
Intersubband lifetimes in p-Si/SiGe terahertz quantum cascade heterostructures

R. W. Kelsall,1,* Z. Ikonic,1 P. Murzyn,2 C. R. Pidgeon,2 P. J. Phillips,2 D. Carder,2 P. Harrison,1 S. A. Lynch,3

P. Townsend,3 D. J. Paul,3 S. L. Liew,4 D. J. Norris,4 and A. G. Cullis4
1School of Electronic and Electrical Engineering, University of Leeds, Leeds, LS2 9JT, United Kingdom

2Department of Physics, Heriot-Watt University, Riccarton, Edinburgh, EH14 4AS, United Kingdom
3Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge, CB3 0HE, United Kingdom

4Department of Electronic & Electrical Engineering, University of Sheffield, Mappin Street, Sheffield, S1 3JD, United Kingdom
sReceived 2 September 2004; revised manuscript received 14 January 2005; published 28 March 2005d

Time-resolved studies of the dynamics of intersubband transitions are reported in three different strain
symmetrizedp-Si/SiGe multiple-quantum-well and quantum cascade structures in the far-infrared wavelength
rangeswhere the photon energy is less than the optical phonon energyd, utilizing the FELIX free-electron laser.
The calculated rates for optical and acoustic phonon scattering, alloy disorder scattering, and carrier-carrier
scattering have been included in a self-consistent energy balance model of the transient far-infrared intersub-
band absorption, and show good agreement with our degenerate pump-probe spectroscopy measurements in
which, after an initial rise time determined by the resolution of our measurement, we determine decay times
ranging from,2 to ,25 ps depending on the design of the structure. In all three samples the lifetimes for the
transition from the first light hole subband to the first heavy hole subband are found to be approximately
constant in the temperature range 4–100 K.
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I. INTRODUCTION

Following the considerable success of intersubband quan-
tum cascade laserssQCLsd based on InGaAs/ InAlAs/ InP
and GaAs/AlGaAs heterostructures,1 there has been much
interest in developing a silicon-based QCL using the Si/SiGe
system.2 Since the lasers do not involve interband transitions,
the indirect band gap of silicon and the SiGe alloys presents
no hindrance to laser operation—the intersubband quantum
cascade principle can be directly transferred to Si/SiGe het-
erostructures. Besides the obvious technological advantages
of a silicon-based laser, in terms of low-cost processing and
optoelectronic integration, the Si/SiGe materials system also
offers various physical advantages for use in QCLs: the ma-
terials are nonpolar, so polar optical phonon scattering,
which is the principal competing nonradiative process in
III-V QCLs, is absent, and the energy of the dominant pho-
non mode in silicon is considerably higher than that in GaAs
and InGaAss64 meV compared to 36 meVd, implying the
existence of a larger frequency window in the terahertz range
within which phonon scattering is suppressed.

The layer designs for III-V QCLs are generally very com-
plex, with each period comprising an injector regionsusually
a chirped superlattice of up to ten quantum wellsd and an
active region comprising 2–4 quantum wells or, indeed, an-
other chirped superlattice. This level of complexity, involv-
ing a large number of different layer thicknesses which must
be grown to 0.1 nm precision, is very difficult to achieve in
the strained Si/SiGe system. Therefore we have investigated
a series of prototype cascade or “quantum staircase” struc-
tures based on a simple superlattice design. Our work to date
has focused onp-type Si/SiGe heterostructures, which pro-
vide a large valence band offset and are of potential interest
as surface-emitting QCLs, since the light to heavy hole tran-
sitions couple to surface-normal TE modes, without the need

for any surface grating.3 Our structures are also designed for
emission in the far-infraredsFIRd or terahertz frequency
range, for which QCLs have recently been shown to be one
of the most promising solid-state sources.4,5 Population in-
version in the quantum staircase structures may be attained
by engineering the relative subband lifetimes for interwell
and intrawell transitions by adjustment of the well and bar-
rier thicknesses and alloy compositions. However, even in
these relatively simple layer designs, the band structure and
intersubband transition rates are not straightforward to pre-
dict, and therefore direct measurement of intersubband life-
times, as reported here, is important to characterize the per-
formance of trial structures and to validate theoretical
models which can then be used for the design of laser struc-
tures.

In previous work6 we reported time-resolved far-infrared
spectroscopy of intersubband transitions inp-Si/SiGe
multiple-quantum-well structures, using the FELIX free-
electron laser. In the following sections, we compare these
results with pump-probe spectroscopy on twop-Si/SiGe
quantum cascade samples. The transitions of interest are
those between the first light holesLH1d and first heavy hole
sHH1d subbands, and in all three cases the LH1-HH1 energy
gap at the zone center is less than the smallest optical phonon
energy in the alloyed quantum well layerssthe Ge-Ge mode
phonon energy of 37 meVd. Following description of the ex-
perimental configuration and results, we describe our theo-
retical model of the absorption recovery—which involves
use of a self-consistent energy balance method and includes
a six-band anisotropick ·p band structure, and phonon, alloy
disorder, and carrier-carrier scattering processes—and ex-
plain how the experimental and theoretical data can be inter-
preted in order to develop an understanding of the intersub-
band physics of thep-Si/SiGe system.
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II. EXPERIMENTAL DETAILS

One of the key features of QCLs is that a large number of
periodsstypically of the order of 100d are used to magnify
the available gain. This approach is feasible in the strained
Si/SiGe materials system only if the heterostructures are
strain symmetrized. All our heterostructures are grown on a
SiGe relaxed buffer or virtual substrate, which comprises a
3 mm linearly graded Si1−xGex region, followed by 1mm of
SiGe at the end-point composition. The well and barrier
thicknesses are then calculated, according to their respective
Ge compositions, to ensure that the adjacent layers contain
equal and opposite compressive and tensile strains, so that
the net strain across the whole structure is zero. It is also
necessary to ensure that the thickness of any single layer
does not exceed the critical thickness for the layer composi-
tion, which is easily satisfied for the Ge compositions used
heresø35%d. The structures were purchased from QinetiQ
sformerly DERAd U.K., and grown by low-pressure chemi-
cal vapor deposition using an industry-standard Applied Ma-
terials Epi-Centura reactor. A number of samples have been
investigated, and our three prototype sample structures are
designated SQW2suncoupled quantum wellsd, QCL6, and
QCL10 squantum cascadesd, respectively. Layer thicknesses
were measured by transmission electron microscopysTEMd,
and the Ge mole fractions found by both energy-filtered
TEM sEFTEMd and energy-dispersive x-raysEDXd
spectroscopy.7 The schematic band diagrams and calculated
subband edge energies for all three structures are shown in
Fig. 1.

The uncoupled quantum well structuresSQW2d reported
earlier6 comprised ten modulation-doped Si0.72Ge0.28 quan-
tum wells with Si barriers, and Si0.78Ge0.22 buffers, on a
Si0.78Ge0.22 virtual substrate Above the strain-relaxation
buffer, ten periods of 5 nm boron-doped Si0.78Ge0.22
sNA=531017 cm−3d, 2.8 nm i-Si0.78Ge0.22 spacer, 5.3 nm
i-Si barrier, 12 nmi-Si0.72Ge0.28 quantum well, 5.3 nmi-Si
barrier, 2.8 nmi-Si0.78Ge0.22 spacer, and 5 nmp-Si0.78Ge0.22
sNA=531017 cm−3d was grown.

The QCL6 structure was composed of 20 periods of
6.6 nm Si0.66Ge0.34 quantum wells with 2.2 nm Si barriers on
a Si0.7Ge0.3 virtual substrate. Unlike SQW2, it did not con-
tain spacer regions. The quantum well layers were doped
with a boron concentration of 7.531017 cm−3. The bottom
contact layer comprised 10 nm of 1018 cm−3 boron-doped
Si0.66Ge0.34 while the top contact layer comprised 90 nm of
1019 cm−3 doped Si0.66Ge0.34 above 10 nm of 1018 cm−3

doped Si0.66Ge0.34.
More recently new prototype structures have been grown

with a much larger number of total periods, which are thus
better suited to laser cavity design. QCL10 is a 400-period
structure with total active region thickness of,3.8 mm. The
sample consisted of 400 4.4-nm-thickp-Si0.75Ge0.25 wells
separated by 2.2 nm Si barriers. It was grown with intermit-
tent doping: every 20th well in the stack, and the barriers
immediately adjacent to those wells, were doped at 4
31018 cm−3 to ensure that a sufficient carrier density was
present in these very long stacks for good current drive and
optical power output. The doping densities used give an av-
erage sheet carrier density of 1.7531011 cm−2 per well for
this structure.

FIG. 1. Confinement potentials and calculated subbandsor mini-
bandd edge energies for the three samples studied:sad SQW2, sbd
QCL6, andscd QCL10. The full and dashed curves show the con-
finement potentials for heavy and light holes respectively. Insad,
one period of the ten-period structure is shown, and the suffixessWd
and sSd denote subbands localized in the quantum well and the
adjacent spacer layer, respectively. Insbd andscd, two periods of the
superlatticelike structures are shown; the shaded regions indicate
the extent of the heavy and light hole minibands.
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Electroluminescence spectra have been obtained for
SQW2 and QCL6, and have confirmed the theoretical in-
trawell subband transition assignments.8,9 In contrast with
SQW2 and QCL6, QCL10 was designed to have predomi-
nantly diagonalsi.e., interwelld transitions under bias, and
the design has been confirmed by electroluminescence
spectroscopy.10 The verticalsintrawelld transitions were not
observed for QCL10 in electroluminescence, but we have
measured them by both Fourier transform infraredsFTIRd
absorption spectroscopy and by the FELIX pump-probe mea-
surements described below.

Degenerate pump-probe measurements of nonradiative in-
tersubband relaxation were made using the FELIX free-
electron laser. A three-beam balanced pump-probe technique
described earlier11 was used in the far-infrared region of in-
terest. The macropulse duration was 5ms with 5 Hz repeti-
tion rate. The macropulse contained a train of micropulses of
a minimum of 2 ps duration and 25 MHz repetition rate. A
polarization rotator was used to change the polarization of
the pump to be perpendicular to the probe, hence eliminating
any so-called coherence artifact effect.12 An analyzer was
placed behind the sample to shield the detector from any
scattered pump radiation.

III. EXPERIMENTAL RESULTS

A. SQW2

Pump-probe measurements were carried out on the un-
coupled multiple-quantum-well structure SQW2 for a range
of temperatures, with the pump beam tuned to the intersub-
band transition wavelength, obtained both from FTIR elec-
troluminescence spectra and by maximizing the pump-probe
transmission step. Degenerate pump-probe transmission
spectrasshowing the differential probe transmission as a
function of delay behind the bleaching pump pulsed are
shown in Fig. 2, for an excitation wavelength of 45mm, in
the temperature range 4–80 K. The incident beam angle for
these measurements was 40°.

Clearly, a dual-decay response is obtained for tempera-
tures below 80 K. The sharp feature with an exponential de-
cay time of 10–15 ps, which was present throughout the
temperature range investigated, is associated with intersub-
band relaxation within the well. The subsequent, anomalous
increase in transmission, followed by a slow decay, is asso-
ciated with scattering into intermediate states confined in the
spacer layers, as discussed previously.6 The SQW2 structure
has FIR absorbing states localized in the spacer layers, in the
energy range between the HH1 and LH1 quantum well
states, which are responsible for the dual-decay transmission
response. Our measurements also indicate the striking result
that the initial transmission decay is relatively independent
of lattice temperature, in marked contrast with earlier mea-
surements on then-type GaAs/AlGaAs system.13,14 The
pump-probe experiments were performed on SQW2 for a
range of pump wavelengths, confirming the resonance with
the intersubband transition.

B. QCL6

The HH1-LH1 transition for QCL6swhich was predicted,
and confirmed by electroluminescence spectroscopy,10 to be
at 95mmd was investigated by pump-probe spectroscopy be-
tween 4 and 100 K as shown in Fig. 3. The incident beam
was oriented normal to the sample surface. For this structure
there are no spacer layers, and consequently we see only a
single-decay response—i.e., the slow rise and decay at long
times observed at low temperatures in SQW2 is absent here.
Instead we see a transmission decay with an exponential de-
cay time of,25 ps, which remains approximately constant
throughout the range 4–100 K and is associated with inter-
subband relaxation within the well. Interesting results were
obtained for this structure for a pump energy slightly off
resonancesat 85mm as shown in Fig. 4d. It was possible to
observe the pump-probe signal for even higher temperatures,
up to room temperature, with an approximately constant
scattering time of,20 ps. Figure 4 also shows a transient
overshoot in the absorption, for temperatures of 60 K and
below, with an extremely long recovery time.

FIG. 2. Differential probe transmission vs optical delay for tem-
peratures between 4 and 80 K atl=45 mm for sample SQW2.

FIG. 3. Differential probe transmission vs optical delay for tem-
peratures between 4 and 100 K, atl=95 mm for sample QCL6.

INTERSUBBAND LIFETIMES IN p-Si/SiGe… PHYSICAL REVIEW B 71, 115326s2005d

115326-3



C. QCL10

Results from pump-probe spectroscopy on the sample
QCL10 are presented in Fig. 5. A lifetime of,2 ps was
extracted for excitation at both 38 and 42mm—considerably
shorter than observed for both QCL6 and SQW2. These re-
sults were obtained using a surface-normal geometry as for
QCL6. For excitation at 45mm, a lifetime of ,15 ps was
observed. Figure 6 shows the transient absorption recovery at
different temperatures, for a pump wavelength of 42mm.
The recovery lifetime appears to be approximately indepen-
dent of temperature.

In summary, the three samples, all of which have an LH1-
HH1 subband spacing smaller than the Ge-Ge phonon en-
ergy, have exhibited intersubband lifetimes ranging over ap-
proximately one order of magnitude. The lifetimes appear to
be relatively insensitive to temperature in all three cases. In
the following sections, our theoretical model and our theo-
retical analysis of these observations are presented.

IV. THEORETICAL MODEL

The hole subbands in each of the Si/SiGe heterostructures
were calculated using the 636 k ·p method with Foreman’s
boundary conditions,15 which is sufficiently accurate for the
range of energies involved in the structures considered.16 The
model fully accounts for the in-plane anisotropy and nonpa-
rabolicity of the subband dispersions, which occurs due to
mixing of heavy, light, and spin-orbit split-off bulk states in
the hole subbands. The subband energies and wave functions
were calculated for a range of in-plane wave vectors, and
were then used to evaluate hole scattering and intersubband
absorption rates.

The calculation of optical intersubband absorption transi-
tions was performed in the conventional manner, by evaluat-
ing the matrix elements of velocitysthe commutator of the
Hamiltonian and coordinate, with the position dependence of
the Luttinger parameters taken into accountd across the in-
plane wave-vector space. Summation over in-plane wave
vectors was then performed, while accounting for the actual

subband dispersion, and a homogeneous linewidth of 4 meV
sfull width at half maximumd was assumed. This value is
merely an estimate, but the precise value is not very impor-
tant because our band structure calculations indicate that
most of the total linewidth in the structures considered is due
to the nonparallel nature of the subband dispersions.

The most important scattering processes in Si/SiGe het-
erostructures are deformation potential scatteringsby both
acoustic and optical modesd and alloy disorder scattering.17

Optical deformation potential phonon scattering of holes in
the SiGe quantum well layers is described by three distinct
modes scorresponding to Ge-Ge, Ge-Si, and Si-Si inter-
atomic vibrationsd, each having a weight proportional to the
number of interatomic bonds in an alloy of a given
composition.18 Given the small LH1-HH1 energy spacing in
all three structures considered here, only the Ge-Ge mode,
with a phonon energy of 37 meV, is predicted to have any
significant influence on the LH1-HH1 intersubband lifetime.
Acoustic deformation potential phonon scattering, however,
is always important inp-type Si/SiGe structures with small
subband separations. In calculations of scattering rates both
types of phonons were considered to be bulklikefany pho-

FIG. 5. Differential probe transmission vs optical delay at 4 K
between 38 and 45mm for sample QCL10.

FIG. 6. Differential probe transmission vs optical delay at
42 mm between 4 and 150 K for sample QCL10.

FIG. 4. Differential probe transmission vs optical delay for tem-
peratures between 4 and 100 K atl=85 mm for sample QCL6.
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non confinement effects in the nonpolar Si/SiGe system are
expected to be relatively weak, compared to those predicted
in polar heterostructures such as GaAs/AlAssRefs. 19 and
20dg. Optical phonons were assumed to be nondispersive,
and acoustic phonons were taken to have linear dispersion
sthe quasielastic approximation is not usedd. The tensorial
rather than scalar form of hole-phonon interaction Hamil-
tonian was used21,22 sin contrast to our previous study of one
of the structures6d. Due to the nature of the hole subband
dispersions, the scattering rates were calculated using a fully
numerical scheme, employing the linear tetrahedron
method.23

For acoustic phonon scattering we have used the deforma-
tion potentialsa=2.1 s2.0d, b=−1.5 s−2.2d, d=−3.4 s−4.4d,
all in units of eV, and for optical phononsDKop
=32.9s35.5d3108 eV/cm for Si sGed.21 The deformation
potentials, as well as the sound velocity and material density,
in the alloy layersswhich are the hole-confining layers, and
therefore the most important for scattering inp-Si/SiGe het-
erostructuresd were obtained by linear interpolation. The ac-
curacy of this approximation is not known. For instance, in
the calculation of hole subbands the Luttinger parameters for
the alloy layers are calculated by a procedure which does not
correspond to linear interpolation between the Luttinger pa-
rameters for Si and Ge.24 The possible effects of uncertain-
ties over the exact interpolation law are discussed further
below.

Another important scattering mechanism inp-Si/SiGe is
alloy disorder scattering, due to local composition fluctua-
tions of the alloy.25,26 This is characterized by a single pa-
rameter, the alloy scattering potential, which was set to
0.15 eV in this work. This choice is explained in the follow-
ing section.

For small subband spacings, intersubband carrier-carrier
scattering may also be important for hole relaxation. Calcu-
lation of the carrier-carrier scattering rates is much more
complicated for holes than for electrons. The scattering ma-
trix elements were calculated as in,27,28 but accounting for
the spinor structure of the hole subband wave functions, and
for the anisotropy of the subband dispersions. The linear tet-
rahedron method was again used for integration since, con-
trary to the case of the one-band effective-mass approxima-
tion, no analytic solutions were attainable within this model.
Furthermore, single-subband static screening, calculated with
the hole wave functions at the zone center only, was em-
ployed. Although this approach is less accurate than dynamic
screening,29 the latter would be computationally too demand-
ing for holes, and the method employed here is expected to
produce reasonable accuracyswell within an order of mag-
nituded for the hole-hole scattering rates.

The calculation of hole relaxation dynamics in FELIX
experiments was performed by finding the particle scattering
rates, as well as hole energy relaxation rates, at a number of
carrier and lattice temperatures. These data were then as-
sembled in look-up tables, which were used for interpolation
when simulating the dynamics of the system after initial
bleaching by the FELIX pulse, in a similar manner as was
employed in recent calculations of hole transport in biased
quantum cascade structures.30 As the system evolved, the
current values of subband populations and hole temperatures

were used to calculate the absorption and extract its charac-
teristic relaxation time. One unknown quantity in these simu-
lations is the initial hole temperature immediately after the
FELIX pulse. This temperature is certainly higher than the
heat-sink temperature, because carrier heating occurs due to
intrasubband optical absorption, but it is difficult to deter-
mine the extent of this heating. A weak dependence of relax-
ation times on the lattice temperature, as found in all three
structures, may be taken to mean that the initial carrier tem-
perature is sufficiently largese.g., over 200 Kd that the initial
carrier distributions are the same throughout the range of
lattice temperatures used. However, relaxation calculated un-
der such conditions is too fast to match any experiment, be-
cause of the onset of strong optical phonon scattering. There-
fore, the initial hole temperature, immediately after the
FELIX pump pulse, was set to be 50 K above the lattice
temperature; deviations around this value were found to have
little influence on the final results.

One often neglected point is that the quantity actually
measured in pump-probe experiments is the relaxation of
optical transmission, rather than of the subband populations.
The difference between these two quantities arises from the
dependence of the optical transition matrix elements on in-
plane wave vector. Hence, this distinction can safely be ne-
glected forn-type heterostructures, where the optical matrix
element is approximately constant throughout the range ofk
space of interest, but should not be ignored for the case of
p-type structures, as studied here, where the mixing of heavy,
light, and spin-split-off valence states gives rise to significant
variations in the matrix elements. We have carried out calcu-
lations of both population and absorption relaxation rates,
under various levels of approximation: the difference be-
tween these models is highlighted below.

V. THEORETICAL RESULTS

A. QCL10

The QCL10 structure is a superlattice, with an HH1 mini-
band of approximately 1 meV width, and an LH1 miniband
of approximately 5 meV widthfrefer to Fig. 1scdg. Optical
absorption is permitted from the bottom of the HH1 mini-
band to the bottom of the LH1 miniband; from the top of
HH1 to the top of LH1, and between all intermediate HH1
and LH1 states of like symmetry. Given that states across the
thin HH1 miniband are approximately equally populated,
even at very low temperatures, the minibands add about
4 meV to the total linewidth for the HH1-LH1 transition.
The FELIX experiments indicate that strong absorption was
observed in the QCL10 structure at a wavelength of 38mm,
corresponding to a photon energy of 32.7 meV. To match
this transition theoretically, we have to postulate a Ge mole
fraction in the quantum wells of 31%srather than the target
30%d: this is quite likely given the epitaxy tolerances and the
difficulties of performing accurate EFTEM or EDX compo-
sition measurements on very thin layers. Figure 7 shows the
calculated LH1-HH1 relaxation times for QCL10 as a func-
tion of lattice temperature, assuming 31% Ge mole fraction
in the quantum wells and using the measured layer thick-
nesses. Both the bare population relaxation times and the
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optical transmission relaxation times are calculated, each un-
der three different conditions: first, with the initial carrier
temperature set equal to the lattice temperature, but allowed
to vary during the transient simulation through the energy
balance calculation;31 second, with the carrier temperature
tied to the lattice temperature throughout each transient
simulation sno energy balanced; and third, with the initial
carrier temperature set 50 K above the lattice temperature,
but allowed to vary with time as in the first case. As we have
discussed above, it is the last of these cases, which allows for
some initial heating of the carrier population by the pump
pulse, that we believe to be the most realistic. When this
scheme is applied to the simulation of optical absorption
recovery stransmission decayd, a lifetime of 1.5 ps is
obtained—in excellent agreement with experiment—which
stays remarkably constant throughout the temperature range
shown. For this structure, the initial carrier heating appears
to make little difference to the calculated lifetime; however,
accounting for energy balance throughout each transient
simulation is important; simulations in which the carrier tem-
perature is kept constant lead to a large overestimation of the
lifetime, especially at low temperatures. For QCL10, the
population and transmission relaxation times are quite simi-
lar, provided the energy balance model is used with initial
carrier heating. However, the population relaxation shows a
stronger temperature dependence. This is expected: the rela-
tively short LH1-HH1 lifetime at 38mm s32.7 meVd in this
structure, compared to the other two structures investigated,
corresponds to the fact that the subband energy spacing in
QCL10 was closest to the Ge-Ge phonon energy. Conse-
quently, the Ge-Ge mode deformation potential optical pho-
non scattering is the dominant process. As the lattice tem-
perature is increased, more optical phonon scattering occurs
because a greater proportion of the LH1 carrier distribution
is able to emit optical phonons. However, this temperature

dependence is compensated for by the temperature-induced
change in the probability of optical transitions which arises
from the change in thek-space distribution of the LH1 car-
rier population.

The measured data also show a signal at 45mm
s27.6 meVd, with a much longer relaxation times,15 psd.
While this shift in transition energy can be explained by
either the miniband widths or the homogenous broadening,
neither of these explains the increase in lifetime. On the
other hand, a change in both lifetime and transition energy
can be explained by a shift in the perpendicularssuperlatticed
and in-plane wave vectors at which the transitions occur. The
lifetime is then expected to increase, since the transition en-
ergy is further from the Ge-Ge phonon energy. Simulations
for the case of optical excitation at 45mm gave a LH1 life-
time of 5 ps at a lattice temperature of 4 K—consistent with
the experimental trend, but, quantitatively, a factor of 3 faster
than the measured value.

The simulations were repeated with intersubband hole-
hole scattering included, using the average sheet carrier den-
sity of 1.7531011 cm−2 quoted above. The hole-hole scatter-
ing was found to make very little difference to the overall
LH1-HH1 relaxation times in this structure.

B. QCL6

The QCL6 structure is also a narrow-band superlattice
but, because of the smaller difference between the Ge mole
fractions in the quantum wells and buffer, and consequent
reduced strain in the quantum wells, compared to the case of
QCL10, the HH1 and LH1 minibands are much closer to-
gether, with a calculated spacing of 13 meVfsee Fig. 1sbdg.
This corresponds very well to the experimentally determined
intersubband absorption maximum at 95mm. Since the sub-
band spacing is much smaller than the Ge-Ge phonon en-
ergy, longer lifetimes are expected. Figure 8 shows the simu-
lated lifetimes as a function of carrier temperature, calculated
for both population and transmission relaxation, using the
same models as discussed above for QCL10. The variable

FIG. 7. Comparison of simulated transmission relaxation and
hole population relaxation lifetimes for the QCL10 structure, as a
function of lattice temperaturesTlattd. The simulations were per-
formed using the self-consistent energy balance method with the
initial carrier temperaturesThd set equal toTlatt sfull curvesd, and
with the initial Th set 50 K aboveTlatt sdot-dashed curvesd. Simu-
lations were also carried out without energy balance, keepingTh

fixed throughout each simulationslong-dashed curvesd.

FIG. 8. Simulated transmission relaxation and hole population
relaxation lifetimes for QCL6, as a function of lattice temperature
sTlattd. Key as for Fig. 7.
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carrier temperature model with initial heating gives a trans-
mission decay lifetime of 15 ps at a lattice temperature of
4 K. At low temperatures, the population relaxation times are
consistently longer than those for transmission relaxation.
While transmission relaxation is clearly the appropriate
quantity to model, in order to match the experimental data,
the k dependence of the optical matrix elements involved in
this calculation is very sensitive to the exact nature of the
band structure, and therefore to the exact structural param-
eters of the sample. Indeed, while both QCL10 and SQW2
were of very high structural quality, with extremely planar
layers, TEM images of QCL6 showed clear evidence of low-
amplitude oscillations in the layers, due to residual strain,
which results in a variation of layer thicknesses across the
plane of the structure, and consequent variation of the precise
details of band structure. Figure 8 thus implies that the life-
time for QCL6 lies approximately in the range 15–20 ps,
which is in reasonable agreement with the measured value of
,25 ps, and confirms the observed trend of much longer
lifetime for QCL6 than for QCL10.

As the lattice temperature is increased, the simulations all
predict a decrease in lifetimeswhichever model is usedd,
which does not seem apparent in the measurements. The
simulations show that, because the LH1-HH1 subband sepa-
ration is so small compared to the Ge-Ge phonon energy,
optical phonon scattering is negligible throughout the tem-
perature range considered. The lifetime is therefore domi-
nated by acoustic phonon scattering and alloy disorder scat-
tering. The temperature dependence in the simulations arises
directly from the increase in acoustic phonon population
with lattice temperature—so the difference between theory
and experiment cannot be explained by any uncertainties
over the carrier temperaturessand the extent of any localized
lattice heating produced by the FELIX beam in these experi-
ments is estimated to be insignificantd. On the other hand, the
alloy disorder scattering rate is approximately constant with
temperaturesit actually decreases slightly as the lattice tem-
perature increasesd so the experimental results imply that the
acoustic phonon scattering is weaker than in our simulations,
such that alloy scattering dominates. This point is discussed
further below.

We also considered the effect of intersubband hole-hole
scattering in this sample. There are a number of uncertainties
here; both in the carrier density in the quantum wells at any
given temperature and in the calculation of the hole-hole
scattering rate itself. Although only the quantum well layers
are intentionally doped, diffusion of boron into the silicon
barriers occurs during growth. Based on typical secondary
ion mass spectrometry data for SiGe heterostructures,32 we
may assume that the boron concentration falls at a rate of
approximately 1 decade every 4 nm into the silicon barrier.
This gives an average doping density in the barriers of 2.8
31017 cm−3 sequivalent sheet density of 631010 cm−2d, and
all these dopants are expected to release carriers into the
adjacent quantum well layers, even at low temperatures. On
the other hand, the dopants in the quantum well layer will
only be partially ionized: at 4 K, the ionization fraction is
less than 0.1%, and the carrier density is due solely to boron
diffusion sgiving p=631010 cm−2 per welld. At the upper
limit of the temperature range used,T=100 K, the ionization

fraction is 30%saccounting for the screening-induced reduc-
tion of the ionisation energy,33 but neglecting any quantum
confinement effects on the dopantsd, giving a total carrier
density of,1.931011 cm−2 per well. For these carrier den-
sities, our calculated intersubband hole-hole scattering life-
times are 12 and 8 ps, respectively. These clearly lead to
overall intersubband lifetimes that are less than the measured
values; however, they already indicate that intersubband
carrier-carrier scattering is not an exceptionally fast process
in this structure. As mentioned above, we have used a rela-
tively simple screening model for the hole-hole scattering
calculations, and this, in conjunction with the uncertainty
over the exact carrier density, is probably sufficient to ac-
count for the fact that intersubband hole-hole scattering was
not found to be significant in the experimental measure-
ments.

The transmission response for an excitation wavelength of
85 mm was also investigated. The detuning from
95 to 85mm represents a change in the pump photon energy
of only ,1.5 meV, and this produces very little difference in
the simulated response. Our model does not include the de-
tails of intrasubbandcarrier relaxationsthe distribution func-
tions are assumed to have a Fermi-Dirac form, for the calcu-
lated carrier temperatured, and it is possible that the observed
absorption overshoot and subsequent decaysFig. 4d may be
due to intrasubband hole cooling from stronger to weaker
far-infrared absorbing states. However, even assuming that
intrasubband carrier-carrier scattering is very weak, follow-
ing the discussion above, the recovery time is still slower
than that resulting from intrasubband acoustic phonon scat-
tering, so there is little evidence to support this explanation.

C. SQW2

The calculated zone-center LH1-HH1 subband spacing in
this structure was 24 meV, with the HH2 subband located
just 2 meV below LH1fsee Fig. 1sadg. While the LH1-HH1
spacing is slightly smaller than the phonon energy for the
45 mm excitation used experimentally, optical absorption is
clearly possible given the assumed 4 meV homogeneous
linewidth. Using this linewidth, optical absorption from HH1
to HH2 would not be possible at the zone center, although it
would be possible for some nonzero values of in-plane wave
vector, due to the distorted nature of the subband dispersion
curves. Thus, although the 40° beam angle allows coupling
to both HH1-LH1 and HH1-HH2 optical transitions, the ob-
served response is expected to represent primarily carrier re-
laxation from LH1. In fact, the calculations show that, for
cases such as this, where the LH1 and HH2 subbands are in
close proximity, and hence strongly mixed, the intersubband
lifetimes for each are very similar. Using the tensorial pho-
non scattering Hamiltonians, the simulated lifetimes were
,14–18 ps in the temperature range 4–60 K. This range of
values, and the relatively weak temperature dependence, are
both in good agreement with the experimental observations.
Inclusion of hole-hole scattering in the simulations had very
little effect on these lifetimes.

VI. DISCUSSION

To summarize from the above results, we obtain good
agreement between theory and experiment for the intersub-
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band transition energies and the low-temperature intersub-
band lifetimes for all three structures: QCL10sshort,,2 ps
lifetimesd, QCL6 slong, ,20–25 ps lifetimesd, and SQW2
s,10–15 ps lifetimesd. The weak temperature dependence
of lifetime observed in all three structures was reproduced
theoretically for QCL10 and SQW2, but the simulations for
QCL6 showed a somewhat stronger temperature variation.
As mentioned above, this latter observation implies that the
acoustic phonon scattering rate might be slower than that
used in our simulations.

There are no fitting parameters in the phonon scattering
rates, but it is difficult to obtain precise values for the various
valence band deformation potentials. For acoustic phonon
scattering, we have used values of the deformation potentials
a, b, andd,21 which were originally given by Wiley.34 In his
paper, Wiley indicated an uncertainty of approximately 25%
in the values ofb andd. An alternative set of parameterssfor
silicond has been proposed by Fischettiet al.,22 which were
obtained by fitting the calculated low-field mobility for bulk
silicon to experimental data. However, these values result in
shorter intersubband lifetimes than reported above. While fit-
ting to low-field mobility is a valuable exercise, it still does
not enable evaluation ofa, b, or d independently. Such inde-
pendent determination is not important for bulk mobility cal-
culations, as can be seen from the fact that results obtained
using the tensor hole-phonon scattering Hamiltonian can be
reproduced using a directionally averaged scalar
Hamiltonian.22 However, for intersubband scattering in quan-
tum well systems, the direction averaging does not apply,
and the phonon scattering rates for the LH1-HH1 transition
calculated using the exact tensor Hamiltonian are larger than
those obtained with an effective scalar deformation potential
calculated using the same values ofa, b, andd. Given that
the bulk mobility experiments can be fitted by an effective
scalar deformation potential of the form22,34

Jef f
2 = a2 +

cl

ct
Sb2 +

d2

2
D , s1d

wherecl andct are the effective longitudinal and transverse
crystal elastic constants, we tried varying the values of the
deformation potentialsb and d, while keeping the factor
sb2+d2/2d constant. However, this yielded very little differ-
ence in the calculated acoustic phonon scattering rates.

We also investigated the possible errors introduced by in-
terpolation of the various scattering parameters. As men-
tioned above, each individual scattering parameter has been
interpolated linearly between the published values for Si and
Ge. This results in a hybrid interpolation curve for the scat-
tering rates which is not exactly linear, but is reasonably
close to a linear relationship. However, for Si-rich alloy lay-
erssx,0.5d, as is the case for all three structures considered
here, the errors introduced by interpolation are unlikely to be
greater than the difference between the calculated rates and
those for the case of pure silicon, and in the case of QCL6
sSi0.66Ge0.34 quantum wellsd this difference is less than 10%.

In order to eliminate the temperature dependence from the
simulated LH1 lifetimes for QCL6, we found that it was
necessary to reduce the acoustic phonon scattering rate by a

factor of more than 4, compared to the values obtained using
the above model. This could be achieved, for example, by
reducing each of the acoustic deformation potentials by a
factor of 2, but such an adjustment would not be consistent
with the bulk mobility experiments.

Of course, both the value and temperature dependence of
the lifetimes in structures with small subband spacings are
also influenced by alloy disorder scattering: stronger alloy
scattering will give a weaker temperature dependence, but at
the expense of a shorter overall lifetime. The alloy scattering
potential is perhaps the most uncertain of all the scattering
parameters in the model, and a range of values has been
reported in the literature. We found that the best matches to
the measured lifetimes for both QCL6 and SQW2 were ob-
tained by using a value of 0.15 eV for the scattering potential
snormalized to the primitive cell volumed, which lies at the
lower end of the reported range.sWhile we had used a larger
value in our previously reported calculations for SQW2,6 this
was used in conjunction with use of the approximate scalar
Hamiltonian for phonon scattering, which gave slower scat-
tering rates than the more accurate tensor Hamiltonian used
here.d

The experimentally observed trend invites a relatively
simple interpretation: that the LH1-HH1 lifetime increases
progressively as the subband spacing is reduced because the
optical transition energy is shifted further away from the
Ge-Ge phonon energy. While this phenomenon certainly oc-
curs, the theory indicates that there are also more subtle
changes taking place. There is a large difference in lifetime
between QCL10 and SQW2, even though the absorption en-
ergy changes by only,5 meV sin comparison, the absorp-
tion energy in QCL6 is 20 meV different from that in
QCL10d. The calculations indicate that this change in life-
times is also due to the different contributions of light-heavy
hole mixing in the two structures. In QCL10, the HH2 sub-
band is well separated from LH1, and therefore the LH1
subband experiences little mixing. On the other hand, in
SQW2, the HH2 and LH1 subbands lie within 2 meV of
each other, and so the light-heavy hole mixing is much stron-
ger. In the tensor Hamiltonian formulation, phonon scattering
between light and heavy hole states is stronger than that be-
tween two heavy hole states, for the same energy spacing.
Thus, strong mixing of heavy hole character into the light
hole subband will decrease the overall scattering rate.

Finally, we should mention that we also measured and
calculated the HH2 intersubband lifetime for the QCL10
structure. The HH2 subbandswhich, like the other subbands
in this superlattice structure, is actually a narrow minibandd
lies approximately 70 meV above the HH1 miniband. The
calculated lifetime at 4 K was less than 1 ps: pump-probe
measurements at this temperature, for a pump wavelength of
17 mm s73 meVd gave a pulse-width-limited response—i.e.,
the measured lifetime was less than 2 pssFig. 9d. We men-
tion this to clarify that shorter lifetimes are expected for
higher-lying subbands, compared to those discussed above,
since all the principal phonon modes in the Si/SiGe system
sin particular, the Si-Si mode at,64 meVd can contribute to
intersubband scattering.
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VII. CONCLUSIONS

Intersubband pump-probe spectroscopy has been carried
out on three differentp-Si/SiGe heterostructures using the
FELIX free-electron laser, in order to measure the intersub-
band lifetime for the LH1-HH1 transition. In all cases, the
LH1-HH1 subband spacing was less than the smallest optical
phonon energy in the structure—that of the 37 meV Ge-Ge
phonon mode. The measured lifetimes in the three structures
ranged from 2 to 25 ps, with the lifetime increasing as the
LH1-HH1 spacing was reduced. In all cases, the temperature
dependence of the lifetime was found to be very weak, with
little variation observed in the range 4–100 K, and in one
measurement, throughout the range 4–300 K. A dual-decay
response was found only in the case of the uncoupled
multiple-quantum-well structure SQW2, and not in the case
of the superlattice structures QCL6 and QCL10, confirming
our hypothesis that the dual-decay response arose from scat-
tering into intermediate states confined in the spacer layers
between the wells of the SQW2 sample.

Simulations of the intersubband carrier dynamics in all
three structures were carried out using six-bandk ·p calcula-
tions of the hole subbands and wave functions, together with
calculations of phonon, alloy disorder, and hole-hole scatter-

ing, which were incorporated into a time-domain rate equa-
tion scheme. Good agreement between theory and experi-
ment for the intersubband transition energies and
intersubband lifetimes was obtained for all three structures,
including quantum cascade structures with different Ge mole
fractions, and a significantly different uncoupled quantum
well structure. LH1 lifetimes ranging over an order of mag-
nitude were reproduced using the same theoretical model in
all cases. The simulations indicated that the increase in life-
time with reduced subband spacing was due primarily to the
reduced contribution of Ge-Ge mode optical phonon scatter-
ing swhich was found to be dominant in QCL10, but negli-
gible in the case of QCL6d but showed that heavy-light hole
mixing also played an important role in determining the life-
times for a given subband separation. The theoretical model
also highlighted the difference between the measured life-
times for transmission relaxation in a pump-probe experi-
ment and the actual intersubband population relaxation: this
difference is a consequence of the variation of the optical
matrix element with in-plane wave vector, and therefore is
peculiar top-type heterostructures.

The results highlight two main points relevant to the de-
sign of p-Si/SiGe quantum cascade lasers: first, that long
intersubband lifetimes can be achievedsup to 25 psd, repre-
senting effective suppression of nonradiative processes by
choosing subband spacings smaller than the optical phonon
energies in the structure, and second, thatp-Si/SiGe offers
considerable scope for “lifetime engineering”—with ob-
served variations of over an order of magnitude in lifetime—
which will aid the design of structures having usable popu-
lation inversions between subbands.
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