the lowest indirect> 0> h€ confinémen energy, of the E, exciton as a
and direct band gaps. However, theE; transitions involve funcpon of p. The e_xpenmental_value(ssolld_cwcles) are
electrons and holes along the directions of the Brillouin ~ ©Ptained by subtracting the, exciton energy in bulk Ge at
zone and hence have quite different properties. For exampl&00M temperaturg2.22 eV) from the resonance peak ener-
the electron and hole effective masses transverse to\the 91€S in Fig. 3. The resonance in Gel occurs at higher energy
direction are much smallér<0.1m,, wherem, is the free- than we can reach with our dye laser so the experimental
electron massthan the masses parallel to thedirection® result is represented by a vertical bar. It is noteworthy that
As a result, theE; excitons have been approximated as two-the good agreement between theory and experiment is
dimensional2D) particles. To calculate the confinement en-achieved with no adjustable parameters in the theoretical cal-
ergy of theE, excitons in Ge within the effective mass ap- culation. This suggests that the simple effective mass ap-
proximation, we further assume that the electron and hol@roximation combined with a spherical infinite confinement
confinement potentials anafinite and spherical We first  potential works not only near the fundamental gap, but also
solve the Schmdinger equation for the motion of the 2D at the higher-energy transitions.
electrons and holes by neglecting their Coulomb attraction. We note that the largest Raman cross section of Gel in
The resultant wave functions are Bessel functfoh3he  Fig. 3 is almost as large as that of Ge3, although Gel con-
Coulomb energy between the electron and hole is then catains 3 timesfewer Ge atoms. This suggests that the Raman
culated by perturbation theory using the 2D single-particlecross sectioper Ge atom inGel must bdarger than those
ground-state wave functions. The confinement energy of thgf Ge3. This consideration does not include the correction
2D E, exciton obtained in this way is given By for the reduction in the Si substrate Raman intensity by the
Ge nc absorption which is expected to be larger in Ge3 than
in Gel. There have been many calculatfSn& of the size
ep @) dependence of exciton-phonon inte(action in nc’s. In general,
long-range interactions such as the liich interaction and
wheref: is the Planck constang, is the ncradius w, is the  piezoelectric interaction are predicted to decrease with par-
reduced transversemass of the E; exciton in Ge ticle size. On the other hand, short-range interactions such as
(=0.045m,),'" eis the electric charge, andlis the dielectric  the deformation potential interaction are expected t@he
constant of the néassumed to be equal to 15.8, the same avianced with a decrease in particle si&o far, this enhance-
in bulk Ge Ref. 4. Equation(1) is numerically different ment has been observed only for acoustic phonons in CdSSe
from the three-dimensional band gap excifobgcause of nc’s?® Our results suggest that enhancement also occurs for
the 2D nature of thé&; exciton. For example, the Coulomb the optical phonons in Ge nc's.
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