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A theoretical and experimental study of intersubband transitions in modulation-doped p-type Si/SiGe
0

quantum wells is presented for SiGe wells with widths between 26 and 65 A and Ge contents in the range

from 19% to 50%. The SiGe multiple quantum wells are pseudomorphically strained with an in-plane

lattice constant equal to the lattice constant of the Si substrate. Calculations of the in-plane dispersion

of the quantum-well states are performed within the envelope-function approach, with full inclusion of
the degeneracy and warping of the three topmost bulk valence bands described by the strain-dependent

Luttinger-Kohn Hamiltonian. Many-body effects such as the Hartree potential and the exchange-

correlation interaction are taken into account in a self-consistent manner. The transmission spectra are

finally calculated with a dielectric simulation for the multilayer stack. Using the structural parameters

determined by high-resolution triple-axis x-ray diffraction, the results of the calculation are in excellent

agreement with the observed intersubband absorption that occurs between 480 and 1830 cm ' for the

different samples. As long as the excited states are confined to the SiGe wells, the full widths of the ab-

sorption lines are only 20 meV. This value represents the narrowest absorption line so far observed in p-

type SiGe quantum wells.

I. INTRODUCl ION

Intersubband transitions in semiconductor quantum
wells have been studied extensively in the past few years. '

On the one hand they represent a valuable tool for the
spectroscopic study of low-dimensional semiconductor
systems, and on the other hand they have high potential
concerning technological applications for infrared light
emitters and even lasers as well as detectors. ' The ma-
terial system which has been most extensively studied is
the GaAs/Al„Ga, „As system, but recently the Si/SiGe
system has attracted a lot of attention, mainly due to the
impressive progress in growth technology. Additionally,
the Si/SiGe system has the obvious advantage of being
compatible with silicon-integrated technology.

Several difFerent ways of confining carriers can be
achieved in the Si/SiGe system, depending on the sub-
strate material and the strain configuration. For exam-

ple, when grown on Si, most of the band ofFset occurs in
the valence band, so only holes can be effectively confined
in the SiGe layers. The confinement of electrons requires
an in-plane lattice constant difFerent from Si, which can
be achieved by growing a thick, relaxed SiGe buffer layer
before the active material. A breakthrough in growing
high-quality buffers recently occurred through the con-
cept of the graded buffer, where the Ge content is ramped
continuously or stepwise to the desired value. In such
systems, electrons can be confined either in Si layers or in
alloy layers with a Ge content exceeding 80%, depend-
ing on the strain. In both cases intersubband absorption
has been demonstrated experimentally.

In a simple, isotropic, single-valley band structure, in-
tersubband transitions can only be excited with light po-
larized perpendicular to the layers, (i.e., parallel to the
growth direction —this will be our terminology from now
on}. However, this selection rule can be relaxed in more
complicated configurations. It has been shown recent-
ly" ' that intersubband transitions for light polarized
perpendicular to the growth direction are allowed if the
quantum-well states are built up from ellipsoidal energy
valleys which are tilted with respect to the growth direc-
tion. In the Si/SiGe system, this can be realized for n

type quantum wells by growing a Si well on a (110)-
oriented SiGe bufFer" or by growing a Ge well on a (100)
SiGe bufFer. ' In addition, as shown by the theoretical
work of Chang and James' and Chun, Pan, and Wang, '

intersubband transitions for light polarized perpendicular
to the growth direction are also allowed between
valence-band quantum-well states which are built up
from difFerent bulk valence bands [heavy hole (HH), light
hole (LH), and spin split-off (SO)]. Experimentally, in p
type Si/SiGe quantum wells such transitions have been
observed recently. ' ' Therefore, this issue makes the
hole system in SiGe quantum wells attractive for infrared
detector application, since normal-incidence absorption is
possible under certain conditions. In addition, such
structures can be grown pseudomorphically on [001] Si
substrates, and thus show the highest structural quality
of all quantum-well structures so far realized in the
Si/SiGe system. From the technological point of view
this type of structure is also preferable, since thick bufFers
are unwanted for commercial applications.
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The intersubband absorption of holes in SiGe quantum
wells has been reported in a number of publications. '

In the majority of this work, the SiGe quantum wells
were heavily p-type doped, resulting in very broad ab-
sorption lines. On the other hand, a number of calcula-
tions of the valence-band structure of these systems has
been published, ' ' ' but a complete understanding of
the absorption has not been achieved to date.

In the present paper we report on intersubband absorp-
tion in a larger number of SiGe quantum wells with wide-
ly different structural parameters, which were all deter-
mined accurately by triple-axis high-resolution x-ray-
diffraction and reciprocal space mapping. The samples
were modulation doped and exhibit the narrowest ab-
sorption lines in p-type SiGe quantum wells so far. For
all the samples a full, self-consistent Luttinger-Kohn-type
band-structure calculation is performed, including
strain, in-plane dispersion, and many-body effects. In ad-
dition, the dielectric function is calculated from the band
structure and fed into a dielectric simulation to calculate
the actual sample transmission. This comparison enables
us to obtain an accurate understanding of the origin of
the transitions involved in the absorption process.

The paper is organized as follows: In Sec. II we de-
scribe the sample parameters together with their deter-
mination by x-ray diffraction, as well as the experimental
procedure for the infrared measurements. In Sec. III we
present the band-structure calculation on the basis of the
strain-dependent Luttinger-Kohn k p scheme as well as
the calculation of the dielectric function. In Sec. IV some
important results of this calculation are discussed on the
basis of one specific sample structure. This includes the
discussion of the dielectric simulation, which shows the
occurrence of the Berreman effect. ' In Sec. V the experi-
mental results are presented and compared to the calcula-
tions, which is followed by conclusions in Sec. VI.

II. SAMPLE STRUCTURE
AND EXPERIMENTAL PROCEDURE

The Si/SiGe multiple quantum wells (MQW's) were
grown by molecular-beam epitaxy (MBE) in a commer-
cial growth chamber (Riber SIVA 32) at the Walter
Schottky Institute on semi-insulating (100) Si wafers.
The growth temperature was varied between 400 and
550'C in the multiple-quantum-well sequence, and the to-
tal growth rate between 0.02 and 0.4 A/s in order to ob-
tain maximum surface flatness and minimal interface
mixing. The wafers were not rotated during growth.
This results in controlled variations of the Ge content
and well and barriers widths of the MQW across one
wafer, and allows for a systematic study of the depen-
dence of the transition energy and the line shape of inter-
subband absorption on these parameters. The samples
investigated in this work consist of ten SiGe alloy quan-
tum wells, separated by approximately 180-A Si barriers,
the 60-A center of which is boron doped. The MQW
samples were taken from four different wafers. From
each wafer samples with nearly equal well widths, but
different Ge content, were taken. The approximate well
widths on the respective wafers were 65, 45, 30, and 27
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FIG. 1. Measured and simulated high-resolution triple-axis
x-ray-diffraction patterns of two Si/SiGe MQW's. The numbers
indicate the order of the superlattice satellites. In the simula-
tion, the width (Ge content) of the quantum wells was assumed
to be 31 A (23%) and 27 A (50%%uo), respectively.

0
A. Whereas on the first three wafers the Ge content in
the quantum wells varied from 19% to 30%, the fourth
wafer contains deeper quantum wells with a Ge content
between 42% and 50%. The doping level in the first
three wafers was 2.2X 10' cm, and in the fourth wafer
7.0X10' cm . The Hall mobility of the samples is in
the range between 200 and 300 cm /V s at 4.2 K.

The exact structural parameters (listed in Table I) and
the strain status were determined by high-resolution
triple-axis x-ray diffraction and reciprocal space map-
ping. In Fig. 1, the high-resolution triple-axis x-ray-
diffraction patterns of two samples are shown. Superlat-
tice satellites up to the sixth order were observed for a
MQW with 25%%uo Ge content. Due to the higher x-ray-
scattering cross section of Ge as compared to Si, more su-
perlattice satellites (up to the ninth order) could be ob-
served for the MQW with the higher Ge content. Also
shown in Fig. 1 are the results of a simulation of the x-
ray-diffraction patterns based on the dynamical
diffraction theory using the parameter indicated in the
plot. Excellent agreement is achieved between measure-
ment and simulation. Furthermore, eight subsidiary
maxima between the lowest-order superlattice satellites
are clearly resolved. Their mutual distance corresponds
to the finite thickness of the system of ten quantum wells.
The appearance of these finite thickness fringes in the
diffraction pattern indicates the high structural quality of
the samples investigated in this work.

Information concerning the strain status is contained
in the reciprocal space maps as presented in Fig. 2. It
shows the reciprocal space maps for the (004) and (224)
Bragg reflections for a multiple quantum well with a
width of 27 A and a Ge content of 50%. Plotted are the
contours of constant scattered x-ray intensity. Apart
from the Si substrate peak, the main superlattice peak
(SLO) and the first-order peak (SL1) are shown. In the
(004) map, the finite thickness fringes (labeled 1—8) are
observed between the SLO and SL1 reflexes. Their dis-
tance is equal to 1/nL, where L denotes the length of one
period and n is the number of periods within one sample
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Well width (A)

65
64
60
49
47
44
36
31
26
27
27

Ge content (%)

23
26
30
21
25
31
19
23
27
42
50

Barrier width (A)

198
184
163
196
181
164
180
177
160
206
175

(n =10 for the present samples). In the (004} reciprocal
space map, the intensity contours inclined by approxi-
mately 45' relative to the [001] direction are an experi-
mental artifact due to the high intensity of the (004)
Bragg reflex of the Si substrate. In the (224) reciprocal
space map, the extrema of the SLO and SL1 peaks are
aligned along a line parallel to the [100] direction
through the maximum intensity of the Si substrate (224}
reciprocal-lattice point. In addition, perpendicular to the
[001] direction, the full width at half maximum (FWHM)
of the SL peaks is equal to the FWHM of the Si substrate
peak, and therefore is determined only by the angular
resolution of the x-ray diffractometer (12 in. ). Thus all
the layers building up the Si/SiGe multiple-quantum-well
system have the same in-plane lattice constant as the sub-
strate. Therefore, the reciprocal space maps show that

TABLE I. Structural parameters of the MQW's investigated

in this work as determined by high-resolution triple-axis x-ray

diffraction.

even for the samples with the highest Ge concentration
(50%%uo} the SiGe quantum wells are pseudomorphically
strained.

Infrared-absorption measurements were performed in a
Bruker IFS 113 Fourier transform spectrometer at a tem-
perature of 12 K. The samples were prepared in mul-
tipass waveguide geometry. The radiation is coupled
into the sample at one facet which is wedged at an angle
of 38', and then undergoes approximately seven (depend-
ing on the ratio of the thickness to the length of the sam-
ple) total internal reflections at a reflection angle of 52'.
On top of the multiple-quantum-well structure, a layer of
gold (300 nm) was deposited in order to enhance the elec-
tric field of infrared radiation polarized parallel to the
growth direction. The transmission spectra were mea-
sured both in p polarization (electric field parallel to the
growth direction) and s polarization (electric field perpen-
dicular to the growth direction). The ratio of the
transmitted intensity of p- and s-polarized radiations was
normalized to the respective ratio for the reference Si
substrate prepared in the same manner as the multiple-
quantum-well samples. By this normalization, any
polarization-dependent signal that does not originate
from the MQW's, but from the Si substrate or the optical
components of the spectrometer, can be removed from
the spectra.

III. THEORY

For calculating the energy levels in a p-type SiGe quan-
tum well a suitable description of the valence bands in
bulk Si and Ge is needed. According to the k p theory,
the highest valence bands, including heavy-hole (HH),

0.7400-

0.7365
og

CO
CO

CF'

[112]

(224)

[001]

I

~ ', SL+1

27 A, 50%
' (004) [001]

~t

]p
SL+1

8 ))i
8':

7 „qgSi
6 Iw(

4('

1/(10L}

0.7330- & SLO ]j SLO

4

-0.5208 0.0-0.5218
I I

-0.5228 0.5198 -0.5188 0.0010 0.0010

qll[110] + )
FIG. 2. Reciprocal space maps for the (004) and (224) Bragg reflections of a Si/SiGe MQW with a width of 27 A and a Ge content

of 50%. Plotted are the contours of constant scattered x-ray intensity. The (224) map shows that the MQW structure is pseu-
domorphically strained since the extrema of the SLO and SL1 peaks are aligned along a line parallel to the [001]direction through the
maximum intensity of the Si substrate (224) reciprocal-lattice point. In addition, for the [110]direction (in-plane) the FWHM of the
Si substrate peak and the superlattice satellites are equal and, therefore, no misfit dislocations are present at the interfaces. In the
(004) map, the eight subsidiary maxima between the SLO and SL+1 correspond to the total number (ten) of quantum wells. Their
distance is equal to I /10L, where L denotes the period of the MQW structure.
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light-hole (LH), and spin-split-off (SO) bands near the
zone center, are well described by diagonalizing a 6X6
Luttinger-Kohn Hamiltonian H (k ). ' ' By choosing
the cell periodic functions
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n'„,,H„+H.,~;.
5„„5p-
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Here m is the momentum operator including the spin-
orbit interaction defined by

Here E is the energy of the valence band v at the I
point, and D p are the inverse mass matrices and are

V V

defined as

as a basis, H (k) is decoupled from the remote bands
~ u, ) to the second order, and has the following form:2o 2' m= —.V+ 2(o'XVV) .
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determined by only three different parameters y „y2, and
y 3 (Luttinger parameters). The explicit form of H .,( k )
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light-hole and spin-split-off bands. In H„.„(k) the strain
enters by replacing HHH by HHH+&, HLH by HLH—
and V+a&2, ' where s is determined by the biaxial
in-plane strain c.„,the elastic constants c» and c12, and
the deformation potential parameter b as follows:

2C 12 +1 E,

C11

~o+
3

(5c)
astrain ap

EXX

Hso= — [k,y, k, +y, (k„+k )]-
2mp

(5d)

S= (k —ik )(k y3+y3k ),
2mp

T= — [y2(k„k) 2iy3k„k—], —
2mp

V= — [y2(k„+k„)—2k, y2k, ],
2mp

(5e)

(5f)

(5g)

and 50 is the spin-orbit splitting of the valence bands at
the I point.

Biaxial strain in the (x,y ) plane lifts the degeneracy of
the heavy- and light-hole bands at the I point and mixes

Here ap is the lattice of the unstrained crystal, and a„„;„
is the in-plane lattice constant of the biaxially strained
crystal.

For pure Si and Ge the valence-band parameters (y, ),
the spin-orbit splitting 60, and the lattice parameters
(ao, c,- ) are taken from literature. For SiGe the lattice
parameters and the spin-orbit splitting are obtained by
linear interpolation between the values for pure Si and
Ge. According to Ref. 8, the valence-band parameters
for Sioe are nonlinearly interpolated between the experi-
mentally determined values of Si and Ge reported in the
literature. The results of this interpolation are shown in
Fig. 3.

If the growth direction of the superlattice is chosen to
be the z direction, k, is no longer a good quantum num-
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FIG. 3. Dependence of the valence-band parameters of a
SiGe alloy on the Ge content as used in this work. The interpo-
lation between the valence-band parameters of Si and Ge was
performed according to Ref. 8.

ber. Therefore, under the usual assumption in the
envelope-function approach that the basis ~u ) is the
same in both materials of the superlattice, k, is replaced
by the operator —i(8/Bz ) in the expression for
H„.„(k}. 3 In addition, the band parameters, the spin-
orbit splitting, and c are position dependent. Following
Refs. 29 and 30, in this case the superlattice Hamiltonian
has the form

z'

=H„, k„,ky, i;—z +5„,VsL(z}, (7}Bz'

where the definition of H&, (k} ensures that H&, is Her-
mitian. The superlattice potential Vs~ is approximated
by the sum of three contributions; the barrier potential
6V,„, the Hartree potential V&, and the exchange corre-
lation potential V„,. In the following we discuss each of
these contributions.

The definition of the strain-dependent Luttinger-Kohn
Hamiltonian H~„(k) [Eqs. (5) and (6)] ensures that the
average energy of the three valence bands at the I point
is constant (zero) for all values of the strain (e ). Strain
and spin-orbit interaction (bo} cause a splitting of the
three valence bands around this constant energy value.
Thus, at a heterointerface between Si and SiGe, the align-
ment of the HH, LH, and SO bands at the I point can be
calculated once the offset of the average energy of the
three valence bands (b, V„) and the strain in the Si and
SiGe layers is known. The value of EV,„has been calcu-
lated with ab initio methods for a strained Si-Ge interface
by Colombo, Resta, and Baroni. ' For the case of pseu-
domorphically grown Ge on unstrained Si, they obtained
AV,„=470 meV. In agreement with Ref. 32 we assume
that AV,„varies linearly with the Ge content of the
strained SiGe layer. Figure 4 shows the alignment of the
HH, LH, and SO bands calculated by diagonalizing
H& (k} at k=0 for unstrained Si and pseudomorphically
strained SiGe. The hatched regions in Fig. 4 indicate the

FIG. 4. Band offset of the HH, LH, and SO valence bands at
a Si/SiGe interface for pseudomorphically strained SiGe as used
in this work. The value of LV,„was calculated by Colombo,
Resta, and Baroni with ab initio methods (Ref. 31). The
hatched areas indicate the uncertainty of the band o8sets due to
the uncertainty in the deformation potential of Ge.

2

p'VH= g y,'(r)y, (r) N„(r)—
occupied

(8)

where cc0 denotes the dielectric constant, e is the elemen-
tary charge, and N„ is the concentration of occupied ac-
ceptors. VH has to be calculated in a self-consistent loop,
as it is determined by the envelope functions g;. For
SiGe quantum wells pseudomorphically grown on a Si
substrate, only the heavy-hole subband is occupied at low
temperature due to the strain-induced splitting of heavy-
and light-hole subbands. If we assume that the squared
modulus of the envelope functions y; for the heavy-hole
subband is independent of the in-plane wave vector
(k„,k„), VH can be calculated from the envelope function
belonging to a particular in-plane wave vector. Since at
the I point (k„=k =0) the heavy-hole band is decou-
pled from the other valence bands [see Eq. (5)], VH is
determined by

e 2

V VH= [p,yHH0(z)gHH0(z) NA (z)]-
E,E,p

(9)

where yHH 0 is an eigenfunction of H» [0,0, —i(8/Bz );z ],
and p, is the sheet concentration of free holes per period.
Therefore, the self-consistent Hartree potential can be
calculated in a one-band model. The validity of the
above assumption can be checked a posteriori. For the
samples investigated in this work, this assumption is an

uncertainty in the band alignments due to the difFerent
values of the deformation potential (bo, ) of Ge reported
in literature (e.g., Refs. 8, 27, and 28). The borders of the
hatched regions correspond to bo, =—2 and —2. 8 eV.
In the following calculations we use a value of

Ge
—2.4 eV.

The Hartree potential V& arises from the charge distri-
bution within the superlattice and is the solution of
Poisson's equation
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excellent approximation.
The effects of exchange correlation can be included

through a one-particle exchange-correlation potential en-

ergy V„,[p(r)], where p(r) is the hole density of the
well. Using the same arguments as in the previous
paragraph, p(r) can be expressed by p(z) =p, yHH ~HH 0.
We approximate the exchange-correlation potential ener-

gy by the interpolation formula given by Hedin and
Lundqvist:

V = —2
9

xc 4

' 1/3
e

8&KKpQp

1 8 A
X —1+—r, ln 1+—

r, A r
(10)

H„,„k„,k», i;z——5 + g„=0 .. a.

We have solved this system by expanding the envelope
functions y„ in Fourier series. For periodic boundary
conditions we make the following ansatz according to the
Bloch theorem:

y„=e'~'g c„*(k„,k, q)e
k

(12)

where

k, = n,=2~

n =0,+1,+2, . . . ,

qE. L'L
Here L, denotes the period of the superlattice in the
growth direction. Inserting the ansatz into Eq. (11),

—i(q+k, )z
multiplying Eq. (11) with e ' from the left side,
and integrating over l. transforms Eq. (11) into a
6m X6m matrix eigenvalue problem for the coe%cients

k
Cv:

I

g [H„* '(k„,k», q )—5„„5„,„E„]c,.'„=0,
v, k 2 "2

~ z

where

(13)

where 2 =21, 8 =0.7734, ao=(s/m')as,
r, =[4maop(z)/3] ', and as is the Bohr radius. Since
in the ground state the holes are confined to the SiGe lay-
ers, for c. and m ' we have chosen the values of the dielec-
tric constant of SiGe and the heavy-hole mass of SiGe
along the (100) direction, respectively. Again, as V„, is
determined by the envelope function yHH p, it is to be cal-
culated in a self-consistent way.

Having calculated the self-consistent contributions to
Vs& in a one-band model, the full 6 X 6 superlattice Ham-
iltonian [Eq. (7)] can be diagonalized. The envelope func-
tions y„are the solutions of the six coupled differential
equations:

H,*„'( k„,k, q )

I. dz —i(q+k')z Q i(q+k )z
'

L0 L vv x~ y~ oz

(14)

Here m denotes the number of plane waves included in
the expansion of the envelope function. In our calcula-
tion, typically 17 plane waves were used for the diagonal-

k'k
ization of H„'„'. Including more than 17 plane waves re-
sults in a change of the first 20 eigenenergies of less than
1 meV. Due to the confining potential and the strain, the
valence bands v become mixed for the finite in-plane
wave vector; i.e., for an eigenstate n the Fourier
coefBcients c,.'„are finite in different subspaces v. For
confining potentials with inversion symmetry, the eigen-
values E„are doubly degenerate (Kramers degeneracy).

The optical properties of the superlattice are complete-
ly determined by the dielectric tensor e &, the imaginary
part of which is related to the real part of the conductivi-
ty tensor o

& by Im(e &)=Re(o &)/soia. Once Im(e &) is

known, the real part can be calculated by a Kramers-
Kronig transformation. From symmetry, for a Si/SiGe
superlattice with growth direction along the z axis, the
off-diagonal elements of s vanish and e„„=s„.At T=O
K the intersubband contribution to Re(cr ) can be calcu-
lated as

Re(& (~))=— g ~j „~ 5(co —co „) .
Pl, n

The summation extends over all occupied superlattice
hole states m and all empty superlattice hole states n, co is
the frequency of the incident light, and %co „=E —E„.
In the numerical calculations, the 5 function in Eq. (15)
was replaced by a Lorentz curve, the broadening parame-
ter of which was used as a fitting parameter. Since spin-
orbit interaction is included, the current operator in Eq.
(15) is j= (e /ma )m. The matrix elements of j between
the superlattice states

i(k x+k y)q)„=e " ' gy u„

k ikz Kk=e'K' g c„'.„(K)e * u„' '(r),
v, k,

where

K=(k„,k, q ),
are given by

j „= g pc„* c„*„+D„f„'(K.p+5. p, k, ) . (17)

Since the inverse mass matrices D „~ contain the bulk
selection rules, the transitions allowed in the bulk are also
allowed in the superlattice. In the following, we will dis-
cuss these selection rules in more detail.

For the samples investigated in this work only the two
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X&+X2
fia@=— 0

2ltl p
71+V2

0 2/2

For light polarized perpendicular to the growth direction
[a=x,y in Eq. (17)], the summation over v=v' and k,
vanishes in Eq. (17), since different superlattice states are

k e k
orthogonal, i.e., g„k c * c„'„=0 f.or rnAn. For light

polarized parallel to the growth direction [a=z in Eq.
(17)), the v=v' and k, summation in Eq. (17) is finite for
superlattice states m, n with Fourier coefficients of oppo-
site parity. The strength of the transitions is determined

k e k
by the dipole integral g„k c„.* k, c '„. In conclusion, the

matrix H~~ allows transitions only for light polarized in
the z direction and only between states with finite dipole
integral. These selection rules are identical to the well-
known selection rules obtained from an envelope-function
model, where only one band is included, as is the case for
the calculation of superlattice states in the conduction
bands.

In addition, transitions between diferent subspaces are
allowed. Assuming again that the ground state is purely
heavy-hole-like, the contribution of these transitions to
the total current density is described by the v'=1, 4
(ground state) and v=2, 3,5, 6 (final state) terms in Eq.
(17). The D matrices corresponding to any combination
of these values of the indices v and v' are proportional to
either of the matrices T, T', S, or S [see Eq. (5a)]. Ac-
cording to Eqs. (Se) and (5f} the matrices T and S are
de5ned as

3A'

2mo
—lr3

0

—iy3 0

0 0

(19)

topmost spin-degenerate valence subbands (i.e., the
lowest hole energy levels) originating from the heavy-hole
bands are occupied. It is shown below that the envelope
functions for states of these subbands are strongly
confined to the SiGe layers, so that for calculating the
dielectric tensor the D ~ of SiGe were used. In addition

VV
we will show in Sec. IV that due to the large strain-
induced splitting of the heavy- and light-hole bands, the
mixing of the two topmost subbands with the other sub-
bands is very weak. Therefore, in the following discus-
sion of the selection rules we assume that these two sub-

bands are purely heavy-hole-like (i.e., only c,.'„%0 and
k

c~.'„%0}for in-plane wave vectors as large as the Fermi
wave vector.

The contribution of transitions within the heavy-hole
subspace to the total current density [Eq. (17)] is de-
scribed by the v=v'=1, 4 terms in Eq. (17). The corre-
sponding matrices that contain the selection rules
(D», D44) are equal to the matrix Hiiit [see Eq. (5a)],
which is defined according to Eq. (5b) as

&3R'
2' p

0 0

0 0

'V3

y3

i/3 (20)

IV. RESULTS OF THK THEORY

In a recent publication, Chun, Pan, and Wang' per-
formed similar envelope-function calculations for p-type
Si/SiGe quantum wells. However, in their work they
concentrated on quantum wells with a sheet carrier densi-
ty which is approximately ten times higher than the den-
sity of the samples investigated in this work. Conse-
quently, the e8'ects of the anisotropy and the nonparabol-
icity of the energy bands as well as the infiuences of the
many-body interactions, especially the depolarization
shift, are much more pronounced in their calculations.
Therefore, although some of the results of Chun, Pan,
and Wang' especially the selection rules and their depen-

Since in T all z components vanish, this matrix contrib-
utes to the summation in Eq. (17) only for a,P+z, i.e., for
light polarized perpendicular to the growth direction,
and only for superlattice states with a finite in-plane wave
vector. According to Eq. (17},the strength of these tran-
sitions is determined by the overlap integral of the
Fourier coefficients in the subspaces v' and v. Therefore,
since the Fourier coefficients of the initial states have
even parity with respect to k„ the Fourier coefficients in
the LH or SO subspace of a possible final state must also
have a symmetric part.

The matrix S [Eq. (20}]has nonvanishing z components
and, therefore, allows transitions for both light polarized
perpendicular and parallel to the growth direction. For
the parallel polarization (a =z ), S has nonvanishing com-
ponents only for P=x,y and, therefore, only transitions
between superlattice states with finite in-plane wave vec-
tor are allowed. Again the strength of these transitions is
determined by the overlap integral of the Fourier
coefficients in the initial and the final subspace [see Eq.
(17)]. For light polarized perpendicular to the growth
direction (a=x,y), only the P=z components of S are
nonvanishing and, therefore, transitions for zero in-plane
wave vectors are allowed as a direct consequence of the
superlattice potential, which couples bulk wave functions
with different k, . In this case, in Eq. (17} the transition
strength is determined by the dipole integral. Conse-
quently, the Fourier coefficients within the light-hole or
split-off subspaces of a possible excited state must have an
antisymmetric part.

To summarize the selection rules, for vanishing in-
plane wave vector transitions are only allowed between
states of opposite parity. Within the HH subspace, these
transitions are only allowed for light polarized parallel to
the growth direction, whereas if the final state is outside
the HH subspace these transitions are allowed only for
light polarized perpendicular to the growth direction. At
finite in-plane wave vectors, transitions between states of
the same parity also become allowed. For these transi-
tions the final states have to be outside the HH subspace,
but they are allowed for both polarizations.
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dence on the in-plane wave vector, are similar to the re-
sults of this work, their calculations are not directly ap-
plicable to the samples investigated in this work.

In order to eludicate the results of the theory in the fol-
lowing we will discuss in detail our calculations for the
sample with 47-A well width and 25% Ge content. For
this sample, in Fig. 5 the squared moduli of the envelope
functions of the first eight energy levels at k =k =q =0
are shown together with the self-consistent confining po-
tentials for the HH, LH, and SO valence bands. Figure
6(a) shows the in-plane dispersion of the first 13 energy
levels along [110]. Each of the levels is twofold spin de-
generate. The Fermi energy is approximately 10 meV
below the energy of the ground state at k„=k =0. In
Fig. 6(b) the squared moduli of the Fourier coefficient in
the respective subspaces of the first eight energy bands
for an in-plane wave vector along [110] as large as the
Fermi wave vector (k~=0.03 A ') are shown. Accord-
ing to this plot we labeled the energy levels in Fig. 5 cor-
responding to the distribution of the Fourier coefficients
among the subspaces.

As mentioned in Sec. III, Fig. 6(b) shows that due to
the large strain-induced splitting of the heavy-hole and
light-hole bands, the topmost energy band in Fig. 6(a) is
nearly completely heavy-hole-like for all occupied states.
In Fig. 7 the absorption spectra for light polarized both
parallel and perpendicular to the growth direction are
shown. The broken lines show the spectra calculated for
the actual doping level of 1.2X10' cm . In order to
determine the dependence of the absorption spectra on
the in-plane wave vector, we also calculated the absorp-
tion spectra for a doping level as low as 3X10' cm
The result of this calculation is shown by the full line in
Fig. 7. The transition between the bands labeled 1 and 3
in Fig. 6 has the highest oscillator strength. This transi-
tion corresponds to the HH1-HH2 transition and, there-
fore, is only allowed for light polarized parallel to the
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growth direction. For light polarized perpendicular to
the growth direction, the most prominent peak in the cal-
culated absorption spectrum is due to the transitions be-
tween the energy bands labeled 1 and 2 in Fig. 6. The
final states of these transitions are predominantly a mix-
ture between the ground states in the LH and SO sub-
space and therefore have the same parity as the initial
states (see Fig. 5). Consequently these transitions are
only allowed for the nonvanishing in-plane wave vector.
The states of the energy bands labeled 4 and 5 in Fig. 6
are barrier bound (see Fig 5), .and therefore do not con-
tribute to the absorption spectrum since they have van-
ishing overlap with the occupied ground states in real
space. The band labeled 6 in Fig. 6 is again mainly a mix-
ture between LH and SO subspaces, but for this band the
Fourier coeScients have opposite parity from the ground
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FIG. 5. Results of the self-consistent calculation of the
0

valence-band states in a 47-A quantum well with 25% Ge con-
tent. Shown are the squared moduli of the envelope functions
(thin solid lines) of the first eight energy levels (thin broken
lines) at k„=k~ =q =0, and the self-consistent confining poten-
tials for the HH, LH, and SQ bands (bold lines). The energy
levels are labeled according to the bulk valence bands that build
up the quantum-well state predominantly.
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FIG. 6. Results of the self-consistent calculation of the
0

valence-band states in a 47-A quantum well with 25% Ge con-
tent. The dispersion of the first 13 energy levels for an in-plane
wave vector parallel to the [110]direction is shown in {a). Also
indicated in (a) is the Fermi wave vector kf corresponding to
the carrier sheet concentration of 1.2X10' cm {kf=0.03
o
A ). In (b) the squared moduli of the Fourier coefficients in
the six subspaces included in our calculation are shown for the
first eight quantum-well states at the Fermi wave vector in [110]
direction [labeled 1—g in (a)].
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FIG. 7. Calculated absorption spectra of a ten-period p-type Si/SiGe MQW with a well width of 47 A aud a Ge content of 25% for
two different doping levels [broken lines: actual doping level (1.2X10' cm z), solid lines: 3X10'0 cmz]. The upper two curves (left
scale) are the result for light polarized parallel to the growth direction, the lower two (right scale) for light polarized perpendicular to
the growth direction. The absorption spectra of the lower doped well were multiplied by 40. The labels of the peaks in the absorp-
tion spectra indicate transitions from the ground state to energy levels counted according to Fig. 6.

state. Thus transitions from the ground state to these
states are allowed for light polarized perpendicular to the
growth direction even for k„=k =0. The energies of the
bands with labels greater than 6 are close to the top of
the barrier and therefore the states are strongly delocal-
ized. Furthermore the Fourier coefficients of these states
are distributed among all subsp aces without any
significant maxima and, therefore, an interpretation of
the origin of these states does not appear to be sensible.

It is well known that due to the boundary conditions
for electromagnetic waves at a semiconductor-vacuum in-
terface the electric field of light polarized perpendicular to
the interface (p polarization) has an approximate node at
the interface for total internal refiection. Thus, when the
thickness of the superlattice layer is small compared to
the wavelength of the incident radiation, there is a very
weak coupling of the electromagnetic wave to the inter-
subband transitions. In contrast, if there is a metallic lay-
er at the surface, the electric field of radiation polarized
parallel to the interface (s polarization) has a node at the
surface, whereas the electric field of the p-polarized radia-
tion exhibits a maximum. In addition, in this case the
maximum absorbance of the superlattice occurs at the
maximum of Im( —I /s ) rather than at the maximum of
Im(e ) (Berreman effect). ' Therefore, to include the
effects of the boundary conditions, we used the dielectric
tensor of the superlattice calculated as discussed above to
simulate the transmission spectra of a dielectric stack
consisting of substrate, superlattice, and metal layer by
means of the transfer-matrix method.

The results of this dielectric simulation for the sample
with 47-A wells with a Ge content of 25&o are shown in
Fig. 8. Covering the samples investigated in this work

with a metal layer leads to a suppression of the absorp-
tion for s-polarized light and, therefore, absorption is ex-
pected only for p-polarized light. In addition, Fig. S(a)
shows that the minimuin intensity of the transmitted p-
polarized light is shifted by approximately 40 cm ' to
higher wave numbers with respect to the maximum of the
absorption coefficient due to the Berreman effect. ' For a
superlattice not covered with a metal layer, due to the
boundary conditions for total internal re6ection on a
semiconductor vacuum interface, the transmission spec-
trum is determined only by transitions that are allowed
for light polarized perpendicular to the growth direction.
Since in the geometry used in our experiments the p-
polarized radiation also contains a component of the elec-
tric field perpendicular to the growth direction [see inset
of Fig. S(b)], the transmission spectra for samples without
a metallic layer is calculated to be very similar in s and p
polarizations, respectively [see Fig. 8(b)]. To summarize
this section, a metal layer on the surface is necessary to
observe p-polarized absorption in our samples, but shorts
out the electric field of the s-polarized radiation. On the
other hand, in waveguides without a metal on the sur-
face, the p- and s-polarized spectra are very similar,
whereas in normal-incidence experiments the interaction
length is too short to yield measurable absorption in most
cases. Therefore it is hard to identify any weak s-
polarized absorption unambiguously.

V. EXPERIMENTS RESULTS AND DISCUSSION

Figures 9—12 show the normalized ratio of p- to s-
polarized transmission as described in Sec. II (measured
spectra: thick solid curves). Each figure shows the spec-
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tra of samples taken from one wafer. Within one wafer,
samples with approximately the same well widths but
varying Ge content were chosen. The respective parame-
ters are indicated in the figures. The peak absorption
occurs between 480 and 1830 cm ', depending on we11
width and Ge content.

At first we concentrate on the samples with well widths
in the range between 65 and 45 A, and Ge contents be-
tween 20% and 30% (Figs. 9 and 10). In these samples
the width of the absorption peaks is as small as 20 meV
(FWHM). To our knowledge, this value represents the
narrowest linewidth so far observed in p-type Si/SiGe
quantum wells. For these quantum-well dimensions, both
the HH1 and HH2 subbands are strongly confined in the
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FIG. 9. Transmission spectra of three modulation-doped p-
type i i eS'/S'G M~~W's measured at T=12 K (thick, solid line).
The respective Ge content and the width of the quantum wells
taken from x-ray measurements are indicated in the plot. The
open symbols connected by the thin lines result from calculating
the absorption spectrum without taking into account the depo-
larization shift, and then simulating the waveguide transmis-
sion. The full symbols results if the depolarization shift is in-
cluded.
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FIG. 8. (a) Simulated transmission of p-polarized radiation
(broken line, left scale) through a MQW structure (47 A, 25%
Ge) prepared in waveguide structure and covered with a metal
layer [sketched in the inset of (b)]. Also shown in (a) is the cal-
culated absorption coefficient for light polarized parallel to the
growth direction (solid line, right scale) which was used for the
simulation of the waveguide transmission. Due to the Berreman
effect, the minimum transmission is shifted to higher energy by
approximately 40 cm ' with respect to the maximum of the ab-
sorption coefficient. (b) Simulated transmission spectra for a
metal-covered (upper curves, left scale) and an uncovered (lower
curves, right scale) waveguide for s (solid lines) and p polariza-
tions (broken lines). Note the crucial dependence of the
transmission spectra on the waveguide preparation.
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FIG. 10. Same as Fig. 9 for MQW's with narrower wells
(around 45 A).
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to the lower doping level of these samples, the absolute absorp-
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FIG. 11. Same as Fig. 9 for MQW's with narrower wells

(around 30 A). For these MQW's the shift of the absorption
line due to the depolarization effect is calculated to be less than

15 cm ', which is smaller than the symbols used in this figure

and, therefore, is negligible.

SiGe quantum wells (compare also Fig. 5) and the absorp-
tion is due to the pure HH1-HH2 transition. The
transmission spectra simulated by the procedure outlined
in the preceding sections are shown by the open symbols
connected by thin lines. (The absolute value of the peak
absorption has been normalized to the experimental
value. This required a correction factor between 0.5 and
0.8.) Obviously, there is a small but systematic deviation
between measured and calculated spectra. This is due to
the fact that, so far, we have not considered the depolari-
zation shift, which is significant for the present doping
levels. As mentioned above, the strongest absorption line
is due to transitions predominantly within the heavy-hole
subspace (HH1-HH2). Therefore, we have calculated the
depolarization shift for this peak according to Ref. 36 in
a one-band model for the heavy holes, which is accurate
for transitions at k„=k =0. The full symbols in Figs. 9
and 10 indicate the shift of the strongest line in the
transmission spectra due to the depolarization effect.
The agreement between measured and calculated
transmission spectra is now indeed remarkable.

In Fig. 11 the transmission spectra for the samples
with well widths between 26 and 36 A and Ge contents
between 19% and 27% are shown. In these samples the
width of the absorption is much larger and also shows a
fine structure on the high-energy side. This is due to fact
that for such quantum-well dimensions the excited states
with the highest oscillator strength are close to the top of
the barrier. For illustration, the heavy-hole energy levels
at k„=k =0 for the MQW with 31-A wells and 23% Ge
content are shown in Fig. 13 together with the relevant
oscillator strengths. The HH1-HH2 transition is only
weakly allowed, since the HH2 wave function is localized
mainly in the barriers. The absorption is then dominated
by transitions from HH1 to HH3, HH4, and HH5. All
these possible final states are significantly broadened
through their miniband dispersion, since they already ex-
tend into the continuum. Therefore, the absorption is a
superposition of transitions to several states with finite
miniband width, which is the cause of the observed
linewidth and the fine structure. These features are very
well reproduced by the calculated spectra, as seen in Fig.
11. The depolarization shift plays only a negligible role
for samples with a quantum well thinner than 40 A, since
it is calculated to be less than 15 cm ', which is smaller
than the size of the symbols used in Figs. 9-12.

Finally, we present the transmission data of two sam-
ples with a relatively high Ge content (42% and 50%) in
Fig. 12. Here the excited states are again confined to the
quantum wells and the absorption lines become narrow
and Lorentzian (Fig. 12), because they are mainly due to
the HH1-HH2 transition. The absolute absorption is
somewhat smaller in these structures due to the smaller
hole concentration.

We have also tried to measure the intersubband transi-
tions that are allowed for light polarized perpendicular to
the growth direction with normal incident radiation. Ac-
cording to our calculation, for these transitions the max-
imum absorption coefficient is smaller than 300 cm ' (see
Fig. 7). Consequently, in this geometry the expected ab-
sorbance is less than l%%uo, which is below the noise level of
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our experiments. By using the waveguide geometry
without a metal layer on MQW layers, the absorbance of
the light polarized perpendicular to the growth direction
is increased due to multiple rejections. However, ac-
cording to Fig. 8(b), in this case the absorption spectra
for p- and s-polarized hght are very similar. Consequent-
ly, by calculating the ratio of the transmitted intensities
ofp- and s-polarized light one loses nearly all information
about the absorption. On the other hand, normalizing
the sample spectrum only to a reference spectrum mea-
sured with a Si substrate waveguide introduces some ad-
ditional experimental error, since, due to sample prepara-
tion, two different waveguide always have slightly
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FIG. 13. Results of the self-consistent calculation of the
0

quantum-we11 states in a 31-A well with a Ge content of 23% at
k ky 0. As for vanishing in-plane wave vector, only HH
transitions are allowed for light polarized parallel to the growth
direction; only these levels are included in the plot. For this po-
larization, in (a), the oscillator strengths for transitions from the
HH ground state to the first five excited HH states are plotted
vs the reduced wave vector along the growth direction (L
denotes the period in the growth direction). The self-consistent
potential, the energy bands, and the squared moduli of the en-

velope functions corresponding to the states of the lower mini-

band edges are plotted in (b). The final states with the highest
oscillator strength (labeled 4) already exhibit significant mini-

band broadening.

different transmission characteristics. We believe that
these are the reasons why intersubband absorption for
light polarized perpendicular to the growth direction
could not be observed in this work.

In several recent publications' ' authors reported
about hole intersubband absorption in SiGe quantu~
wells for light polarized both parallel and perpendicular
to the growth direction. In most of these publica-
tions' ' ' samples are investigated that have a carrier
sheet concentration which is ten times higher than the
sheet concentration of the samples in this work. The ob-
served intersubband absorption is very broad (typically
more than 100 meV) and shows little structure. Attempts
to calculate the line shape in these experiments' have
been impeded by the high carrier concentration, which
makes many-body interactions diScult to handle. In par-
ticular, according to Ref. 15 the shape of the absorption
lines is dominated by the depolarization shift, which
therefore, can no longer be treated in the simple approxi-
mation of Ref. 36. Although the results of Ref. 15 were
able to explain the broadening of the absorption lines,
there still remained a significant difference between
theory and experiment. Consequently, a quantitative
correlation of the position and shape of the absorption
peak with the structural parameters of the quantum wells
did not appear sensible.

People et al. ' reported absorption measurements on a
sample doped in the SiGe quantum wells supported by
band-structure calculations, but due to the lack of sys-
tematic parameter variation the origin of the observed
absorption is not made totally clear.

To summarize this discussion, excellent agreement be-
tween measured and calculated transmission spectra has
been achieved for a wide range of quantum-well depths
and thicknesses. We point out that a consistent interpre-
tation of all data is only possible at the present level of
sophistication, i.e., self-consistent calculation of the ener-

gy levels including many-body efFects, the depolarization
shift, and the Berreman effect. The only fitting parame-
ters were a constant correction factor for the absolute ab-
sorption value, which is slightly different for each sample
(this might be due to small uncertainties in the exact hole
concentrations) and one phenomenological broadening
parameter. The peak position and the line shape are not
adjustable in our calculation, but follow directly from the
calculated band structure.

VI. CONCLUSIONS

We have performed an extensive theoretical and exper-
imental study of intersubband transitions in modulation-

doped p-type SiGe multiple quantum wells with various
Ge contents and well widths. Because of the mixing of
heavy-hole, light-hole, and spin-split-off valence bands
due to the confining potential and the strain, intersub-
band absorption is allowed, in principle, for light polar-
ized both perpendicular and paralle1 to the growth direc-
tion. However, our calculations show that for the
present doping levels the dominant contribution to the
absorption originates from transitions between heavy-
hole states, which are allowed only for light polarized
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parallel to the growth direction. Moreover, the contribu-
tions polarized perpendi. cular to the growth direction are
even suppressed in our experimental geometry, which is
essentially a waveguide with a metal layer on top.

To our knowledge, the intersubband absorption ob-
served in this work exhibits the narrowest linewidth so
far observed in Sioe p-type quantum wells. Using the
structural parameters determined by high-resolution
triple-axis x-ray diffraction, we obtain excellent agree-
ment between measurement and theory. However, it is

necessary to include the in-plane dispersion of the
quantum-well states as well as many-body effects like the
Hartree potential, exchange-correlation interaction, and
depolarization shift in the calculation.
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