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Effect of hydrostatic pressure on the Raman spectrum of GgSi,, multiple quantum wells
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We report a Raman study of the effects pressure has on the vibrational structureSgf @eltiple quantum
wells (MQW'’s) with n<4 andm=7. Three primary phonon bands are studied: Ge-Ge within the germanium
layers, Si-Si within the silicon layers, and the Ge-Si interface mode. Pressure shifts each of these bands
consistent with a mode-Gneisen constant of unity for all samples and laser excitations used. We observe
resonance effects with the confined Ge-lketransition for the GgSis sample. The transition is near 2.4 eV
at ambient pressure and blueshiftsai=1 meV/kbar. This pressure coefficient is smaller than the corre-
sponding quantity in bulk germanium. This is attributed to the fact that silicon dictates the in-plane contraction
of the Ge layer that is at a smaller rate than the corresponding quantity in bulk germanium. We see no evidence
of resonance enhancement in samples with thinner Ge layers in each MQW period. This implies that at least
four Ge atoms are necessary to form the states producirig,thransition, consistent with previous studies. An
additional feature seen in the spectra near 310 ‘cin identified by the pressure study to be 2TA Raman
scattering from siliconfS0163-18208)04232-5

. INTRODUCTION from the Ge layers are seen near 304 ¢énand from the
_ _ ~ silicon layers near 510 cit. These are respectively de-
A great deal of effort has been invested in producingnoted Ge-Ge and Si-Si. Raman measurements of both these
high-quality heterostructures of silicon and germanfuRB-  pands show confinement effeGtdNear 417 cm® we ob-
man scattering has been exploited as a microscopic probe gbrye the interface mode, also longitudinal in this scattering
the integrity of superlatticés*? (SL’s) and, to a much lesser configuration, designated Si-Ge.

. =14 )
extent, multiple quantum welt§™* (MQW's) composed of Application of hydrostatic pressure will have several in-

silicon and germanium. This interest is rooted in the capabil- : . , -
. . . . terestin n n for S¢, MQW'’s. First, pr r
ity of Raman studies for probing the layers of silicon and eresting consequences fo QW's sl pressure

. : diminishes the interatomic spacing. Second, the differences
germanium(or, to some extent, gbe, _, alloy), and thein- betw the bulk moduli of sili d . duall
terfacesbinding them. Careful studies have led to the con- etween the bulk moduli of silicon and germanium gradually
clusion that optic phonons for layers of each type of atom ar(g|m|n|s_hes the st_r_am on the Ge layers. When grown pseudo-
confined'* While this is not surprising for the vibrations of mOFPh'C_a"Y on silicon s.ubstratgs, the gerlr;?am.um layers are
silicon, which lie beyond the phonon spectrum of germa_under biaxial-compressive strain 6f3.8% . This reduces
nium, it is unexpected for the germanium bands that overlafl® ~2-8% at a pressure of 120 kbar. Both of these effects
with (non_zone_centermodes in the silicon Spectrum‘ Ra- will alter the vibrational and electronic band structures.
man studies are also interesting because electronic transitioMéhile there have been a few studies of the pressure effects
can lead to resonances in the spectra. This provides informan the optical phonon spectruth!® we find no reports con-
tion about the electronic structure and electron-phonon interserning resonance-Raman processes iRSeMQW'’s un-
actions. However, whether the resonance enhancement otler pressure.
served in Raman spectra of these and similar samples In this paper we report the results of a Raman investiga-
between 2.2 and 2.5 eV stems from the Ge-likgor E;  tion of thin (<4, m<7) Gg,Si,, MQW's under hydro-
parent transitions is still controversigl. static pressure. The measurements were done with several

When taken in the backscattering configuration fromvisible excitation sources, so that resonance enhancement is
(001)-grown MQW's or SL’s, Raman spectra exhibit three observed with Ge-like transitions. We find that the observa-
bands(excluding the folded acoustic phondpsas seen in tion of a resonance depends on the number of germanium
theP=0 spectrum in Fig. 1. Longitudinal opti{€ O) modes, monolayers in each MQW period. Following a brief state-
i.e., with vibrational amplitude along théd01) direction, ment of the experimental methods used, we discuss the effect
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. Hydrostatic pressure was applied using standard diamond-
Ge,Sis Si anvil cell techniques with a 4:1 mixture of methanol and
2.541 eV N ethanol as the pressure transmitting medium. Since the Ra-
man band of the silicon substrate was present in all spectra
(520 cm ! in the ambient-pressure spectrum of Fig, e

use it as an internal measure of the pressure with the estab-
lished pressure coefficient of 0.51 chikbar?° Ruby dust
was used to verify the pressufeRaman spectra were taken

at room temperature using the 514.5-n(3.410 eV,
488.0-nm(2.541 eV}, and 457.9-nm(2.708 eV} lines from

an argon-ion laser and the 647.1-6916 eV} krypton line.

A micro-Raman instrument was used to focus the excitation
onto the sample and gather scattered light in a direct back-
scattering configuration. Collected light was passed through
a holographic notch filter, then analyzed using a 0.5-m spec-
trometer and detected by a cooled charge-coupled-device
(CCD) detector* Signal collection times ranged from 1 to

! ! ! 30 min.
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Ill. EFFECT OF PRESSURE ON THE VIBRATIONAL

FIG. 1. Room-temperature Raman spectra at various pressures SPECTRUM

for the GgSis MQW. The principal vibrational modes discussed in
the text are Ge-Ge near 300 chand Ge-Si near 420 cni.
These bands show a clear enhancement in the 50 — 70 kbar ran
relative to the silicon substrate/spacer phonon near 5207 ca
ambient pressure. The low-wave-number shoulder to the aear
510 cm?) is identified as the Si-Si band from the thin MQW
silicon layers. Asterisks denote laser plasma lines.

For each sample studied we observed the Si-Si band to
shift with the silicon substrate/spacer phonon as pressure var-
9&d. We were not able to satisfactorily resolve these bands, so
may only state that the pressure shifts are approximately
equal. The Si-Si modes are down-shifted from that of the
bulk silicon phonon by confinement. The ambient-pressure
Raman spectrurntsuch as in Fig. JLlthus permits us to check
e silicon layer thicknesses. The results are listed in Table I,
here the values fam andn in Ge,Si,, for each sample are
fom the Raman analysis.
The peak position of the Ge-Ge band likewise permits
estimation of the thicknesses of the germanium layers of our
Il. EXPERIMENTAL DETAILS MQW'’s. Results 6 in Gg,Si,,) are listed in Table I. Most
, , _ .. relevant to us is the observation that two of the samples have
The GgSi, MQW's were grown on(001)-oriented sili-  gjightly thinner germanium layers in each MQW period. This
con sngstrates at low temperature using molecular-beamng oyt to be important in the resonance-Raman measure-
epitaxy:~ The structural building blocks of the MQW's are \hants to be discussed in the next section. The Ge-Ge band
composed ofi andm monolayers of Ge and Si, respectively, pyeshifts under pressure for each sample studied, as is seen
repeated five times. These are in turn repeated ten times wif Fig. 1 for the GgSis sample. Figure 2 shows the pressure-
spacers of SI|ICOI’1.0f 300 or SOQ-A 'Fhlck. Values. for m, induced vibrational energy shifts. We graph/(P)= v(P)
and the spacer thickness are given in Table I, withndm  _ (0 versus the silicon substrate/spacer phonon energy
taken fr_om our Ra_man measurements using _the prior workp;st Avg(P)=rg(P)— v5(0) for the Ge-Ge and Ge-Si
correlating layer thicknesses and phonon cqnfmerr?elﬁte.— _bands. Table Il summarizes the shift rates for each sample
vious Raman studies indicate the high interface qualityyhiained from least-squares linear fits to the data, as in Fig.
achieved in these sampl. 2. Also listed in Table Il are the implied pressure coefficients
dvl 9P and the shift rates scaled to tRe=0 phonon energy
TABLE |. Sample designations according to number of mono-(y,./ ) (vl dvs). The Ge-Ge band shifts at a consistent rate
layers in each MQW period, spacer thickness between repeategh, || three samples. The scaled coefficient§id.3 in all
units. Raman peak positioiito £ 1 cm?) for the three main fea-  ¢,qas This is due to the smaller elastic moduli of germanium

tures(see Fig. 1 studied in each sample at ambient presure. Num'compared to those of siIicdﬁ.Taking this into account, we

bers in parentheses are the confinement-induced shifts for thé:Onclude that the germanium layers in the MQW samples
Ge-Ge and Si-Si bands. L s
have Grueisen parameters within a few percent of that of
bulk silicon.
Figure 2 also includes the pressure-induced shift of the

Ge-Si interface vibrational band, with fit results in Table II.

pressure has on the vibrational structure of our samples. th
then turn our attention to the observed resonance effect:
Results are then summarized.

Spacer VGe Ge VGe-si Vsisi
Sample  thicknes§A) (cm™1) (cm™1) (cm™1)

Ge;Sis 300 303 (-12) 417 509 ¢11) The shift rate is between that of the silicon band and the
Ge;Sis 300 299 (- 16) 418 510 ¢ 10) Ge-Ge mode. We also notice thatg,.si/ dvg; varies slightly
Ge;Si; 500 299 (- 16) 419 512 8) from sample to sample. The scaled pressure coefficient im-

plies deformation constants of the Ge-Si interface bonds as
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FIG. 2. Pressure-induced shifts in the Raman energ{d®)
—v(0) vs the shift in the silicon substrate/spacef(P) — v<i(0) (b) 2.708 eV
phonon. The upper panel is for the Ge-Si interface vibrational band
and the lower panel is for the Ge-Ge line. Excitation sources are
2.541 eV(circles, 2.410 eV(diamondg, and 2.708 eMtriangles.
Results of least-squares linear fits to the data are in Table II.

being intermediate to those of pure germanium and silicon. 93 kbar
This is as anticipated, and is consistent with what can be 2 * *
concluded from hydrostatic pressure studies ofG8j_, £
alloys?? E
62 kbar

IV. PRESSURE-TUNED RESONANCE EFFECT
25 kbar,
Evident in Fig. 1 is an increase in intensity of the Ge-Ge

band and, to a lesser extent, the Ge-Si band relative to the

silicon substrate/spacer line. Although the Raman intensity 0 kbar

of silicon will vary slightly over the large pressure range

studied, we use it as an internal standard. Previous, ambient- ! I ‘ '
pressure work identified resonance enhancement near 2.4 eV 250 300 350 400 450 500
as originating from theE; transition in the germanium Raman Shift (cm™)

MQW layers*123This value is shifted from th&; gap in . .
bulk germanium by strain and quantum confinement. Based F!G. 3. Raman spectra of the (8% MQW sample at various

on this, we interpret the enhancement seen in Fig. 1 foPressures comparable to those in Fig. 1 and for two different laser
' excitations:(a) Aw, =2.410 eV andb) A w =2.708 eV. The inten-

TABLE Il Pressure-induced shifts for the Ge-Ge and Ge_Sismes are normalized relative to the silicon substrate/spacer band.

modes relative to the silicon substrate/spacer phonon band, implie

. ) ) #e-Ge and Ge-Si to be resonance scatteringprassure
pressure shift rates, and the reduced pressure shift for comparison fo he el . . ithin th I h h
silicon. tunes the electronic transition within the Ge layers throug

the laser photon energyif, =2.541 eV)?

Figure 3 shows Raman spectra for the other laser photon
energies used here. Spectra are normalized to silicon
substrate/spacer phonon intensifpot shown. For the

avl 9P
Sample Mode dvlidvg  (cm Ykbar) (vsi/v)(dvldvg)

GeSis Ge-Ge 0.740.01 0.3%-0.01 1.32-0.02 2.410-eV excitation we observe the intensities of both the
Ge-Si  0.86-0.03 0.44-0.02 1.08:0.04 Ge-Ge and Ge-Si bands to diminish as pressure shifts the

GeSis Ge-Ge 0.720.04 0.370.02 1.270.05 transition out of resonance witthw, . When using the
Ge-Si  0.930.03 0.46-0.02 1.13-0.04 2.708-eV laser source, enhancement of the two bands is seen

GeSi; Ge-Ge 0.7#0.03 0.3%-0.02 1.32-0.04 in Fig. 3 at high pressures. Thus, pressure shifts the resonat-
Ge-Si 0.94-0.02 0.48-0.01 1.18-0.03 ing energy gap of the germanium layers into resonance with

this largerf o, . Unfortunately, the silicon and germanium
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0.7 for the in-plane strain and the above bulk moduli, we esti-
- Ge,Sis mate that theE; transition in our MQW will exhibit~74%
of the pressure shift seen in bulk Ge. Based on this we arrive
L) at an expected 6.3 meV/kbar pressure coefficient. This par-
o o tially explains our reduced measured value compared to bulk
‘Y /GC'GC Ge, substantiating the identification of the resonating elec-
tronic transition as th&; band of germanium. The remain-
ing departure between the MQW and bulk pressure shifts
may be due to differences between elastic moduli and defor-
mation potentials of thin Ge layers compared to the bulk
oo values.

We note that the pressure-tuned resonance enhancement
seen in Fig. 4 has the effect of increasing the intensity of the
P era Ge-Ge band by a factor o£5 versus theP=0 intensity.
Go§i — %&@9 0 *a This modest enhancement factor is in approximate agree-

&C‘&ﬁ%\e\ B pnnBOA ment with the results of Schorest al. for GeSis strain-
o T symmetrized superlatticé8. Furthermore, we see that the
ool——t Ge-Si mode enhancement is weaker than that observed for
2.0 2.2 24 26 28 the Ge-Ge band, differing by a factor of5. This is because
the Ge-Si mode is localized to the interface regions, while
o, P (V) the Ge-like electronic transition is localized to the Ge layers.
Thus, the overlap between the electronic and vibrational
FIG. 4. Relative intensities of the Ge-Ge baffitied symbolg  \yave functions is smaller for the interface modes than for the
and Ge-Si bandopen symbolsfor the GaSis MQW. These are  Gao_Ge mode. This accounts for the relative strengths of the
graphed vs energy according to Hd) so that results from three oo -n0as of the Ge-Ge and Ge-Si with Ehelike transi-
laser excitations may be compared. Same symbols as in Fig. 2. tion.
Significant differences were observed between the Raman
spectra of the G&i; and both the G&i; and GaSi;
> samples. Most notably, we did not observe the pressure-
resonance were to shift well beygnd.2.708 ev. " induced resonance enhancement in either of the latter
For the GeSis MQW we graph In Fig. 4 the Intensities of samples. The fact that the germanium layers are slightly thin-
the Ge-G_e and Ge-Si bands, relative to that of silicon, VersUger (three versus four monolayersuggests that a certain
the quantity mimimum thickness is necessary in order to establish energy
bands. This agrees with both the®frand previous ambient-
pressure experiment$1*Our measurements support a mini-

Here, % w,_ corresponds to the excitation photon energy andnum thickness of-4 monolayers of germanium are needed

a is the pressure coefficient of the resonating electronic tranfOr the resonance-Raman process withEheransition. That
sition. When treated this way, data from the three laser phot-he electronic states are borderline in their formation of en-
ton energies may be compared. With-4+1 meV/kbar we €79y bands betweem=3 andn=4 supports the notion that
obtain the best agreement for the intensity profiles of althe elastic constants and.deformauon potentials may vary
three excitation lines. The maximum enhancement resultinf©M those of bulk germanium, as suggested byEhepres-

from this analysis is near 2.4 eV, as in the ambient-pressure!’® shift interpretation. _

investigation** This pressure coefficient is lower than the Several interesting observations can be made when com-
accepted value of 850.2 meV/kbar for theE; transition in ~ Paring the Raman spectra of our [Sg and those of the
bulk germaniunt® The difference can be partially accounted G8Sis Or G&sSi, MQW's. Since the Raman spectra from the
for according to the following analysis. Since the in-planelatter two were nearly identical, we focus on the ;Sig
lattice constant of the Ge layers is constrained to match thai@mple. Figure 5 shows spectra for this sample at various
of the surrounding silicon, the change in each due to pressuf€Ssures comparable to the range examined in Figs. 1 and 3.
will be the same as, and determined solely by, the propertiesWO weak features are present, one above the Ge-Ge band
of silicon. Since silicon has a larger bulk modulus than ger-2nd one above the Ge-Si band at ambient pressure. The latter
manium (984 versus 750 kba?* the former will show a IS believed to be due to a slight amount of mixing of silicon
smaller change in the lattice constaag, than the latter for and germanium at the mterf_ac@sUnder pressure, it shifts

a given applied pressure. In other words, the Ge layers in od¥ith the Ge-Si band, which is what we would expect if the
MQW's will exhibit a smallerAa”Ge = AaS in-plane defor- above interpretation Is correct. The most striking d|ﬁerence
mation than bulk germanium when subjected to the sam@8tWeen the spectra in Fig. 5 and in Figs. 1 and 3 is the

pressure. This corresponds to a reduced effect of pressure ditional fgatgre near the Ge-Ge band. At ambient pressure
the Ge layers imposed by the stiffer silicon. Using this feature is just above the Ge-Ge phonon. Pressure causes

this band to redshift at a rate ef0.63+0.07 cm Y/kbar.

Both the energy and pressure shift identify this line as
2) second-order, zone-edge scattering by 2XAénd, possibly,

2TA(Z) phonons insilicon.?° We are unable to say whether

Intensity Relative to Silicon

structural phase transitiotfs® occur at pressures that pro-
hibit us from observing the expected drop in intensity if the

E=fw_—aP. (D)

aS(P)—a®{P)

ex(P)= aGe(P)
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Ge.Si with smooth interface$* The tale for the GgSis sample is

S 67 kbar different. At ambient pressure the Ge-Si band is asymmetric

2TA 1 and broader£21 cmi 1) in this sample, indicating a higher
W degree of interface roughness. Most interesting is the effect
50 kbar of pressure, which, in all cases, causes the Ge-Si band in
Ge,Sis to become more trianguldFigs. 1 and R The line-
M width remains approximately constant. This trend prevails
6 kbar regardless of the relationship between the excitation photon

energy and the pressure-tungg transition. A factor that
plays a role in optical phonon linewidths is two-phonon
resonancé®3°~32 Since two-phonon decay processes limit
the phonon lifetime, resonance with lower-lying combina-
tions that have high densities of states will broaden the optic
phonons. For the Ge-Si interface vibration, the closest match
with bulk germanium and silicon vibrations is the F(X)
+TA®¥(X) combination at frequency 422 crhin the bulk
matarials>® Pressure will shift the interface band out of near
' ‘ resonance with the combination. However, this is most rel-
200 300 400 500 evant when dealing with Raman modes for which strain, lo-
Raman Shift (em™) cally inhomogeneous conditions, alloying, isotopic substitu-
tion, and other line-shape broadening effects are small. Since
FIG. 5. Effect of pressure on the Raman spectrum of ouSze  this is not the case in our experiments, the line-shape varia-

MQW. The band just above 300 crhin the P=0 spectrum is tjon seen due to pressure in this sample set is not understood.
seen to red shift, identifying it as 2TX(X) scattering in silicon.

Intensity

the 2TA comes from the silicon in the MQW or from the V. SUMMARY

spacer/substrate material. We also observe the 2TA feature The pressure dependences of three primary Raman bands
in the GgSis MQW spectra, but the Ge-Ge and Ge-Si linesare examined, corresponding to longitudinal vibrations
are significantly stronger than the 2TA band. This is becauswithin the germanium layers, within the silicon layers, and at
in all cases show(Figs. 1 and Bthe Ge-Ge and Ge-Si bands the interface. The pressure shifts agree with a previous
are enhanced by the resonance viith We verified this by  study!’ and are consistent with mode-@eisen constants
examining the GgSi; sample using the off-resonance for both the silicon and germanium layers close to that of
1.916-eV (647.1-nm excitation. Under these conditions, pure silicon. The Ge-Si interface mode likewise has a similar
relative intensities for the 2TA and Ge-Gand Ge-Sibands mode-Grueisen parameter, provided the elastic constants
of the GgSis MQW were in close agreement with all spectra are an average of those for bulk Ge and Si.
measured from the GBis and GgSi; samples. Furthermore, We find that resonance effects dominate the Raman spec-
the absolute intensities of the 2TA bands were consistent itrum of the GgSis MQW when measured with any of the
spectra from each sample for a given laser excitation and, targon-ion laser lines as excitation. This can be seen in Figs.
a slightly lesser extent, across excitation sources. 1-3. The resonance involves the germaniumlike, confined
The last differences between the S and the two Ej transition near 2.4 eV. The observation that the resonance
samples with thinner germanium layers ¢Sk and GgSi;) effect dominates the Raman spectrum for any blue/green ex-
concern the line shapes. We observe that under all conditiorgstation is important, since these sources are typically used in
for which we studied the Ge-Ge band from the ,6g Raman studies. Relative intensities of the Ge-Ge and Ge-Si
sample(i.e., three laser lines and pressures up to the struddands may be strongly enhanced and their line shapes altered
tural phase transitionsit remained asymmetric. This was by the resonance over the more straightforward, volume-
the case even when passing through the resonance in Fig. #lated intensities measured far from resonance. The other
In contrast, the Ge-Ge Raman band was symmetric under divo MQW’s examined consisted of thinner germanium lay-
conditions for the other two samples. Symmetric Ge-Geers and showed no resonance under any conditions exam-
bands have been interpreted as stemming from a narrow digied. The differences in the germanium-layer thickness are
tribution of Ge layer widths with smooth interfaces. Asym- small, nominally just 1 ML. Our examination implies that
metric peaks signify “rougher” interfaces and a distribution terracing or short-range interface roughness is not solely re-
of layer widths. Evidently, the shape of these bands is deteisponsible for the absence of resonance effects within the
mined by these factors, plus strain and confinement effectshinner Ge layers. Rather, it is the absence oEasrelated
and is unperturbed by pressure. This makes sense, since weergy band that prohibits the resonance. Under all condi-
do not expect pressure to alter the basic MQW structure bdions studied, Raman spectra for these samples were like
low the phase transition region~(120 kbay and in the ab- those of the GgSis MQW when it was excited far from
sence of line dislocations caused by presgire. resonance withe;. The resonance-Raman study estimates
The Ge-Si interface band exhibits a different behaviorthe E; gap to pressure shift at41 meV/kbar. This value is
For the GgSis and GgSi; MQW's, this band is asymmetric small compared to the pressure shift of te transition in
under all conditions studie@Fig. 5). The linewidth is con- bulk Ge. We attribute the difference to the larger bulk modu-
sistently ~17 cm 1. These factors have been associatedus of silicon, which mediates the pressure-induced lattice
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contraction in the germanium layers. Variations in other rel-excitation. The systematic redshift allows us to identify the
evant quantities, such as the elastic constants and deformband as 2TA scattering from silicon.

tion potentials, which may occur in extremely thin layers,

could also contribute to this reduced pressure shift. ACKNOWLEDGMENTS
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