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We report the direct determination of nonradiative lifetimes in Si/ SiGe asymmetric quantum well structures
designed to access spatially indirect 共diagonal兲 interwell transitions between heavy-hole ground states, at
photon energies below the optical phonon energy. We show both experimentally and theoretically, using a
six-band k · p model and a time-domain rate equation scheme, that, for the interface quality currently achievable experimentally 共with an average step height 艌1 Å兲, interface roughness will dominate all other scattering
processes up to about 200 K. By comparing our results obtained for two different structures we deduce that in
this regime both barrier and well widths play an important role in the determination of the carrier lifetime.
Comparison with recently published experimental and theoretical data obtained for mid-infrared
GaAs/ AlxGa1−xAs multiple quantum well systems leads us to the conclusion that the dominant role of interface
roughness scattering at low temperature is a general feature of a wide range of semiconductor heterostructures
not limited to IV-IV materials.
DOI: 10.1103/PhysRevB.75.045338

PACS number共s兲: 78.47.⫹p, 71.20.⫺b

I. INTRODUCTION

Following the success of III-V quantum cascade lasers
共QCLs兲 at both mid-infrared1 and far-infrared 共terahertz兲
frequencies,2,3 there is considerable interest in the development of silicon-based quantum cascade devices for low-cost
sources and optoelectronic integration with other circuitry.
The indirect band gap that has hindered interband emitter
development in Si, Si1−xGex, and Ge does not affect QCLs,
as they rely on carrier transitions within the same 共conduction or valence兲 band rather than on exciton recombination
across the band gap. Indeed, SiGe-based materials have a
major advantage over III-V’s for this type of device, in that
phonons are nonpolar,4 and this reduces the principal nonradiative scattering rate that limits the efficiency in III-V
devices.2 This is particularly true at photon energies below
the optical phonon energy 共ប ⬍ បopt兲 which range is the
subject of the present work.
If a QCL could be realized in Si/ SiGe, the lack of polar
optical phonon scattering, the lower free carrier absorption,
and the higher thermal conductivity of Si could allow significantly higher operating temperatures in the terahertz 共THz兲
range. Moreover, there could be lower manufacturing costs
involved with the mature silicon process technology. We
have previously demonstrated the first electroluminescence
from p-Si/ SiGe quantum cascade emitters at THz
frequencies,5 however, no significant optical gain or stimulated emission has been achieved so far in Si/ SiGe QC structures. In order to achieve a silicon-based QCL, a structure
that can achieve population inversion and high gain has to be
1098-0121/2007/75共4兲/045338共6兲

designed. Of paramount importance to this end is the ability
to engineer carrier lifetimes.
The intersubband lifetimes of both inter- and intrawell
transitions can be tailored by carefully designing the thickness and the composition of the different layers that form the
QC structure. A tunability with barrier width has been demonstrated previously at energies above បopt, where lifetimes
varying between 20 and 35 ps were deduced from electroluminescence measurements for diagonal transitions in QC
structures of p-Si/ SiGe.6 However, the transport properties
in semiconductor quantum wells have also been shown7–12 to
be strongly influenced by the quality of the interfaces. Fluctuations in the well width due to the presence of nonideal
surfaces result in local fluctuations of the carriers’ confinement potential, which act as a scattering potential for the
two-dimensional 共2D兲 carrier gas. A very recent detailed experimental and theoretical study on n-GaAs/ AlxGa1−xAs
mid-infrared QCLs found13 that interface roughness 共IFR兲
scattering is the most efficient elastic relaxation mechanism
at low temperature in those systems and becomes dominant
whenever LO-phonon emission is inhibited. Its inclusion in
the theoretical calculations was shown to be crucial to reproduce the observed magnetic field dependence of the emitted
power. In SiGe systems, previous theoretical9 and
experimental11 studies have found that IFR scattering is a
major limiting factor for the low-temperature mobility of 2D
hole gases in quantum wells 共QWs兲 narrower than about
5 nm.
Here we present the results of a theoretical and experimental investigation into the effects of IFR scattering on the
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lifetime of diagonal 共i.e., interwell兲 intersubband transitions
between heavy-hole 共HH兲 ground states in two different p
-SiGe coupled asymmetric quantum wells 共CAQWs兲 in this
size range. The experimental information is provided by
time-resolved measurements with a far-infrared pulsed freeelectron laser. Such a device is the only laser source that has
a short enough pulse duration and high enough intensity to
pump and probe the fast recovery transition in this wavelength range. It also provides wide wavelength coverage for
HH-HH and HH–light hole 共LH兲 transitions, and continuous
tunability for resonant excitation.4 In contrast, the previously
reported data on decay times in p-Si/ SiGe QC structures6
were obtained indirectly from electroluminescence measurements. The extraction of subband lifetimes in that case was
therefore based on a number of assumptions which may have
limited the accuracy of the deduced values. Here, by using a
pump-probe technique, we measure directly the decay time
from the upper HH1 ground state to the lower HH1 ground
state in the adjacent quantum well. Furthermore, unlike in
Ref. 6, in the present case the structures are specifically designed so that between these two levels there is no other state
that could provide alternative relaxation pathways, allowing
an unambiguous determination of the upper-state lifetime.
We show that we can achieve very long lifetimes 共⬃70 ps兲,
which exhibit a relative insensitivity to the temperature compared to GaAs devices.2
We calculate IFR scattering rates, compare them with the
rates of other mechanisms, such as scattering due to alloy
disorder and acoustic and optical phonons as well as carriercarrier interaction 共all calculated within a time-domain rate
equation scheme4兲 and predict that, despite the good quality
of our interfaces 共with an average roughness step height of
only 1.2– 1.5 Å兲, IFR will constitute more than 50% of the
total scattering rate up to ⬃100 K, remaining stronger than
any of the other scattering processes up to about 200 K. We
show that in this regime both barrier and well widths need to
be carefully designed in order to achieve the desired intersubband transition rates. Our theoretical results are in very
good agreement with our measured lifetimes in the temperature range experimentally investigated.
II. EXPERIMENTAL DETAILS

We have investigated two strain-symmetrized Si/ SiGe
CAQW structures on 共001兲 Si, utilizing pump-probe spectroscopy of HH interwell transitions to measure the nonradiative recombination by diagonal 共bound to bound兲 HH1-HH1
transitions through the Si barrier. The structures considered
in the present study 共BF1499 and BF1500兲 consist of 20
periods each containing CAQWs grown on a relaxed buffer
of Si0.8Ge0.2. The first 共BF1499兲 has 3.4 and 4.6 nm undoped
SiGe wells with a nominal Ge content of 40%, separated by
a Si barrier of 1.8 nm. The second wafer 共BF1500兲 has 3.2
and 4.15 nm undoped SiGe wells with a nominal Ge content
of 40%, separated by a 2.3 nm Si barrier. The pairs of
CAQWs are separated by a 5 nm Si barrier, the central
3.2 nm of which is modulation doped with B to a concentration of NA = 1.6⫻ 1018 cm−3. The layer thicknesses have been
measured by transmission electron microscopy 共TEM兲 using

FIG. 1. Annular dark field scanning transmission electron micrograph showing the first eight sets of pairs of QWs and the barriers for the first structure 共BF1499兲.

high-angle angular dark field 共HAADF兲 imaging 共see Fig. 1兲,
while the as-grown Ge contents 共slightly lower than the
nominal ones兲 were obtained using z-contrast HAADF, calibrated with energy-dispersive x-ray analysis of the thick
SiGe buffer layer. The parameters thus obtained were used to
calculate the hole subband structure using our fully anisotropic 6 ⫻ 6 k · p method,14 which in both cases yielded an
interwell transition energy of ⬃20 meV between the two
lowermost HH states in the two wells, in good agreement
with the measured wavelengths for the maximum pumpprobe signal 共62.5 m, ⬃19.8 meV for BF1499 and
60.1 m, ⬃20.6 meV for BF1500兲. The calculated subband
structure of the as-grown CAQWs in sample BF1499 is presented in Fig. 2, where the diagonal nonradiative transition
across the i-Si barrier layer is indicated by a red arrow. The
slightly different depths of the two wells shown in Fig. 2
reproduce the slight difference in Ge content between them
found in our HAADF measurements in all periods imaged.
The lifetimes were measured using the Dutch Free Electron
Laser for Infrared eXperiments 共FELIX兲, in the Netherlands.
The FELIX delivers macropulses with a length of 7 s at a
repetition rate of 5 Hz. Each macropulse consists of a train
of micropulses of duration ⬃10 ps and 25 MHz repetition
rate. A pump-probe technique 共or transient bleaching technique兲 in which the FELIX beam is split into pump, probe,
and reference beams was used.15 The samples were mounted
in vacuum on the cold finger of a liquid helium continuousflow cryostat, with temperature variable from 4.2 to 300 K.
In order to access the HH-HH transitions it was necessary to
pump and probe at oblique incidence, enabling the polarization selection rule E parallel to the growth direction. The
experiments have been performed with the wavelength of
FELIX tuned to the absorption peak of the subband transition
at 61.3 m. Figure 3 shows the transient bleaching signal for
sample BF1499 as a function of time delay between probe
and pump measured for different values of the FELIX pump
power at 10 K 共a兲, and for different temperatures 共b兲.
III. THEORETICAL MODEL

IFR is characterized by the average height ⌬ and lateral
size 共correlation length兲 ⌳ of the Gaussian fluctuation of the
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FIG. 2. 共Color online兲 Calculated subband structure of BF1499
showing the energy levels and the square of the wave functions of
the first eight hole states 共we use an electronlike picture where the
energy scale is reversed: the ground state is the lowermost兲. The
slightly different depths of the two wells shown reproduce the slight
difference in Ge content between them found in our HAADF measurements in all periods imaged. The interwell nonradiative transition between level 2 共red兲 and level 1 共blue兲 is indicated by a red
arrow.

local position of the interface with respect to an ideally flat
surface, described by the autocorrelation function
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If the Fermi wave vector is much smaller than ⌳−1 共the effective cutoff wave vector for the momentum exchange q兲,
then S共q兲 ⬇ 共⌬⌳兲2. In this limit the matrix elements depend
only on the product ⌬⌳. This is, however, not the case with
our samples and, for a given value of the product ⌬⌳ = p0 Å2,
we have found large differences between the lifetimes calculated with 关⌬ = 1 Å, ⌳ = p0 Å兴 and 关⌬ = 4 Å, ⌳ = p0 / 4 Å兴,
which increased with decreasing carrier temperature.

FIG. 3. 共Color online兲 Power 共a兲 and temperature 共b兲 dependence of the interwell transition lifetimes, measured at T = 4 K for
BF1499. In 共a兲 the power decreases with attenuation from
0 to 30 dB.

Calculation of the scattering rates is more involved in the
valence than in the conduction band, due to the complicated
nature of the band structure. The expression for the IFR scattering matrix element Eq. 共2兲 used here, for example, is similar to that used by Unuma et al. for the case of electrons;10
however, in the present work the quantity Fmn had to be
modified to allow each of the wave function components to
experience a different potential at the interface, according to
its 共heavy-hole, light-hole, or split-off兲 character. The transition rates due to optical and acoustic phonon, alloy disorder,
and hole-hole scattering were calculated as described
previously.14,16 The total scattering rates due to all the decay
mechanisms were then employed in a multisubband rate
equation model14,16 to track the time evolution of hole population over subbands, following the initial excitation.
IV. RESULTS AND DISCUSSION

Due to the lack of detailed experimental information on
the quality of our samples interfaces, we resorted to the
standard8,12,17 procedure of treating ⌬ and ⌳ as fitting parameters. We deduced their values from the temperature dependence of the decay time in one structure 共BF1499兲 and then
used them in the calculation of the lifetimes of the other
structure 共BF1500兲, obtaining very good agreement with our
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FIG. 4. 共Color online兲 Comparison of experimentally measured
共symbols兲 and theoretically predicted 共lines兲 interwell transition
lifetimes as a function of lattice temperature Tlatt for our two
samples BF1499 共red兲 and BF1500 共blue兲. The red symbols are
extracted from single exponential fits to the data in Fig. 3共b兲. The
dashed line represents the calculated lifetime for a hypothetical
structure with the wells of BF1499 and the barrier of BF1500. Inset:
lifetimes calculated for BF1500 and BF1499 in the case of perfect
interfaces, i.e., in the absence of IFR scattering 共the experimental
data are the same as in the main frame兲. All curves were obtained
using ⌬ = 1.2 Å, ⌳ = 60 Å, and Th = Tlatt + 20 K.

FIG. 5. 共Color online兲 Absolute 共a兲 and relative 共b兲 IFR scattering rates as a function of the IFR parameters ⌬ and ⌳ calculated for
BF1499 at Tlatt = 20 K, assuming a carrier temperature of 40 K.

measured data, as shown in Fig. 4. Our best fits are obtained
with ⌬ = 1.2– 1.5 Å and ⌳ = 40– 60 Å suggesting goodquality interfaces. These IFR parameters are also within the
range of values reported in the literature9,11,12,18 共⌬ = 1 – 4 Å,
⌳ = 23– 300 Å, ⌬⌳ = 60– 1200 Å2兲 for Si/ SiGe interfaces
with various Ge content. Interestingly, the value ⌬ = 1.5 Å
was also assumed by Leuliet et al. in their study of
GaAs/ AlxGa1−xAs QCLs,13 to obtain the best agreement between theoretical and experimental total scattering rates. In
all our calculations we also assume the carrier temperature
Th at detection time to be related to the lattice temperature
Tlatt according to Th = Tlatt + ␦T, where ␦T is a constant 共i.e.,
Tlatt-independent兲 quantity representing the residual effects
of the carrier heating produced by the laser pulse. We used
␦T as an additional fitting parameter and found that the
choice ␦T = 0 – 20 K gives the best fit to experiment. This
assumption is not unreasonable, as the hole intrasubband
thermalization occurs on a subpicosecond time scale whereas
the experimental time resolution is in the picosecond range,
allowing access to carriers already relaxed to 共or near兲 the
bottom of the subband. A further confirmation of this fast
dynamics is provided by the almost power-independent behavior shown by our measured subband lifetimes over a
range of attenuation of 30 dB 关see Fig. 3共a兲兴, indicating a
very fast intrasubband carrier thermalization time, experimentally inaccessible by our present setup. In contrast the
same lifetimes display a clear dependence on the lattice temperature 关see Fig. 3共b兲兴 confirming that we are probing thermalized carriers. However our samples exhibit a slower
variation with temperature compared to equivalent GaAsbased systems,2 where polar optical phonon scattering dominates.

Figure 5 shows both absolute 共a兲 and relative 共b兲 IFR
scattering rates as a function of ⌬ and ⌳ calculated for
BF1499 at a lattice temperature of 20 K 共similar results are
obtained for BF1500兲. For a fixed value of ⌬, the IFR rates
increase initially as ⌳2, reach a maximum around ⌳ = 50 Å,
and then decrease as exp共−q2⌳2 / 4兲. The dependence on ⌬ is
instead quadratic for all values 关see Eq. 共3兲兴. The total scattering rates have a similar magnitude, indicating that IFR is
the dominant scattering mechanism in these structures at low
temperature. This is confirmed by the results presented in
Fig. 6, showing the 关absolute 共a兲, and percentile 共b兲兴 contributions to the total scattering rates coming from the different
scattering mechanisms, acoustic and optical 共op1 = Ge-Ge,
op2 = Si-Si, and op3 = Si-Ge branches兲 phonons, alloy disorder 共i.e., composition fluctuations兲, IFR, and hole-hole interaction, calculated as a function of the lattice temperature Tlatt
for ⌬ = 1.2 Å, ⌳ = 60 Å, and ␦T = 20 K. In the absence of
IFR, the main scattering mechanisms at low temperature are
共in order of decreasing importance兲: carrier-carrier, alloy disorder, acoustic phonons, and optical phonons 共Ge-Ge, Si-Ge,
and Si-Si respectively兲. While carrier-carrier and phonon
scattering increase with temperature as expected 共the latter
much faster than the former兲, the scattering rate due to alloy
disorder shows a slight temperature dependence owing to the
temperature dependence of the hole distribution.
From Fig. 6共a兲 we see that when Tlatt increases other
mechanisms, namely, acoustic and optical phonon 共first the
Ge-Ge and then the Si-Ge branches兲 and hole-hole scattering, become important. For Tlatt ⬎ 100– 150 K they are comparable in magnitude to IFR, and for Tlatt ⬎ 230 K both
acoustic and Ge-Ge optical phonon scattering rates become
larger than IFR rates. However from Fig. 6共b兲 we see that
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FIG. 7. 共Color online兲 Absolute 共a兲 and relative 共b兲 IFR scattering rates as a function of the IFR parameters ⌬ and ⌳ calculated for
BF1499 at Tlatt = 300 K, assuming a carrier temperature of 320 K.

FIG. 6. Total scattering rate calculated for BF1499 as a function
of the lattice temperature Tlatt for ⌬ = 1.2 Å, ⌳ = 60 Å, and ␦T
= 20 K, decomposed into absolute 共a兲 and percentile 共b兲 contributions from the different scattering mechanisms: acoustic 共ac兲
and optical 共op1 = Ge-Ge, op2 = Si-Si, and op3 = Si-Ge branches兲
phonons, alloy disorder, IFR, and hole-hole interaction.

already for Tlatt ⬎ 70 K the IFR contribution becomes less
than 50% of the total scattering rate, indicating that, although
still comparatively large, IFR is no longer the dominant factor influencing the subband carrier lifetimes in this temperature range. As shown in Fig. 7, at room temperature, the
contribution of IFR to the total scattering rate reaches 50%
for ⌬ = 2.5, but it is only for ⌬ ⬎ 3.5 that such contribution is
above 50% for all values of 20艋 ⌳ 艋 180. IFR rates are,
however, already larger than those of any other mechanism
for ⌬ 艌 1.75. In contrast, we find that at low temperature
共=20 K兲 it is only when ⌬ drops below 0.6 Å 共i.e., for a very
good quality interface兲 that hole-hole, alloy, and acoustic
phonon scattering become stronger, for most values of ⌳.
Having proved the importance of IFR at low temperature,
we now need to go back to Fig. 4 and discuss an apparent
inconsistency. Although the CAQWs in BF1499 and BF1500
have different layer thicknesses, we see that their measured
lifetimes are the same within experimental error. This is
counterintuitive as, in a regime where scattering is dominated by IFR, one would expect the transition rates to increase with decreasing barrier width, as IFR rates are proportional to the value of the wave functions at the interface

共closely related to their penetration into the barrier兲 which is
larger for thinner barriers. The observed behavior can, however, be explained by noting that the structure with the thinnest barrier 共BF1499兲 also has the widest wells. The confinement of the wave functions is therefore reduced in BF1499
compared to BF1500, which would result in a reduced value
at the interface if the barrier dimensions were the same. In
this case the lifetime would be longer, as shown by the
dashed line in Fig. 4, obtained for a hypothetical structure
with the wells of BF1499 and the barrier of BF1500. In the
case of BF1499, however, the narrower barrier allows a
larger penetration and the value of the wave function at the
interface becomes similar in both samples. This effect is well
reflected by our calculated lifetimes, showing that both barriers and wells need to be carefully engineered in order to
tailor the intersubband lifetimes to the desired values. The
effect on the lifetime of increasing the barrier width is obtained from a comparison of the dashed and the red lines in
Fig. 4, whereas comparing the dashed and the blue lines
shows the effect of widening the wells. We see that an increase of 0.5 nm in the barrier width is more effective in
reducing the transition rate than the same increase in the
width of one of the wells 共and a 0.2 nm increase in the
other兲.
Further evidence that the inclusion of IFR scattering is
crucial to explain the intersubband decay dynamics in SiGe
heterostructures is provided by the results presented in the
inset of Fig. 4, where the lifetimes for BF1500 and BF1499
calculated for perfect interfaces 共i.e., in the absence of IFR兲
are plotted as a function of lattice temperature and compared
with our measured data 共the same as in the main panel兲. We
see that both 共i兲 the absolute values of the lifetimes of the
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two samples and 共ii兲 their ratio are in plain disagreement
with experiment. Point 共ii兲 here is the most meaningful, as it
clearly shows that, apart from its evident quantitative disagreement with our measurements, the observed behavior of
the lifetimes as a function of temperature cannot even qualitatively be described without taking into account the effects
of IFR scattering. This feature excludes any possibility of
attributing 共i兲 to inaccuracies in our scattering calculations
and suggests that the dominant role of IFR scattering in intersubband transitions, shown here for energies below the
optical phonon energy in multiple quantum well systems and
already found in mid-infrared GaAs/ AlxGa1−xAs QCLs,13 is
a general property of a wide range of semiconductor heterostructures ranging from III-V to IV-IV materials.
V. CONCLUSIONS

In summary, we presented a theoretical and experimental
study of the nonradiative lifetime of interwell transitions between heavy-hole subbands spaced by less than the 共Ge-Ge兲
optical phonon energy in two different p-SiGe coupled
asymmetric quantum wells. The observed lifetimes were
found to depend on the lattice temperature, but showed no
dependence on the excitation power over a wide range of
pump intensities, indicating a subpicosecond intrasubband
cooling time, well below our experimental resolution. However, the reduction of the lifetimes with increasing temperature was significantly smaller than that observed in GaAs
devices2 due to the lack of polar optical phonon scattering.
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