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Effects of hydrostatic pressure on Raman scattering in Ge quantum dots
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Raman scattering under hydrostatic pressure is used to investigate the phonon modes of self-organized Ge
guantum dotsQD’s) grown by solid source molecular-beam epitaxy. The pressure dependence of Ge-Ge
phonon and Si acoustical-overtof®l'A) modes are studied from 0 to 67 kbar at room temperature. Our results
show that the overlapping spectra of the Ge-Ge phonon and Si 2TA modes occur around 3G& ambient
pressure which can be resolved at relatively low pressure of about 3 kbar. The linear pressure coefficient of
Ge-Ge phonon mode in QD’s is found to be 0.297¢fkbar, which is slightly smaller than the corresponding
quantity in bulk Ge.
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In recent years the spontaneous formation of Ge islandmicroscopy(AFM) follows an almost identical growth pro-
on Si(001) surfaces has attracted considerable attention sinceedure except that the Si cap layer is left out and the Ge
the material combination constitutes a model system to studgieposition is 5.8 ML instead of 7 ML.

a variety of fundamental nucleation phenomena in the Figure 1 shows a 0:80.8um? AFM scan of nominally
Stranski-Krastanov growth mode® Information on the ex- 5.8 ML, Ge quantum dots grown at 500 °C. The image re-
act shapes and sizes of nanostructures on a surface is rel@als very small pyramidlike Ge islandso-called “hut
tively easy to obtain and deep insight has been gained oelusters”) of diameters~20 nm. This is consistent with the
many aspects of the islands’ formation procksskor any  fact that large pyramids and domes usually form at high
optoelectroni®” or electroni€® applications, though, Ge is- temperatures, whereas the much smaller hut clusters nucleate
lands must be overgrown with Si. The shape of the islandst lower temperatur€’

can change dramatically during this overgrowth 3feand Pressure-dependent measurements were carried out using
only little is known about the resulting islands’ strain and a gasketed diamond-anvil céDAC). The pressure medium
composition state. One of the most powerful methods to acis a 4:1 methanol/ethanol mixture. In order to accommodate
cess information on strain in embedded nanostructures is R&he limited dimensions of the space available in the DAC, a
man scattering spectroscopy. small sample with dimensions ef 100X 100X 30 xm> was

There has been a great deal of effort made, where Ramagrepared by mechanical polishing and cutting. The applied
scattering spectroscopy has been used to study the phonpressures were determined by the standard method of moni-
modes in single-layered Ge ddt$1°~*3 Ge multilayered toring the shift of the rubyR1 line?? Micro-Raman light-
dots as well as Ge dot superlattic¥s;*to predict the pho-  scattering experiments were performed in backscattering ge-
non confinement and strain effects due to size dependence @mnetry at room temperature using the 488 nm line from an
ambient pressure. Raman scattering at high pressure offeasgon-ion laser. The scattered light was passed through a
an attractive means for investigating phonon properties oholographic notch filter, and then analyzed using a 1-m spec-
solids. Besides the reduction of atomic spacing, the effect of
pressure will also reduce the strain in Ge layers due to the
difference between the bulk moduli of Si and Ge. Although
Raman studies on the effect of hydrostatic pressures have
been reported on optical phonon of bulk &é® Si-Ge
alloy,'® Si;_,Ge, superlattced? and GgSi,, monolayer su-
perlattices(MLS),21 there has been no investigation of Ra-
man studies in Ge QD’s under pressure. Hence, in this paper,
we report the results of Raman scattering of self-organized
Ge QD’s under hydrostatic pressure.

The sample for Raman investigations was grown by solid
source molecular-beam epitaxy pn-Si(001) substrates and
undergoes the following growth procedure: Deoxidation at
900 °C, growth of a~400 nm Si buffer layer while ramping
the growth temperature down to 500 °C, followed by 7

-

monolayers(ML) Ge and a 160 nm thick Si cap layer. A _ _ efo’"%'fg_ﬁ’lf,?::"y‘.a

- = =

growth interruption 5 s isintroduced between the Ge and
Si layers. Typical growth rates of 1.2 and 0.07 A/s are used FIG. 1. A 0.8<0.8um? AFM scan d a 6 ML Ge QD’slayer
for Si and Ge respectiveR The sample for atomic-force grown silicon substrate at 500 °C.
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FIG. 2. Raman spectra of the sample and the substrate

under different polarization configurationsi(a) substrate:
2.79 kbar

001(110,110)001 (b) substrate: 001(100,010)001c) sample: Ge-Go e
} i-Ge

001(100,010)001and (d) sample: 001(110,110)001

trometer equipped with liquid-nitrogen-cooled multichannel
CCD detector. The signal collection time of about 30 min is
used for the measurement.

We have used different polarization configurations ac-
cording to selection rules to distinguish the signals from the g 3. Room-temperature Raman spectra at various pressures
dot sample and the Si substrate. A similar approach has be%]r the Ge QD’s taken in the 001(100)001 configuration.
employed in Ref. 23. All the spectra were taken with the
same data accumulation time. Figur@)2shows the spec-  Figure 3 shows the Raman spectra of Ge QD’s measured
trum taken from the Si substrate in the 001(110,110)001at various pressures up to 67 kbar. At ambient pressure, the
backscattering geometry as to enhance the Si acoustic pheharp peak at 521 cm (linewidth limited by the spectrom-
non peak at~303 cm 1. As expected the Si acoustic phonon eter resolution has the same frequency as that of optical

peak is suppressed in the 001(100,010)@@kkscattering Phonon peak in bulk Si. The broader peak at 303{3“5
geometry as illustrated in Fig.(. Figure Zc) shows the tentatively assigned to Ge-Ge vibrational mode in QD’s and

: a . its integrated intensity is over an order of magnitude weaker
spectrum recorded in the 001(100,010)004ckscattering : . . 0 —
geometry from the sample as to minimize the Si acoustiéh""n ghedmtensgy gf 5.(52% cm L The pea:jk "’llt 41|9 C(;ﬁ h
phonon peak. The fact that the line shape and the intensity gpay be due to Si-Ge Interface p ono? mode locallze at the
the peak at-300 cm * from the sampl¢Fig. 2(c)] are quite surfacesé_o(l; th_e Ge _qyant_umhstr_ulctl}aegogtl)luld possibly
similar to the acoustic-phonon peak from the Si substratéiue to Si-Ge Intermixing In the islands. n our case,

Fig. 2@], makes it hard to conclude whether the peak atIhe islands are grown at rglati\_/ely IOW. temperatures
[~3%02£:r31]’1 in Fig. 2(c) is due to Ge-Ge mode in the %D's ~500 °C, and therefore the strain-driven alloying of Ge clus-
Figure 2d) shbws the spectrum taken in thé ters may not be very pronouncédhe exact value for the

— . degree of intermixing is not available. However, it is likely
001(110,110)00backscattering geometry from the samplethat there is more than 70% Ge in the dots. In addition, the

in order to enhance the Si acoustic phonon peak. The intes;_g; yibrational mode seen at 435 chnsuggests the exis-

grated mtenrs]lty o;‘]the peliak ?301 %m go%yb{?'m é_factor of tence of strain in Si underneath of the dots induced by the Ge
stronger than the peak observed at i Fig. 2c). dots!® With increasing pressure, the first-order Si Raman

We may conclude that_ the Ge-Ge Ra”.‘a” line from the quarbeak shifts to higher frequencies with a pressure coefficient
tum dot sample contains the contribution from the Si acousys 052 crlkbar . which (see Fig. 4 can be used as an

tic phonons. In addition, we argue that the Ge-Ge modes argiarnal measure of the pressére

mainly from their Ge dots rather than their Ge wetting layers. It has been shown above an.d also reported by several
This is because in the 001(100,100)06dnfiguration, the  authorg®?'2326that the peak at-303 cm * could be made
signals from the Ge wetting layers are forbidden according tp of contributions from the Ge-Ge phonon mode and the Si
the selection rUlegl! This pOint is confirmed by the fact that acoustic-phonon mode. At ambient pressure, these two pho-
in this Configuration, we found the intenSity of Ge-Ge mOdenon modes are hard|y resolved, as shown in F|g 3. As pres-
in our sample does not change much compared with that iByre increases, the spectrum aB03 cm® appears to

the 001(100,010)00tonfiguration. “split” into two peaks. Pressure causes the lower wave-
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oo T The compressive strain leads to an upward shift of the Ge-Ge

560 - . 7 mode, while phonon confinement effect leads to a downward
Si shift.2’ If we assume the phonon confinement effects are neg-
— 540 ) ligible in the Ge QD's, then a biaxial str&fhof about 2.1%
g 520% | is needed for a Raman shift of 8.5 ¢t For pseudomorphi-
g cally grown Ge on Si substrate, the compressive strain in the
9 500 1 Ge layer is nominally equal to 3.8% which is the lattice
7 . T mismatch between Si and Ge. In quantum dot structures, this
g 340 | %ol A e e 7? ] lattice-mismatch-induced strain is partially reduced and non-
& 320 uniform across the structure as a result of island formation.
@ 300 ] We note that Seost al?! have observed similar effects of
hydrostatic pressure in resolving the Ge-Ge mode and Si-
< 280 ] 2TA mode in the GgSi,MLS, at a pressure-16 kbar, under

260 . off-resonant condition with th&; transition in Ge. The in-
0 1'0 2'0 3'0 4'0 5'0 6.0 * 70 tensity of the Si-2TA is weaker thgn the Ge-Ge modg for. all
the pressures up to 67 kbar in their case. Our results in Fig. 3
Pressure (kbar) show that the two peaks can be resolved at relatively low
FIG. 4. Raman shifts as function of pressures for Si substrat(Ez)ressure$.<3 kbay, and the intensities of the Ge-Ge mode
(solid circleg, Ge-Ge modéopen squargsand Si-2TA modesolid and the Si-2TA are about the same for pressures up 'to _66
triangles. The solid lines correspond to the quadratic fits to thekPar. In the case of MSL, the stress in Ge layers is biaxial in
experimental data. The inset shows the Ge linewidtiid squares ~ nature with elongation along the growth direction. On the
and Si-2TA modeopen circley as functions of pressures and the other hand, the quantum dots are compressed along all the
solid lines correspond to the linear fits to the experimental data. three directions similar to that of an applying a hydrostatic
pressure. Thus, the presence of a higher degree of compres-
number peak to redshift and the higher wave-number peak tive strain in QD’s as compared to MLS at ambient pressure
blueshift. At higher pressure, the two peaks are clearly sepaould facilitate the separation of the two peaks in the Ge
rated. We |dent|fy the hlgher peak to be due to Ge-Ge phOQD’S when a re|ative|y small pressure is app“ed
non modewg, from the QD’s and attribute the lower peakto  The pressure coefficienta(=0.29 cni L kbar %) for the
acoustical overtone 2TA() and possibly, 2TAZ) phonons,  Ge-Ge mode frequency in the QD’s is found to be slightly

wsiz7a, (abbreviated as Si-2TAin Si*® We have made a smajler than in the bulk Gea(=0.402 cm * kbar %).%7 This
deconvolution of these two peaks in order to obtain their

- ; . ) can be explained as follows. The in-plane lattice constant of
peak positions and linewidths as a function of pressure. Th%e layers is compressed to match with that of the surround-

results are shown in Fig. 4. Solid lines represent least-

' . . . ing Si. Since Ge has a smaller bulk modulus than Si, the Ge
squares fit of quadratic functions to the data as given by Eq?ayers will show a smaller change in the in-plane lattice con-

(1) and(2): stant than the Si for a given applied pressure. This is ex-
wed P)=(308.550.4) +(0.29+0.03 p pected to happen in G8i,, MLS.?! Additionally, we expect
s a further reduction of strain in the Ge QD'’s since the lattice
+(0.2£0.4) X 10" "p*, (1) dilation for the Ge layers along the growth direction will also

B " be constrained by the surrounding Si. Therefore, the Ge
si.27a(P) = (306 1) — (0.52+0.09p QD’s will exhibit a much smaller deformation than the bulk
+(3.7+0.7) X 10 %p2, (2)  Ge as well as the G8i, MLS, when subjected to the same

o ) _ pressure. The appearance of Si-2TA mode is possibly due to
wherep is in kbars and the frequencies are measured in  girain in the Si layer around the Ge déts.

71 . . . . .
cm . The inset in Fig. 4 shows the linewidtfisof Ge-Ge It is noteworthy that the linewidth of the Si-Ge mode,

_pl)_uonfqn 3n|d Si'ZT'T phonoanmodes_als a functionbof Pressur@pserved at 419 cnt in Fig. 3 at ambient pressure, broadens
e fitted linear relations fof in cm ~ are given by and the peak blueshifts with pressure. Unfortunately, we are

Tedp)=(7.9=0.4)+(0.177=0.008 p 3) unable to give a quantitative analysis on this peak as the
¢ S T ’ signal becomes smeared out and buried under noise at high
Tsiora(p) = (8.4%0.2) +(0.135+ 0.006) p. (4y ~ pressure. This could be due to inhomogeneous strain at the

Ge/Si interface of the QD's.

Our results show that the Ge-Ge phonon frequency in Ge In summary, effects of pressure on the Raman spectrum
QD’s is ~308.5 cmi ! at 0 kbar as compared with that from of Ge QD’s are examined. Pressure-induced phonon shifts
bulk Ge at 300 cm’. A blue shift of 8.5 cm* indicates the clearly resolved the Ge-Ge mode in QD’s and Si acoustic
presence of compressive strain in the Ge QD’s due to thenode at relatively low pressure. Our results show that strain
lattice mismatch between Ge and Si. It is known that thds the dominant effect in the Ge QD’s. The pressure coeffi-
Ge-Ge phonon frequency in QD’s or nanocrystals can beient for the Ge-Ge mode frequency in QD’s is smaller than
shifted by phonon confinement in addition to strain effectsthe corresponding quantity in bulk Ge.
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