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Infrared absorption has been investigated in high-quality p-type Si& „Ge /Si multiple quantum wells

grown by UHV —chemical vapor deposition. Sample parameters have been chosen in order to obtain an

intersubband absorption peak at A, =10 pm. Direct transmission as well as transmission through mul-

tipass waveguides have been measured for various radiation polarizations, doping levels, and tempera-
tures. Transmission of single uniformly doped SiGe epilayers has also been performed. Both intersub-

band and free-carrier absorptions have been quantitatively analyzed using a modified Drude model,
while the valence states have been obtained from an envelope-function formalism. The relative contribu-
tions of both free carriers and intersubband transitions to the total absorbance have been accurately
determined as a function of polarization and doping level. The absorption coe%cients have been de-

duced for radiation electric field along the growth axis and parallel to the plane of the layers. Finally,
the infrared absorption at normal incidence is discussed as well as the selection rules of the intersubband
transitions.

Infrared absorption in doped quantum wells has at-
tracted a great deal of interest in the past few years be-
cause of its potential application in infrared detection in
the 5 —15-pm wavelength range. In addition to the
GaAs/Al„Ga, „As system, which has been extensively
studied, much attention is now being given to the Si/SiGe
system. Since in a Si/SiGe quantum-well structure
grown directly onto a silicon substrate a significant band
offset only occurs between the valence bands, the valence
intersubband absorption has been investigated in doped
SiGe quantum wells, ' or in modulation-doped Si/SiGe
heterostructures. It has been shown in particular that
valence intersubband transitions can be observed when
the sample is illuminated normally to the interface
planes, which is an advantage compared with the conduc-
tion intersubband transitions not allowed in normal in-
cidence. These particular selection rules arise from the
band mixing and the strain effects. ' ' High p-type dop-
ing densities ( = 10' cm ) are generally used in

quantum-well structures designed for intersubband ab-
sorption, leading to significant free-carrier absorption.
These high doping levels are necessary in order to ob-
serve transitions away from the Brillouin-zone center,
where mixing of the states is noticeable. In this paper, we
report a study of the infrared absorption in the range
1.5 —20 pm in high-quality p-type Si/SiGe multiple quan-
tum wells grown by UHV —chemical vapor deposition
(CVD). Both intersubband and free-carrier absorptions
are quantitatively analyzed. Direct transmission as well
as transmission through 45 multipass waveguides are
measured for various radiation polarizations, doping den-
sities, and temperatures. The absorption spectra consist
of a peak associated with the intersubband transitions su-
perimposed on a monotonically increasing background
resulting from free-carrier effects. This peak is more or

TABLE I. Sample parameters. p if the boron doping level
and x is the Ge content of the SiGe layers.

Sample Nb periods ds;&, (A) dsi (A) p (cm ') x

SiGe
50
50

uniform 2200 A
30 200
30 200

2X10" 0.13
2X10" 02
2X10" 0.2

less developed, depending on the radiation polarization,
temperature, and doping level. In previous absorption
studies, ' the "free-carrier" background has not been
analyzed theoretically but simply subtracted in order to
magnify the intersubband absorption. Nevertheless, both
effects are usually mixed over a wide spectral range, lead-
ing to an intricate situation. In order to determine the
free-carrier contribution to the total infrared absorption,
we have measured thick uniformly doped SiGe epilayers
in addition to multiple-quantum-well structures. We
have checked that a Drude model accounts perfectly for
the experimental spectra both in TM and TE polariza-
tions. We are, thus, able to accurately determine the en-
ergy position and magnitude of the intersubband transi-
tions in the multiple-quantum-well structure as a function
of polarization and sample parameters. Our experimen-
tal results are compared with the predictions of theoreti-
cal calculations.

The samples used in this study were grown, using the
UHV-CVD technique, on a (100) Si substrate in a RIBER
Epineat-SiGe machine. Details of this growth technique
have been described elsewhere. ' Both Sil „Ge /Si
multiple-quantum-well structures and single uniformly
doped SiGe layers have been investigated. We present
here results obtained on three samples whose parameters
are listed in Table I. The parameters of samples 2 and 3
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(50 periods, x =0.2, well thickness =30 A) were chosen
in order to obtain a significant intersubband absorption
around A. =10 pm. The thickness and Ge content were
determined by x-ray diffraction and TEM measurements.

In order to predict the energy range at which the inter-
subband transitions may occur, we calculated the valence
energy levels at the Brillouin-zone center (kII =0) by us-
ing a multiband envelope-function model including both
I 8 and I 7 states. ' The strain effects resulting from the
0.8% lattice parameter mismatch between Sio sGeo 2 and
Si have been taken into account as described in Ref. 11
but we have not included the exchange interaction contri-
bution resulting from the high doping level. ' The values
of the Luttinger parameters and the spin-orbit energy in
Si and SiGe have been taken from Ref. 13. The heavy-
hole valence-band offset has been assumed to be
b,E„=0.85x (eV).' Figure l shows a schematic diagram
of the valence states calculated from the parameters (Ge
content, layer thickness) of samples 2 and 3. The I s and
I7 band edges in Si and strained Si08Ge02 are also
represented. At k~~=0, the heavy-hole states, labeled
HH„, are decoupled. The other valence states, labeled
LH„, correspond to a mixing between the light I g and I p

states. The many-body effects can slightly modify the
calculated energies, particularly in sample 2, which has
the highest doping level. Finally, at low temperature
most of the holes occupy the heavy-hole ground-state
HH& in both samples 2 and 3.

Infrared-absorption measurements were performed at
temperatures from 5 to 300 K in the spectral range
400—7000 cm ' using a Fourier transform spectrometer.
We first describe the direct transmission spectra, which
were measured in TM polarization for a radiation in-
cidence angle 8 varying from 0' to 70' ( =Brewster in-
cidence for an air-silicon interface). For each incidence,
the transmission was normalized to that of a reference
boron Si substrate. Figure 2(a) shows the room-
temperature transmission of sample 2 in TM polarization
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FIG. 2. (a) Direct transmission spectra of sample 2 at 300 K
in TM polarization. The incidence angle (see the inset) is 0=0
(normal incidence) or 0=70 (Brewster incidence). The arrow
shows the calculated energy of the HHj-HH2 transition at the
zone center. (b) Theoretical transmission spectra calculated
from a Drude analysis. (c) Experimental TM transmission spec-
trum at |9=70' and T=10 K. The magnitude of the intersub-
band absorption at 1000 cm ' is =3%.
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FIG. 1. Schematic representation of a Sio 8Geo 2/Si quantum
well of thickness 30 A. The I 8 and I 7 band edges in Si and
strained SiGe are represented (solid- and broken-bold lines, re-
spectively) as well as the calculated valence states at k~~

=0
(zone center).

at normal and Brewster incidences. The almost mono-
tonically decreasing transmission observed for both in-
cidences results from free-carrier effects. The oscillations
visible at 0=0, which vanish at 0=70', are associated
with interferences occurring in the multiple-quantum-
well structure. In order to explain these data, a numeri-
cal calculation of the sample transmission including free-
carrier effects, using a Drude formalism, was developed.
Taking n =3.5 for the Si refractive index, c, =12.5 for the
SiGe dielectric constant, m *=0.25m 0 for the hole
effective mass in the quantum well, and the parameters of
the structure given in Table I, the only adjustable param-
eter of the model is the carrier relaxation time ~ in the
doped SiGe layers. ~=5X10 ' s is taken for a doping
level of 2X10' cm, in reasonable agreement with the
mobility measurements performed at 300 K in SiGe epi-
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layers with a similar doping density. The solid and bro-
ken lines in Fig. 2(b) show the results of these calcula-
tions for sample 2. The quantitative agreement with the
experimental spectra [Fig. 2(a)j is almost perfect. The
model accounts for the 20% drop in transmission, which
results from the increasing reQection of the structure
when the plasma frequency ( =750 cm ') is approached
together with the free-carrier absorption in the doped
SiGe layers. The oscillations calculated at 0=0 are asso-
ciated with interferences between the rejected waves in
the multiple-quantum-well structure, which behaves like
an effective medium with a refractive index differing
more and more from the substrate index as the free-
carrier absorption increases. This explains why the oscil-
lations are enhanced near the plasma frequency. The cal-
culation shows that no oscillation occurs at 0=70 in
TM polarization, as expected at the Brewster incidence.
On careful examination of Fig. 2(a), a weak broad feature
can be observed in the spectra at 0=70 around 1000
cm '. This feature cannot be explained by the free-
carrier eff'ects, since it is shown in Fig. 2(b) that no
feature is predicted at this energy, and must therefore be
associated with the intersubband transitions. In addition,
the arrow in Fig. 2(a) indicates the calculated energy of
the HH, -HHz transition (see Fig. 1) at the zone center,
which is in good agreement with the observed weak ab-
sorption. This assumption is fully confirmed by the low-
temperature measurements, as can be seen on the
transmission spectrum at T =10 K and 0=70' shown in
Fig. 2(c). The magnitude of the absorption line around
1000 cm ' is clearly enhanced (=3%), whereas the
linewidth decreases because of the reduced thermal
broadening. At 0=0, the interference effects prevent any
accurate determination of the intersubband absorption,
essentially because a transmission maximum occurs
around 900 cm ' [see Figs. 2(a) and 2(b)]. Nevertheless,
a small absorption can be observed at T=10 K within
the interference maximum, demonstrating the existence
of intersubband transitions at normal incidence. Howev-
er, direct transmission measurements are clearly not
su%cient to determine the magnitude and selection rules
of the intersubband transitions as a function of polariza-
tion, essentially because the radiation electric field com-
ponent along the growth axis is either zero (8=0) or very
small (at 8=0, the internal incidence angle is only
= 15').

In order to determine the inhuence of the electric-field
direction on absorption, we used multipass waveguides of
2.5 mm in length (2 mm for sample 1) and 0.5 mm in
thickness with 4S facets. With a normal incidence on
the facet (see inset of Fig. 3), the propagation angle inside
the multiple-quantum-well structure is 4S . As a result,
the infrared beam passes five times (four times for sample
1) through the quantum wells, thus enhancing the absorp-
tion. Measurements were performed for various electric-
field angles from /=0 (TM configuration, see inset of
Fig. 3) to /=90 (TE configuration). In TE geometry,
the electric field is parallel to the layer planes, while in
TM configuration it has equal components along the
structure growth axis and parallel to the layers. All spec-
tra were normalized to that of a reference Si substrate
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FIG. 3. (a) Absorbance at 300 K of sample 1, which is uni-
formly doped SiGe epilayer. The inset is a sketch of the multi-
plass waveguide geometry where the radiation polarization an-
gle 4 is defined. (b) Theoretical absorbance calculated for the
parameters of sample 1.

waveguide of similar length and thickness in order to
eliminate the substrate absorption. The free-carrier
effects alone were first measured in sample 1, which con-
sists of a single 0.22-pm-thick SiGe layer uniformly
doped at 2 X 10' cm (see Table I). Such a layer is quite
comparable (thickness and doping) to the total number of
SiGe layers in multiple-quantum-well structure No. 2. Its
room-temperature absorbance (i.e., logarithm of the nor-
malized transmission) is shown in Fig. 3(a) in both TE
and TM configurations. At a given photon energy, the
free-carrier absorption is =4&2 times higher than in
direct transmission, in quantitative agreement with the
total length of doped SiGe through which the infrared
beam passes due to multiple refiections. Figure 3(b)
presents the calculated absorption of the waveguide using
the Drude model described above and a carrier relaxation
time of ~= 5 X 10 ' s. Again, the agreement with the ex-
periments is good. The different absorbances in TE and
TM geometries arise from the dependence of the doped
layer reAection coefficient on the polarization.

Qnce sure of accounting for the free-carrier effects in a
simple SiGe epilayer, we analyzed the transmission of the
multiple-quantum-well structures in waveguide geometry.
Figure 4(a) shows the absorbance of sample 2 measured
at 300 K for various polarization angles P. In addition to
the free-carrier effects, giving a monotonically increasing
absorbance with decreasing wave number, a well-
developed peak can be observed around 1000 cm ' in
TM configuration (@=0)corresponding to the intersub-
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FIG. 4. (a) Room-temperature absorbance of sample 2 mea-
sured in waveguide geometry for various polarization angles N.
For the sake of clarity, the curves are shifted vertically one with
respect to the other. (b) Similar spectra at T=10 K. The peak
around 1000 cm ' corresponding to intersubband transitions is
enhanced.

band transitions. This peak becomes weaker as 4 in-
creases and almost vanishes at C&=90 (TE), showing that
the intersubband transitions are stronger for a radiation
electric field along the growth axis than for an electric
field parallel to the layers. The TM intersubband absorp-
tion is considerably magnified compared to the direct
transmission measurements shown in Fig. 1(a). This
enhancement is quantitatively explained by the increasing
total number of quantum wells through which the in-
frared beam passes due to the multiple rejections, and by
the 45' incidence angle, which significantly enhances the
electric-field component along the growth axis. In order
to reduce the thermal broadening of the peak and to mea-
sure the intersubband absorption at %=90, we carried
out similar experiments at lower temperature, as seen in
Fig. 4(b), which presents the absorbance at T=10 K.
The peak is sharper than at room temperature and a
weak intersubband absorbance can now be observed at
@=90. In order to quantitatively analyze these data, we
modified the Drude transmission model described above.
The intersubband absorption is then included by adding a
Lorentzian contribution ~ to the imaginary part of the re-
fractive index of the doped SiGe layers. The position,
amplitude, and width of this Lorentzian function are used
as adjustable parameters and the intersubband absorption
coei5cient is determined from the fitting procedure. Fig-
ure 5(a) presents a comparison of the experimental TM
data at 10 K (solid line) with the calculated absorbance
(dotted line) using a carrier relaxation time r = 5 X 10 ' s
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FIG. 5. (a) Comparison of the TM absorbance of sample 2
(waveguide) at 10 K {solid line) with the calculated absorbance
(dotted line) using a modi6ed Drude model. The broken line
represents the calculated free-carrier contribution to the total
absorbance. (b) Intersubband contribution to the total infrared
absorbance determined at @=0' (TM) and @=90'{TE)in sam-
ple 2 at T=10K.

and a Lorentzian contribution centered at 1000 cm
with a peak value x,„=0.75 and a half-width at half am-
plitude (HWHA) of 250 cm '. The agreement is almost
excellent. The small discrepancy observed at high wave
number could be explained by some light diffusion effects
resulting from the nonperfect polishing of the sample
facets. The broken line represents the free-carrier absor-
bance alone, corresponding to ~=0 in our calculations.
It is important to point out that this free-carrier contri-
bution does not correspond to a simple "numerical back-
ground" and that our Drude analysis is crucial for the ac-
curate measurement of the intersubband absorption.
Note also that around 1000 cm '

(A, =10 pm), the free
carriers and intersubband transitions contribute equally
to the TM absorbance in sample 2. This observation is of
particular interest for interpretation of the results ob-
tained in the quantum-well infrared photodetectors. ' A
similar analysis can be made for each polarization angle

The intersubband contribution alone [obtained, for
instance, at @=0 from the difference between the solid
and broken lines in Fig. 5(a)] is shown in Fig. 5(b) at both
N =0 and @=90'. The TM peak is rather broad
(HWHA=250 cm '), resulting from the nonparabolicity
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of the valence subbands and the high doping level, which
allows transitions well away from the Brillouin-zone
center. Such a width is characteristic of the valence tran-
sitions and is considerably larger than that measured for
the conduction intersubband absorption. ' ' Recent cal-
culations by Corbin, Wong, and Jaros' in p-type
Si, „Ge„/Si quantum wells have predicted a similar
large absorption width for a doping level of around 10'
cm, even without taking into account the imperfec-
tions at the interfaces and other possible defects. A rath-
er small change in intersubband absorption with tempera-
ture was measured as shown in Figs. 4(a) and 4(b). Only a
thermal broadening of the peak can be observed, which is
also in fairly good agreement with the calculations of
Corbin, Wong, and Jaros. The maximum intersubband
absorbance at 1000 cm shown in Fig. 5(b) is =0.6 in
TM and =0.06 in TE, corresponding to absorption
coefficients in the doped SiGe layers of aTM=9400 cm
and ATE=900 cm ', respectively. If one considers the
4S' incidence angle in the guide, the absorption coefficient
for polarization along the growth axis is found to be
a, =18000 cm . This coefficient is much higher than
~~~=~TE for a polarization parallel to the layers. These
values are quite consistent with the direct transmission
measurements shown in Fig. 2(c). For instance at 8=70,
the internal propagation angle is =15' leading to =4%%uo

intersubband absorption at 1000 cm ' in fairly good
agreement with the measurements. Moreover, the ratio
a, /a

~~

=20 demonstrates that intersubband transitions do
occur at normal incidence but that the corresponding ab-
sorption coefficient is rather low, at least for
Sio sGeo 2/Si multiple-quantum-well structures designed
for a peak absorption at A, =10pm. Indeed, at 4=90', it
is clear from Figs. 4(b) and 5(b) that most of the infrared
absorption around 1000 cm ' arises from free carriers.
This is particularly important for the potential applica-
tions to normal incidence infrared detection. It has been
shown recently' that high normal-incidence intersub-
band absorption can be obtained by increasing the Ge
content in the SiGe alloy of the quantum well but the
peak response is then centered at a shorter wavelength
(=3 pm).

Finally we have also investigated the inhuence of the
quantum-well doping. For instance, sample 3 is similar
to sample 2 with a doping level one order of magnitude
smaller (see Table I). We first analyzed the free-carrier
absorption obtained in the waveguide geometry for TM
and TE polarizations using our Drude model and
checked that the spectra can be interpreted with
~=10 ' s as carrier relaxation time. We then deter-
mined, as described above, the intersubband contribution,
which is shown in Fig. 6 at 10 K for both TM and TE
geometries. The magnitude of the TM peak is lower than
in sample 2 (0.12 instead of 0.6 absorbance) and the peak
presents well-defined structures, which correspond to
various transitions. The two arrows in Fig. 6 show the
calculated energy at the zone center of transitions HH&-
HH2 or HH, -LHz ( =910 cm ') and HH, -LH3 or HH, -

LH4 (=1130 cm '), where the subbands are labeled as
described in Fig. 1. Note that the HH&-HH2 transition,
which is the dominant one at TM polarization, ' occurs
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FIG. 6. Intersubband contribution to the total absorbance
measured at T=10 K in sample 3 (waveguide). The arrows
show the calculated energies at the zone center of the ground in-
tersubband transitions. The inset presents the total TM absor-
bance (solid line) and, for comparison, the calculated free-
carrier background (broken line).

at =900 cm ' in sample 3 and =1000 cm ' in sample 2.
This shift towards high energy is most probably due to
the exchange interaction elf'ects, which are strongly
dependent on the free-carrier density. ' The peak ob-
served at higher energy (=1600 cm ') arises probably
from a transition between HH& and the continuum states.
The inset in Fig. 6 shows the total TM absorbance (solid
line) and the calculated free-carrier background (broken
line). Contrary to sample 2, the intersubband absorbance
becomes the dominant contribution at =900 cm
essentially because of the weak free-carrier contribution
(=0.05 absorbance). A small intersubband absorbance
(=0.02) was measured in TE polarization, where two
structures can be observed (Fig. 6) corresponding to
HH&-LH3 (or HH&-LH4) and to a transition between HH&

and the continuum states, respectively. The HH, -HH2
transition, dominant in TM, almost vanishes in TE. In
order to provide a more accurate description of these
structures, detailed calculations of the transition
strengths away from the zone center would be necessary.
As for sample 2, the free carriers mainly contribute to the
total TE infrared absorption.

In summary, we have presented an analysis of the in-
frared absorption in p-type Si, Ge„/Si multiple quan-
tum wells defined for a peak absorption at 1=10 pm.
Direct transmission as well as transmission through mul-
tipass waveguides have been measured. Using a Drude
model, we have accurately determined the free-carrier
contribution, from which the intersubband absorption
can be obtained as a function of the radiation polariza-
tion. For a high doping level (a few 10' cm ), we have
demonstrated that the free carriers and intersubband
transitions contribute equally to the TM absorbance
around A, =10 pm, whereas the TE absorbance is essen-
tially governed by the free-carrier eff'ects. Intersubband
transitions can be observed in normal incidence but the
corresponding absorption coefficient is found to be rather
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small. For a lower doping density (a few 10' cm ), the
intersubband absorption becomes the dominant contribu-
tion in TM polarization, even if the corresponding ab-
sorption coeScient is smaller. The free-carrier efFects
remain the main contribution to the TE absorption. The
intersubband absorption presents structures that can be
associated with difFerent transitions. These results are
important for the potential applications of Si, Ge„/Si
multiple-quantum-well structures to infrared detection.
Indeed both intersubband excitation and internal photo-

emission of holes excited via free-carrier absorption play
a key role in the photoresponse of the quantum-well in-
frared detectors.
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