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Raman scattering of GéSi dot superlattices under hydrostatic pressure
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We have studied the self-organized Ge/Si quantum @Q@3's) by Raman scattering under hydrostatic
pressure near resonance and off resonance with confined GE4likansition. The Raman spectra of Ge-Ge,
Si-Ge, and the Si acoustic phon(®i-2TA) modes were obtained as function of pressures in the range 1-70
kbar. Our results show that the Ge-Ge and Si-2TA modes can be easily resolved at low pressure due to a high
degree of compressive built-in strain in the Ge layers. The moded&en parameter of the Ge-Ge phonon
mode in QD’s is found to bey=0.81+0.01, which is smaller than the corresponding quantity in bulk Ge.
Normalized Raman intensity profiles of Ge-Ge mode exhibit a resonance enhancement-pdakkbagr. The
pressure coefficienw of this resonating electronic transition thus obtained-=+1 meV/kbar. This value is
smaller than the pressure shift of tBe transition in bulk Ge.

DOI: 10.1103/PhysRevB.64.075312 PACS nuniber78.66—w, 78.66.Db, 78.30.Am

Self-assembled Ge/Si nanostructures have recently rgaper, we report the results of pressure effects of Raman
ceived considerable attention for their applications inscattering of Ge QD’s in strained Si/Ge short-period super-
optoelectronit? and electronic devices® The Ge/Si islands lattices.
nucleate in the Stranski-Krastanov growth mode as a result The sample for investigation was grown by MBE on a
of strain accumulated due to the lattice mismdtdine shape (001 Si substrate at 550 °C. In the sample 1 monoldaivir)
of the islands can change dramatically when Ge islands aref Sb was deposited on the Si epitaxial layer to act as a
overgrown with Si(Refs. 5 and Band only little is known  surfactant. Afterwards two series of nominalGé, superlat-
about the resulting islands’ strain and composition state. Ongces, each with four periods and separated by a 5-nm Si
of the most pOWGrfUl methods to investigate built-in Strainbuffer |ayer’ were grown. Previous studies on the Samp|e by
and quality of the interface in nanostructures is by Ramarmjgh-resolution transmission electron microscopy shows that
spectroscopy. . _ the typical diameter of the islands is8 nm, while their

A lot of work has been put into studying of phonon mOdeSheight is 1-2 nm. The islands density 4s5x 10"t cm 2

in Ge quantum dot¢QD's) by Raman scattering to predict 1y getails of the growth technique and sample characteris-
the phonon confinement and strain effects due to size depeﬂéS can be found in Ref. 16

dence at ambient pressii.The application of pressure The pressure-dependent measurements were carried out

lays a major role in optical investigations of electronic . . . . ) .
Sta%/es in qu]antum wellspand superla?ti%daecently high using standard diamond anvil cell technique with a 4:1 mix-
' gure of methanol and ethanol as the pressure-transmitting

pressure in combination with laser excitation intensity ha ) . ; :
been used to infer a staggered type-Il band alignment i edium. The applied pressures were monitored by the shift
of the rubyR1 linel” Since with increasing pressure, the

carbon-induced Ge QD¥.On the other hand, Raman scat-f f the fi der Si R in all
tering at high pressure offers an attractive means for investit€duency of the first-order Si Raman pegitesent in a

gating phonon properties of solidfsin addition to the reduc- spgcltra blueshift with a pressure coefficiéﬁt Of. 0.52
cm “/kbar we can used it as an internal calibration of the

tion of interatomic distances, the effect of pressure will also X .
reduce the strain in Ge layers due to the difference betwedpressure. The Raman spectra were taken in a backscattering

the bulk moduli of Si and Ge. Pressure can also tune thgggmetryza;ﬁom t?mperfature using 514_'5('2?41'63\0 a(;ndh
electronic transition through laser excitation energies resultész'gm( '1 96-6\)} ||_nesf rom a: a’\rlgoln-lon _?ﬁer and t ‘3
ing in resonance Raman scatterifRRS in the Ge phonon .8-nm(1.96-eV) line rom a He-Ne laser. The scattere
model! Kwok et al® utilized RRS to investigate Ge dot su- spectra were analyzed with a Jobin-Yavon T4600 micro-
perlattices grown by molecular-beam epita#BE) at am-  aman system.

bient pressure. They reported thHaf excitions are weakly . we have use_d different polarization configurations to d|s-_
tinguish the signals from the dot sample and the Si

confined inside QD’s. Recent optical absorption measure- 49 Fi
ments on Ge QD’s, deposited by pulsed-laser deposition Oﬁubstrat Y Figure Xa) shows the spectrum taken from the

sapphire substrate, shows the excitonic nature oEthan-  backside of the sampli substratgin the 001(110,110)001
sition is suppressed as the QD size decreXs@dthough  backscattering geometry that enhances the Si acoustic-
Raman studies on the effect of hydrostatic pressures haJionon peakabbreviated as Si-2TAat ~303 cm ™. The
been reported on §i,Ge, superlattice$'* and GgSi,, Peakat434 cm' is identified to be the Si local mode. In the
multiple-quantum-wells® there has been no investigation of 001(100,010)001configuration as shown in Fig.(4), the
RRS studies in Ge dot superlattices under pressure. In thigpectrum taken from the sample shows that the Si-2TA and
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FIG. 2. Raman spectra of Ge QD’s at various pressures under
. .. the laser excitation energy & ~2.541 eV.
FIG. 1. Raman spectra of Ge QD’s under different polarization 9y &

configurations with a laser excitation energy i ~1.96 eV. (3 Spectra are normalized to silicon substrate phonon intensity.

Substrate, 001(110,110)00b) sample, 001(100,010)001(c)  \jth increasing pressure, the Ge-Ge, Si-Ge, and the first-

sample, 001(100,100)00&nd (d) sample, 001(110,110)001 order Si Raman modes shift to higher frequencies. Similar
Raman spectra are also obtained wih~2.41eV (not

Si local modes are suppressed while the Ge-Ge mode at 3khown). The rates of frequency shift of these modes with

cm * can be clearly observed. The peak at 419 tis iden-  pressure are shown in Fig(a. The solid curves correspond

tified as the Si-Ge interface phonon mode localized at thgg the least-square fits to the experimental data as given by
surfaces of Ge quantum structufeBigure ic) shows the

spectrum taken from the sample in the 001(100,100)001 wsi(P)=(521.2-0.2)+(0.50+0.01) P, 1)
configuration. The signals from the Ge wetting layers are
forbidden in this geometry, according to the selection rifles. wed P)=(314.4-0.1)+(0.34=0.01) P, 2
Therefore, the observed Ge-Ge modes are mainly from their
Ge dots rather than Ge wetting layers. Figufé) 5hows the wge-s(P)=(419.5£0.2)+(0.50=0.0D P, (€)

spectrum taken in the 001(110,110)0Backscattering ge- hereP is in kbar and frequencies are measured in cnt.

ometry from the sample in order to enhance the Si acoustioye yse the following relation to calculate the mode'1Gru
phonon peak. The Si-2TA, Ge-Ge, Si-Ge, and Si local modegjsen parametey; :

can be clearly distinguished.
It is well known in Ge QD’s and nanocrystals that a com- B do;
pressive built-in strain can lead to a blueshift of the Ge-Ge YiT o dP’ (4)
mode frequency, while confinement effect can cause a '
redshift?* For pseudomorphically grown Ge on an Si sub-whereB is bulk modulus of G¢750 kbar(Ref. 24] at room
strate, the lattice mismatch between Si and Ge gives rise tiemperature ana; is the phonon frequency of modeFrom
~3.8% of compressive strain in the Ge layer. In QD’s, thisthe linear pressure coefficiedtn/dP of Eq. (2), we obtain a
lattice-mismatch-induced strain is partially reduced and nonvalue of y=0.81+0.01 in our Ge QD's. This value is about
uniform across the structure as a result of island formafon. 27% smaller than the corresponding quantity found in the
Our result shows that the Ge-Ge mode frequency in QD’s ibulk Ge (1.12.%° If we assume that the Ge QD’s are con-
~314 cm * as compared to 300 cmin bulk Ge at ambient strained by the Si host so that the bulk modulus of Ge be-
pressure. If we neglect the confinement effect, a biaxiatomes the same as that of @i78.8 kba),® we obtainy
strairf> of about 3.4% is estimated to cause a frequency shift=1.06, which is only about 5% smaller than the accepted
by 14 cm L. value. This clearly shows the Ge QD's are restricted by the
Figure 2 shows the Raman spectra of Ge QD’s at variousi lattice so that they almost deformed like the surrounding
pressures under the laser excitation endtgyof 2.541 eV.  Si host.
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600 — T lattice. For a given applied pressure, the Ge layers will show
W a smaller change in the in-plane lattice constant than the Si
since Ge has a smaller bulk modulus than Si. This leads to a

500 F 1 smaller in-plane deformation as compared to the bulk Ge for

the same applied pressure. In the case of Ge QD’s the lattice
400 } g dilation for the Ge layers along the growth direction will also
be constrained by the surrounding Si lattice. Therefore, the
W Ge QD’s may exhibit a smaller deformation than the bulk Ge
00F T when subjected to the same pressure. This could possibly
0 10 20 30 40 50 60 70 B0 explain the smaller pressure coefficient in our Ge QD’s.
Pressure (kbar) It is known that the frequency of the Si-Ge mode in bulk
T Si-Ge alloys depends on the alloy composition, while the
(b) L e 1o th frequency of Si-Ge mode at the interface can depend further
suice Jo fhe eye on strain and interface roughnéSsAt ambient pressure the
linewidth of the Si-Ge modé¢~10 cm'}) in our sample is
much sharper as compared to those found in both bulk Si-Ge
alloys and superlattice Si-Ge, which has a typical linewidth
larger than 20 cm'. Under the effect of pressure, the line-
width of the Si-Ge mode remains approximately constant
and the line shape remains slightly asymmetric. All these
o factors indicate the Ge/Si interface is quite smooth. With the
0 10 20 30 40 50 60 70 80 frequency of the Si-Ge mode at 419 chit can be esti-
Pressure (kbar) mated that the biaxial strain compressive of Ge bonds at the
Ge/Si interface is~3.2%?2! In addition, the pressure effect
FIG. 3. (a) Raman shifts as function of pressures, usf)g  shows the rate of frequency shift for the Si-Ge mode follows
=241eV: Si substratdsolid squares Si-Ge mode(solid tri-  closely with that of Si substrate. This result further suggests
angles, and Ge-Ge modesolid circles. ForE, =2.541eV, Sisub-  that the strain variation at Ge/Si interface is rather small.

strate (open squargsand Ge-Ge modéopen circles The solid In many Raman scattering studies of Ge nanostructures

curves correqund to"[_he least-square fits to the experimental da rown on silicon substrates, the line shape and position of
(b) Normalized intensities of the Ge-Ge mode versus pressure. T

lid ) de 1o th e Ge-Ge mode are found to be similar to those of the sili-
solid curve Is a guide to the eye. con wafer? In our Ge QD’s, due to a high degree of com-
I : : : ' pressive built-in strain in the Ge layers, the Ge-Ge and Si-

We graph in Fig. &) the integrated intensity prof|le of 2TA modes can be clearly distinguished at ambient pressure.
Ge-Ge mode versus pressure Eyr~2.541eV. The Si Ra- _. ;

. o . .__Figure 4 shows the Raman spectra of Ge QD’s measured at
man intensity is used as an internal standard for normaliza-

tion of Ge-Ge intensity. It is evident that the Ge-Ge mode, 11OUS PreSSUres using the off-resonaRige-1.96 eV exci-

shows clear enhancement aB82 kbar. It has been known tation. The Si-2TA mode at 303 cm can be clearly distin-

that the optical-phonon Raman-scattering efficiency of bul uished fro_m the Ge_-Ge mode at_ 314 Cmit is well known .
Dat the major peak in the acoustical-overtone spectra of Siis

Ge exhibits a resonance peak at 2.23 eV. This has been A unded by the critical points 2TA:1) and 2TA(X).1® At

tributed to theE; transition?” We interpret the enhancement . o .
for the Ge-Ge mode in our Ge QD’s to be resonance Scattegtmosphenc pressure the cr[ulcal point ZFAL) and Z.TA(X)
are separated by only2 cm . The frequency splitting of

ing within the Ge layers as pressure tune the electronic trar’[_hese two singularities increases with pressure and they are

sition through E, ~2.541eV. Previous resonant Raman- : .
. . . cl?arly resolved at high pressure. The results obtained are
scattering studies on this sample has shown an enhancemei

peak at 2.38 eV at ambient pressure as a result of resonanggnsment .W'th thosg reported in Ref. 18. In Fig. 5, th? fre-
with an E, exciton® The following relation, in which the guency shifts of various modes are plotted as a function of

. e . ressure. The measured pressure coefficients for2TA
pressure tuned the slectionic ransiion n esonance Wi " 7(x) are 0.36:0.02 and 0.540.02cm kb, re-

1 ’ spectively. For the first-order Si Raman mode and Ge-Ge

E.—=E, —aP (5 mode, the pressure coefficients are consistent with those ob-
1 L ’ . . .
tained in Fig. 3a).

wheree is the pressure coefficient of the electronic transition It should be noted that the linewidth of the Ge-Ge mode
at resonance. By substituting, ~2.38eV, E_ ~2.541eV, obtained using different excitation sources is different for the
and P~32kbar at resonance, we estimaieto be ~5  same sample. In the present case, it is more appropriate to
+1 meV/kbar. Thise value is about 33% smaller than the obtain the linewidth of Ge-Ge mode under off-resonance
value found forE; transition in bulk Ge(7.5 meV/kbay?®  condition. The inset of Fig. 5 shows the linewidths of Ge-Ge
The corresponding pressure coefficient of ZmeV/kbar and Si-2TA modes as function of pressures. Here, we take
has been obtained in G®, multiple-quantum-wells the total linewidth of the Si-2TA mode to be the sum of
(MQW’s).'® We note that the in-plane lattice constant of Ge2TA(2;1) and 2TA(X). While the linewidth of Si-2TA mode
layers is compressed to match that of the surrounding Sshifted linearly with pressure at a rate of 0.1 cribar %,

Wave number (cm™)

Intensity
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FIG. 5. (& Raman shifts as function of pressures uskg

~1.96 eV. Si substrateopen squares Ge-Ge moddopen circley,

2TA(X) (open triangles and 2TAZ;1) (solid triangle$. The inset
shows the linewidth of Ge-G@®pen diamondsand Si-2TA modes

FIG. 4. Raman spectra of Ge QD’s at various pressures usingsolid diamondsas functions of pressures. The solid curves corre-

E.~1.96eV.

the Ge-Ge mode exhibits a nonlinear broadening in linewidth
as the pressure increases. If we assume the strain inhomoqﬁ-
neity increases linearly with pressure, we would expect 3

large linear pressure coefficient in linewidth for the Ge-Gehich is slightly smaller than the value found in bulk Ge. We

mode, which is not observed in our results. A plausible ex
planation is given as follows. Fd?<32 kbar the linewidth
of the Ge-Ge mode is approximately const&mt9 cm 1).

shape since at low pressure the Ge-Ge mode overlaps p
tially with the Si-2TA mode, so that initially its linewidth
appears not to change much. Thus, the linear pressure co

spond to the least-square fits to the experimental data and the dash
curve is a guide to the eye.

In summary, the effects of pressure on the Raman spectra
Ge QD’s are examined. The mode @eisen parameter of
e Ge-Ge phonon mode is obtained to e 0.81+0.01,

also observed resonance effects with the confined GeElike

transition. The pressure coefficient obtained for this transi-

ion is ~5+1 meV/kbar. This value is lower than the corre-
This could be due to the fact that the Ge-Ge mode Changesté

onding quantity found in bulk Ge. Pressure-induced pho-
on shifts clearly resolved the Ge-Ge and Si-2TA modes at
low pressure under off resonance with thetransition. This
lows us to unambiguously obtain the actual linewidth of

ficient is abnormally small at low pressure. However, forthe Ge-Ge mode in QD’s.

pressureP =32 kbar, the Ge-Ge and Si-2TA modes can be

easily resolved without difficulty. Thus, at high pressure the The authors acknowledge P. Y. Yu at the Physics Depart-
line shape of the Ge-Ge mode does not seem to change muafent, University of California at Berkeley, for his valuable

while the linewidth increases.

comments and suggestions.
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