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Evidence of electronic confinement in pseudomorphic Si/GaAs superlattices
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We report the observation of coupling between intersubband plasmons and longitudinal-optical phonons in
Si/GaAs superlattices pseudomorphically grown on GaAs-~001!. Measurement of both phononlike (I 2) and
plasmonlike (I 1) coupled modes by Raman scattering unambiguously demonstrated electronic confinement
within pseudomorphic Si layers and allowed us to determine the 0→1 intersubband transition energy. Com-
parison with the results of tight-binding calculations indicated a type-I band alignment across the Si/GaAs
heterojunctions, with a conduction-band offset of 0.61 eV and a valence-band offset of 0.25 eV.
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The successful synthesis of Si/GaAs superlattices~SL’s!
has opened the way to the investigation of a prototype s
tem with heterovalent lattice-mismatched interfaces.1–7 Inter-
est in this material configuration stems, in general, from
structural analogies and electronic differences relative to
Si-Ge system and, in particular, from the opportunity
studying interfaces between a covalent and a po
semiconductor.8–11 For example, the band offset is expect
to be strongly influenced by the interface termination in h
erovalent heterojunctions with polar orientation,10,11and par-
ticularly in Si/GaAs SL’s.8,9

Quantum confinement of optical phonons in Si/Ga
SL’s has also been demonstrated,3,4 but electronic confine-
ment has not yet been reported. Observation of the la
hinges on the numerical values of the conduction- a
valence-band discontinuities and would allow us to test t
oretical predictions of the electronic structure of strained h
erovalent heterojunctions.8–11

We report here the observation of coupled modes aris
from two-dimensional~2D! plasmons associated with inte
subband transitions in Si quantum wells~QW’s! and GaAs
longitudinal-optical~LO! phonons. Our results provide th
first evidence that Si layers in Si/GaAs SL’s can act as e
tronic potential wells. From the Raman shift of the coupl
modes we obtained the 0→1 intersubband-transition energ
and the sheet-carrier densities with no additional parame
Comparison with the results of tight-binding calculations
lowed us to estimate the conduction- and valence-band
continuities between Si and GaAs.

(Si)m /(GaAs)n SL’s ~Ref. 12! were grown by solid-
source molecular-beam epitaxy on GaAs-~001! wafers under
a constant As flux following the procedure described in R
2. Structural investigation of Si/GaAs SL’s by x-ra
diffraction,1,2,5,6 Raman scattering,3,4 and transmission elec
tron microscopy7 have demonstrated that such a proced
achieved pseudomorphic growth of homogeneous Si
GaAs layers with relatively abrupt interfaces and long-ran
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periodicity. On the other hand, local-mode Ram
spectroscopy3,4 and Hall measurements have demonstra
the presence of Si out diffusion into the GaAs matrix whe
Si behaves as a donor impurity, and this may also aff
electron confinement. Therefore we also grew, for comp
son, multipled-doped structures using Si coverage of 0.
monolayer~ML ! for eachd layer, a Si growth temperature o
540 °C, a Si deposition rate of 22 ML/h, and an As equiv
lent pressure of 331028 Torr. Structural and electrical dat
for the different samples are listed in Table I.

Raman experiments were performed at room tempera
in backscattering configuration from the~001! surface, using
several lines of an Ar1 laser. We used an excitation powe
density of ;90 kW/cm2, corresponding to an estimate
photoexcited carrier density,1017 cm23. The latter is neg-
ligible with respect to the equilibrium electron density of o
samples (n>531018 cm23, see Table I!. The scattered light
was dispersed by a Jobin Yvon T64000 triple spectrome
equipped with charge-coupled device~CCD! detection. The
spectral resolution is 0.6 cm21. Raman selection rules wer
checked by inserting a polarizer in front of the entrance
of the monochromator.

Figures 1~a! and 1~b! show the Raman spectra of
(Si!0.05/~GaAs!35 multiple d-doped sample13 ~sample 1!. The
peak at 291.2 cm21 in Fig. 1~a! is due to scattering by GaA
LO phonons. A structure in the range 500– 580 cm21 in Fig.
1~b! is characteristic of second-order scattering processe
two GaAs optical phonons. The highest peak at 268.7 cm21

in Fig. 1~a! and the broadband centered at 837 cm21 in Fig.
1~b! are linked to the lower branch (v2) and the higher
branch (v1) of coupled plasmon-LO phonon modes, respe
tively.

The V-shaped space-charge potential wells associ
with isolatedd-doped layers produce strong 2D electron co
finement and create electronic subbands.14 This substantially
modifies the energy spectrum of coupled plasmon-pho
excitations.15,16 However, when the spacing betweend-
R15 100 © 1998 The American Physical Society
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TABLE I. Details of the investigated samples. Layer thickness were checked by x-ray and Raman measurements and are
monolayer units~ML ! ~Ref. 12!. I 2 andI 1 are the energies of intersubband plasmon–LO-phonon modes measured by Raman scatterv01

and ns ~Raman! are the 0→1 intersubband transition energy and the sheet-carrier density inferred fromI 2 and I 1 without external
parameters as described in the text.ns ~Hall! is the sheet-carrier density as determined by Hall experiments. For sample 1 in which
charge distribution is present, the plasmon-phonon mode energies (v6) and the bulk electronic density (n) are listed.

Sample
Si/GaAs

~ML !
Number of

periods I 2 (cm21) I 1 (cm21) v01 ~MeV!
ns ~cm22!
~Raman! ns ~cm22) ~Hall!

2 3/50 15 282.8 1095 109.6 1.231013 1.431013

3 2/35 10 287 816 89.9 5.631012 431012

4 2/35 10 287.8 810 91 4.931012 431012

5 2/28 15 287.5 823 91.7 5.331012

1 0.05/35 10 v25268.7 v15837 n58.531018 cm23 n5831018 cm23
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doped layers is reduced below;200 Å and the sheet-carrie
density is larger than;1012 cm22, the strong coupling be
tween subbands originally localized in separate poten
wells leads to wave-function delocalization, miniband form
tion, and spreading of the electronic density.17 Therefore,
plasmons in short periodmultipled-doped samples are quas
three dimensional in nature18 and consequently the assoc
ated Raman spectra are very similar to those of homo
neously n-doped GaAs at high doping level.19 These
considerations apply well to sample 1, in which the spac
between thed-doped layers is 100 Å. From the measuredv2

and v1 energies we estimated a 3D carrier densityn58.5
31018 cm23. This value compares well with that o
831018 cm23 derived from Hall measurements~see Table
I!.

Figures 1~c! and 1~d! show the Raman spectra of th
~Si!3 /~GaAs!50 SL ~sample 2!. Besides one-phonon and two
phonon GaAs bands analogous to those observable in F
1~a! and 1~b!, additional structures ascribed to Si-relat
phonons are present. The band centered at 386 cm21 is due
to a superposition of Si-derived local vibrational mod
~LVM !.20,21 This observation and Hall measurements~see
Table I! demonstrate the occurrence of relevant diffusion
Si ions into the GaAs matrix. On the other hand, observa
of the characteristic band due to Si-like LO confin
al
-

e-

g

gs.

f
n

phonons at 477 cm21, labeled Si on Fig. 1~d!, demonstrates
that the vast majority of the Si atoms remain localized in
pseudomorphic layers, yielding an overall composition p
file close to the nominal one.3

The peak at 282.8 cm21 in Fig. 1~c! and the broadband a
1095 cm21 in Fig. 1~d! are related to the lower (I 2) and the
higher (I 1) branches of the intersubband plasmon–L
phonon coupled excitations. The 2D nature of these coup
modes is unambiguously demonstrated by the energy p
tion of theI 2 andI 1 bands. TheI 2 band position falls in the
wave-number range between the transverse-optical~TO! and
the LO phonons. This would be consistent with a thre
dimensional plasmon-phonon mode only in the presence
Landau damping, i.e., for an,231018 cm23 carrier
density.19 However, the experimental position of the high
plasmon-phonon branch would then requiren.1019 cm23,
so that there is no way to explain at the same time the p
tion of the two bands with 3D plasmon-phonon modes. T
2D nature of theI 2 and I 1 modes remains the only viabl
explanation. Similar features associated with Si-rela
phonons and 2D intersubband plasmon-phonon excitat
were observed in all investigated SL samples. The results
summarized in Table I.

The energiesI 6 of the intersubband plasmon–LO-phono
coupled modes are determined by the zeros of the real pa
d

on

ns
FIG. 1. Raman spectra of samples 1 (a,b)
and 2 (c,d). Bands markedv6 on tracesa,b are
linked to 3D plasmon–LO-phonon couple
modes. Shaded bands labeledI 6 on tracesc,d
correspond to intersubband plasmon–LO-phon
coupled modes. TO~LO! on tracesa,c label the
transverse~longitudinal! optical GaAs phonons.
LVM and Si on traced mark Si-related local vi-
brational modes in GaAs and confined phono
in Si quantum wells, respectively.
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the dielectric function. Considering only transitions betwe
the first and second subbands~0→1! and neglecting the
population of the excited subbands, the dielectric funct
can be written as

«~v!5«`1«`S vLO
2 2vTO

2

vTO
2 2v22 igv D

1«`S V01
2

v01
2 2v22 iG01v

D , ~1!

where«` is the high-frequency dielectric constant,vLO ~TO!

is the LO ~TO!-phonon frequency,g and G01 account for
phonon damping and subband broadening;V01 is the so-
called depolarization shift and takes into account collect
effects due to electron-electron scattering. For small in-pl
components of the wave vector the following relation hol
V01

2 54pe2nsL01v01/(«0«`hc). A well-tested approxima-
tion of the Coulomb matrix element isL01;0.055Lz(Å),
whereLz is the well width.22 From the condition«~v!50 and
neglecting damping effects (g,G01→0) one obtains the en
ergies of the coupled modes:

I 6
2 5

vLO
2 1v01

2 1V01
2

2

6 1
2 @~vLO

2 2v01
2 2V01

2 !214V01
2 ~vLO

2 2vTO
2 !#1/2.

~2!

Note thatI 6 depend on two parameters only:v01 and the
sheet-carrier densityns . Using the experimentalI 6 energies
we estimated thev01 andns values reported in Table I. Th
good agreement between thens values obtained by the Ra
man spectra and those measured by Hall experiments
firm the validity of our analysis.

We address now the physical origin of the confining p
tential yielding 2D electron confinement in Si quantu
wells. Owing to Si out diffusion in real Si/GaAs SL’s th
electronic potential profile will result from a combination
two contributions, namely, the crystal potential due to
pseudomorphic localized Si layers and the additional spa
charge effect due to the Si donors. A full-blown calculati
requires knowledge not only of the actual Si layers’ thic
ness but also of Si donor distribution in the GaAs matr
The latter cannot be easily obtained from structural pro
such as x-ray diffraction~XRD! or TEM. However, calcula-
tions carried out modeling our samples as multipled-doped
structures, i.e., neglecting the crystal potential associate
pseudomorphic Si layers, show that the donor-related sp
charge effects give only a relatively weak modulation of t
electronic potential and no 2D confinement.

Accordingly, we calculated the band structure of o
samples including only the periodic Si potential expec
from the XRD- and TEM-determined composition profil
The band structure was obtained within an empirical tig
binding sp3s* d5 nearest-neighbor model including spi
orbit coupling.23 Strain effects were taken into account a
suming pseudomorphic growth and scaling the Si ma
elements of the QW Hamiltonian with respect to bond-an
distortions and bond-length changes. We obtained a Si b
gap reduction of 50% and a band-gap difference of 0.86
n

n
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between GaAs and Si at room temperature, consistent
the value of 081 eV proposed in Ref. 24 based on pseu
potential calculations by People25 for pseudomorphic Si lay-
ers on Ge.

Table II shows the calculatedv01 corresponding to differ-
ent postulated values of the Si/GaAs conduction-band of
(DEc). Good agreement with the experimentalv01 values of
Table I was found forDEc520.61 eV in all samples bu
sample 2. The negative sign denotes that the conduct
band minimum of Si is lower than that of GaAs in the S
For sample 2 better agreement was obtained withDEc5
20.68 eV. This ;10% difference is probably related t
non-negligible space-charge effects in this sample, leadin
increased electronic confinement and an apparent increa
uDEcu within our tight-binding model. In fact, sample 2 has
much larger spacing between Si layers and ans value a fac-
tor of 2 larger than that observed in the other SL’s.

Using DEc520.61 eV and the calculated value of th
band-gap difference between the pseudomorphic Si layer
GaAs, we obtained a valence-band offsetDEv50.2560.05
eV and a type-I band alignment, i.e., both the conducti
band minimum and the valence-band maximum occur wit
the Si layers in the SL. The above valence-band offset va
is in agreement with the results of prior photoemission st
ies of Si/GaAs~001! heterojunctions, which yielded
DEv50.3960.10 andDEv50.2360.01 eV.24–26

Ab initio calculations have shown that the valence-ba
maximum may fall either in Si or in GaAs layers in the S
depending on the atomic configuration of the interface a
the corresponding local interface dipole.8,9 For example, for
Si layers pseudomorphically strained on GaAs~001!, DEv
50.55 eV is expected for a 50-50 Si-As termination with
a single intermixed atomic plane at the interface~type A
configuration in Refs. 9–11!, while DEv520.10 eV is ex-
pected for 50-50 Si-Ga termination within a single inte
mixed atomic plane at the interface~typeB configurations in
Refs. 9–11!. More complex configurations leading to tw
Si-As and Si-Ga intermixed planes at the interface and
ionic dipole~configurationsC-D in Refs. 9–11! would give
DEv50.22– 0.23 eV, close to the average of the two pre
ous values, and similar to the value of 0.21 eV expected
the nonpolar interface configuration.27 Our experimental
value for DEv clearly suggests that local atomic configur

TABLE II. Calculated 0→1 intersubband transition energie
corresponding to a given conduction-band offsetDEc value.

Si/GaAs
~ML ! DEc ~eV!

v01 ~meV!
~theory!

2/28 20.66 108

20.61 92

20.56 77

2/35 20.66 105

20.61 88

20.56 72

3/50 20.71 122

20.68 110

20.66 98

20.61 75
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tions yielding no ionic dipole have been achieved at the
GaAs interface, although we caution the reader that on
few of the simplest possible interface configurations h
been examined by theory in Refs. 8 and 9.

In conclusion, we reported the observation ofI 2 and I 1
V

V
.

p

c

c

.

m

i/
a
e

intersubband plasmon–LO-phonon modes in Si/GaAs su
lattices. This allowed us to directly estimate the intersubba
transition energy and the sheet-carrier density and obtain
perimental evidence of electron confinement within Si qu
tum wells in Si/GaAs superlattices.
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