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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
range(where the photon energy is less than the optical phonon enertijizing 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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[. INTRODUCTION for any surface grating Our structures are also designed for
emission in the far-infraredFIR) or terahertz frequency

Following the considerable success of intersubband quarrange, for which QCLs have recently been shown to be one
tum cascade laser®QCLs) based on InGaAs/InAlAs/InP of the most promising solid-state souréésPopulation in-
and GaAs/AlGaAs heterostructureshere has been much version in the quantum staircase structures may be attained
interest in developing a silicon-based QCL using the Si/SiGey engineering the relative subband lifetimes for interwell
systen? Since the lasers do not involve interband transitionsgnd intrawell transitions by adjustment of the well and bar-
the indirect band gap of silicon and the SiGe alloys presentger thicknesses and alloy compositions. However, even in
no hindrance to laser operation—the intersubband quantufpese relatively simple layer designs, the band structure and
cascade principle can be directly transferred to Si/SiGe hefpersubband transition rates are not straightforward to pre-
erostructures. Besides the obvious technological advantag%t’ and therefore direct measurement of intersubband life-
of a silicon-based laser, in terms of low-cost processing an mes, as reported here, is important to characterize the per-

optoelectronic integration, the Si/SiGe materials system als?ormance of trial structures and to validate theoretical

offgrs various physical advantages fpr use in QCLs: the M3 0dels which can then be used for the design of laser struc-
terials are nonpolar, so polar optical phonon scatterlngtures

which is the principal competing nonradiative process in | . g ted ti ved far-infrared
llI-V QCLs, is absent, and the energy of the dominant pho- N previous work we reported time-resolved far-inirare

non mode in silicon is considerably higher than that in GaAsSPECtroscopy of intersubband  transitions mSi/SiGe
and InGaAs(64 meV compared to 36 meVimplying the multiple-quantum-well struc_tures, using the FELIX free-
existence of a larger frequency window in the terahertz rang&lectron laser. In the following sections, we compare these
within which phonon scattering is suppressed. results with pump-probe spectroscopy on tpeSi/SiGe

The layer designs for l1l-V QCLs are generally very com- quantum cascade samples. The transitions of interest are
p|ex' with each period Comprising an injector reg(mua”y those between the first Iight hO(EHl) and first heavy hole
a chirped superlattice of up to ten quantum welsd an (HH1) subbands, and in all three cases the LH1-HH1 energy
active region comprising 2—4 quantum wells or, indeed, angap at the zone center is less than the smallest optical phonon
other chirped superlattice. This level of complexity, involv- energy in the alloyed quantum well laydiie Ge-Ge mode
ing a large number of different layer thicknesses which musphonon energy of 37 meVFollowing description of the ex-
be grown to 0.1 nm precision, is very difficult to achieve in perimental configuration and results, we describe our theo-
the strained Si/SiGe system. Therefore we have investigatestical model of the absorption recovery—which involves
a series of prototype cascade or “quantum staircase” struatse of a self-consistent energy balance method and includes
tures based on a simple superlattice design. Our work to date six-band anisotropik -p band structure, and phonon, alloy
has focused omp-type Si/SiGe heterostructures, which pro- disorder, and carrier-carrier scattering processes—and ex-
vide a large valence band offset and are of potential interegilain how the experimental and theoretical data can be inter-
as surface-emitting QCLs, since the light to heavy hole tranpreted in order to develop an understanding of the intersub-
sitions couple to surface-normal TE modes, without the neethand physics of th@-Si/SiGe system.
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Il. EXPERIMENTAL DETAILS 02

One of the key features of QCLs is that a large number of
periods(typically of the order of 10Dare used to magnify
the available gain. This approach is feasible in the strainec j
Si/SiGe materials system only if the heterostructures are
strain symmetrized. All our heterostructures are grown on a o1
SiGe relaxed buffer or virtual substrate, which comprises a3 ~
3 um linearly graded Si,Ge, region, followed by 1um of m
SiGe at the end-point composition. The well and barrier
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the net strain across the whole structure is zero. It is alsc
necessary to ensure that the thickness of any single laye
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does not exceed the critical thickness for the layer composi-(a)

tion, which is easily satisfied for the Ge compositions used
here(<35%). The structures were purchased from QinetiQ
(formerly DERA) U.K., and grown by low-pressure chemi- 3

200 300
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cal vapor deposition using an industry-standard Applied Ma-

terials Epi-Centura reactor. A number of samples have beer g (—

investigated, and our three prototype sample structures ar
designated SQW2uncoupled quantum we)lsQCL6, and 0.01F
QCL10 (quantum cascadggespectively. Layer thicknesses

were measured by transmission electron microsdamm), s Oor
and the Ge mole fractions found by both energy-filtered=

TEM (EFTEM) and energy-dispersive x-ray(EDX) = 001

spectroscopy.The schematic band diagrams and calculated
subband edge energies for all three structures are shown i -0.02-
Fig. 1.

The uncoupled quantum well structufQW2 reported -0.03

LH1

HH1 |

earlieP comprised ten modulation-doped,$iGe, ,5 quan-

tum wells with Si barriers, and $jgGe,,, buffers, on a 0045
Siy 74562, Virtual substrate Above the strain-relaxation ®)
buffer, ten periods of 5 nm boron-doped ;$Ge) .
(NA=5%10" cm3), 2.8 nm i-Siy;4G&) », Spacer, 5.3 nm

|
100 150
zA)
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i-Si barrier, 12 nmi-Siy ;,G&) »g quantum well, 5.3 nni-Si 0.15
barrier, 2.8 nmi-Siy 7,45, 5, spacer, and 5 nrp-Siy 7458 22
(Na=5X 10" cmi3) was grown.

The QCL6 structure was composed of 20 periods of o1

6.6 Nnm Sj G, 3, quantum wells with 2.2 nm Si barriers on —

a Sp/Ge 3 virtual substrate. Unlike SQW2, it did not con-
tain spacer regions. The quantum well layers were dopecy
with a boron concentration of 72610 cm 3. The bottom =
contact layer comprised 10 nm of *@m3 boron-doped ok

Sig 66G& 34 While the top contact layer comprised 90 nm of

10 cm™ doped SigGe 34 above 10 nm of 1% cm3

doped §j G 34 0.05|
More recently new prototype structures have been grown

with a much larger number of total periods, which are thus 0
better suited to laser cavity design. QCL10 is a 400-period (c)

structure with total active region thickness-68.8 um. The
sample consisted of 400 4.4-nm-thigkSiy ;:Ge, o5 wells

z(A)

FIG. 1. Confinement potentials and calculated sublandhini-

separated by 2.2 nm Si barriers. It was grown with intermit—band edge energies for the three samples studigdSQW2, (b)

tent doping: every 20th well in the stack, and the barriersocre, and(c) QCL10. The full and dashed curves show the con-

immediately adjacent to those wells, were doped at 4inement potentials for heavy and light holes respectively(an
X 10'® cmi® to ensure that a sufficient carrier density wasone period of the ten-period structure is shown, and the suffis@s

present in these very long stacks for good current drive anénd (S) denote subbands localized in the quantum well and the

optical power output. The doping densities used give an avadjacent spacer layer, respectively(l and(c), two periods of the

erage sheet carrier density of 1730 cm™? per well for  superlatticelike structures are shown; the shaded regions indicate

this structure. the extent of the heavy and light hole minibands.
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FIG. 2. Differential probe transmission vs optical delay for tem- Peratures between 4 and 100 K,\a#95 um for sample QCLS.
peratures between 4 and 80 Kxat 45 um for sample SQW2.

Clearly, a dual-decay response is obtained for tempera-
Electroluminescence spectra have been obtained fdtres below 80 K. The sharp feature with an exponential de-
SQW2 and QCLS6, and have confirmed the theoretical incay time of 10-15 ps, which was present throughout the
trawell subband transition assignmehfsin contrast with ~ temperature range investigated, is associated with intersub-
SQW?2 and QCL6, QCL10 was designed to have predomibaﬂd relaxation within the well. The subsequent, anomalous
nantly diagonal(i.e., interwel) transitions under bias, and increase in transmission, followed by a slow decay, is asso-
the design has been confirmed by e|ectro|uminescenc@'atEd with Scattering into intermediate states confined in the
spectroscopi The vertical(intrawell) transitions were not Spacer layers, as discussed previoisijie SQW2 structure
observed for QCL10 in electroluminescence, but we havéas FIR absorbing states localized in the spacer layers, in the
measured them by both Fourier transform infrafé@IR) ~ energy range between the HH1 and LH1 quantum well
absorption spectroscopy and by the FELIX pump-probe meastates, which are responsible for the dual-decay transmission
surements described below. response. Our measurements also indicate the striking result
Degenerate pump_probe measurements of nonradiative "t,bat the initial transmission decay is relatively independent
tersubband relaxation were made using the FELIX freeOf lattice temperature, in marked contrast with earlier mea-
electron laser. A three-beam balanced pump-probe technigéirements on ther-type GaAs/AlGaAs systert?:'* The
described earliét was used in the far-infrared region of in- Pump-probe experiments were performed on SQW2 for a
terest. The macropulse duration wam$ with 5 Hz repeti- range of pump wavelengths, confirming the resonance with
tion rate. The macropulse contained a train of micropulses dfie intersubband transition.
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 B. QCL6
any so-called coherence artifact effé&tAn analyzer was The HH1-LH1 transition for QCL&which was predicted,
placed behind the sample to shield the detector from angnd confirmed by electroluminescence spectrosébpy,be
scattered pump radiation. at 95 um) 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
[ll. EXPERIMENTAL RESULTS 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.
Pump-probe measurements were carried out on the urdnstead we see a transmission decay with an exponential de-
coupled multiple-quantum-well structure SQW2 for a rangecay time of ~25 ps, which remains approximately constant
of temperatures, with the pump beam tuned to the intersulthroughout the range 4—100 K and is associated with inter-
band transition wavelength, obtained both from FTIR elecsubband relaxation within the well. Interesting results were
troluminescence spectra and by maximizing the pump-probebtained for this structure for a pump energy slightly off
transmission step. Degenerate pump-probe transmissiaesonancéat 85um as shown in Fig. ¥ It was possible to
spectra(showing the differential probe transmission as aobserve the pump-probe signal for even higher temperatures,
function of delay behind the bleaching pump plulsge up to room temperature, with an approximately constant
shown in Fig. 2, for an excitation wavelength of &5, in  scattering time of~20 ps. Figure 4 also shows a transient
the temperature range 4—80 K. The incident beam angle fapvershoot in the absorption, for temperatures of 60 K and
these measurements was 40°. below, with an extremely long recovery time.

A. SQW2
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FIG. 4. Differential probe transmission vs optical delay for tem-

peratures between 4 and 100 Kxa85 um for sample QCLE. subband dispersion, and a homogeneous linewidth of 4 meV

(full width at half maximum was assumed. This value is
C. QCL10 merely an estimate, but the precise value is not very impor-
Results from pump-probe spectroscopy on the samplént because our band structure calculations indicate that
QCL10 are presented in Fig. 5. A lifetime of2 ps was most of the total linewidth in the structures considered is due
extracted for excitation at both 38 and 42n—considerably to the nonparallel nature of the subband dispersions.
shorter than observed for both QCL6 and SQW2. These re- The most important scattering processes in Si/SiGe het-
sults were obtained using a surface-normal geometry as f@rostructures are deformation potential scattefing both
QCLS6. For excitation at 4mm, a lifetime of ~15 ps was acoustic and optical modeand alloy disorder scatterirg.
observed. Figure 6 shows the transient absorption recovery &ptical deformation potential phonon scattering of holes in
different temperatures, for a pump wavelength of48. the SiGe quantum well layers is described by three distinct
The recovery lifetime appears to be approximately indepenmodes (corresponding to Ge-Ge, Ge-Si, and Si-Si inter-
dent of temperature. atomic vibrationg each having a weight proportional to the
In summary, the three samples, all of which have an LH1number of interatomic bonds in an alloy of a given
HH1 subband spacing smaller than the Ge-Ge phonon ergomposition'® Given the small LH1-HH1 energy spacing in
ergy, have exhibited intersubband lifetimes ranging over apall three structures considered here, only the Ge-Ge mode,
proximately one order of magnitude. The lifetimes appear tovith a phonon energy of 37 meV, is predicted to have any
be relatively insensitive to temperature in all three cases. Isignificant influence on the LH1-HH1 intersubband lifetime.
the following sections, our theoretical model and our theo-Acoustic deformation potential phonon scattering, however,
retical analysis of these observations are presented. is always important irp-type Si/SiGe structures with small
subband separations. In calculations of scattering rates both

types of phonons were considered to be bulklizgay pho-
IV. THEORETICAL MODEL

The hole subbands in each of the Si/SiGe heterostructure i
were calculated using the>66 k -p method with Foreman’s o

" O - 0.20 | "
boundary condition& which is sufficiently accurate for the O
range of energies involved in the structures consid&@tie o D 4K
model fully accounts for the in-plane anisotropy and nonpa-g 0.15 - s 50K

rabolicity of the subband dispersions, which occurs due to§ I : e 100K

mixing of heavy, light, and spin-orbit split-off bulk states in § -

the hole subbands. The subband energies and wave functior@

were calculated for a range of in-plane wave vectors, ancdg

were then used to evaluate hole scattering and intersubbang 0.05

absorption rates. g
The calculation of optical intersubband absorption transi-

tions was performed in the conventional manner, by evaluat-  0.00 s’ . ale ]

ing the matrix elements of velocitithe commutator of the -20 0 20 40 60 80 100

Hamiltonian and coordinate, with the position dependence of delay [ps]

the Luttinger parameters taken into accouatross the in-

plane wave-vector space. Summation over in-plane wave FIG. 6. Differential probe transmission vs optical delay at

vectors was then performed, while accounting for the actuad2 um between 4 and 150 K for sample QCL10.

0.10
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non confinement effects in the nonpolar Si/SiGe system araere used to calculate the absorption and extract its charac-
expected to be relatively weak, compared to those predictetgristic relaxation time. One unknown quantity in these simu-
in polar heterostructures such as GaAs/AlRefs. 19 and |ations is the initial hole temperature immediately after the
20)]. Optical phonons were assumed to be nondispersivesELIX pulse. This temperature is certainly higher than the
and acoustic phonons were taken to have linear dispersidfeat-sink temperature, because carrier heating occurs due to
(the quasielastic approximation is not usedihe tensorial intrasubband optical absorption, but it is difficult to deter-
rather than Sca|6215 form of hole-phonon interaction Hamil-mine the extent of this heating. A weak dependence of relax-
tonian was uséd?(in contrast to our previous study of one ation times on the lattice temperature, as found in all three
of the structuré. Due to the nature of the hole subband gy,ctures, may be taken to mean that the initial carrier tem-
d|sper§|ons, the scattering rates were calc;ulated using a fu:_Eferature is sufficiently larg&e.g., over 200 Kthat the initial
numerical - scheme, employing the linear tetrahedro arrier distributions are the same throughout the range of

method?® . _

For acoustic phonon scattering we have used the deformd2ttice temperatures used. However, relaxation calculated un-
tion potentialsa=2.1 (2.0), b=-1.5(~2.2), d=—-3.4(~4.4) der such conditions is too fast to match any experiment, be-
al in units of .eV .aﬁd for. opti;:all phoﬁon@k " cause of the onset of strong optical phonon scattering. There-

’ op

=32.9(35.5 X 108 eV/cm for Si (Go.2L The deformation fore, the initial hole temperature, immediately after t_he
(35.9 (Ge -)FELIX pump pulse, was set to be 50 K above the lattice
in the alloy layerwhich are the hole-confining layers, and temperature; deviations around this value were found to have

therefore the most important for scatteringrsi/SiGe het-  little influence on the final results. ,
erostructureswere obtained by linear interpolation. The ac- One often neglected point is that the quantity actually
curacy of this approximation is not known. For instance, inméasured in pump-probe experiments is the relaxation of
the calculation of hole subbands the Luttinger parameters fg?Ptical transmission, rather than of the subband populations.
the alloy layers are calculated by a procedure which does ndth€ difference between these two quantities arises from the
correspond to linear interpolation between the Luttinger padeépendence of the optical transition matrix elements on in-
rameters for Si and G¥.The possible effects of uncertain- plane wave vector. Hence, this distinction can sqfely be ne-
ties over the exact interpolation law are discussed furtheglected forn-type heterostructures, where the optical matrix
below. element is approximately constant throughout the rande of
Another important scattering mechanismgfsi/SiGe is ~ SPace of interest, but sh(_)uld not be ignored f(_)r_ the case of
alloy disorder scattering, due to local composition fluctua-P-tyPe structures, as studied here, where the mixing of heavy,
tions of the alloy?>26 This is characterized by a single pa- I|gh.t, and §pm—spht—off valence states gives rise to significant
rameter, the alloy scattering potential, which was set torariations in the matrix elements. We have carried out calcu-

0.15 eV in this work. This choice is explained in the follow- lations of both population and absorption relaxation rates,
ing section. under various Ievels_ of_approxmatlon: the difference be-

For small subband spacings, intersubband carrier-carrigiveéen these models is highlighted below.
scattering may also be important for hole relaxation. Calcu-
lation of the carrier-carrier scattering rates is much more V. THEORETICAL RESULTS
complicated for holes than for electrons. The scattering ma-
trix elements were calculated as?f® but accounting for A-QCL10
the spinor structure of the hole subband wave functions, and The QCL10 structure is a superlattice, with an HH1 mini-
for the anisotropy of the subband dispersions. The linear tetsand of approximately 1 meV width, and an LH1 miniband
rahedron method was again used for integration since, corof approximately 5 meV widtlrefer to Fig. 1c)]. Optical
trary to the case of the one-band effective-mass approximabsorption is permitted from the bottom of the HH1 mini-
tion, no analytic solutions were attainable within this model.band to the bottom of the LH1 miniband; from the top of
Furthermore, single-subband static screening, calculated witHH1 to the top of LH1, and between all intermediate HH1
the hole wave functions at the zone center only, was emand LH1 states of like symmetry. Given that states across the
ployed. Although this approach is less accurate than dynamithin HH1 miniband are approximately equally populated,
screening? the latter would be computationally too demand- even at very low temperatures, the minibands add about
ing for holes, and the method employed here is expected td meV to the total linewidth for the HH1-LH1 transition.
produce reasonable accura@yell within an order of mag- The FELIX experiments indicate that strong absorption was
nitude for the hole-hole scattering rates. observed in the QCL10 structure at a wavelength of.88,

The calculation of hole relaxation dynamics in FELIX corresponding to a photon energy of 32.7 meV. To match
experiments was performed by finding the particle scatteringhis transition theoretically, we have to postulate a Ge mole
rates, as well as hole energy relaxation rates, at a number &faction in the quantum wells of 31%ather than the target
carrier and lattice temperatures. These data were then a80%): this is quite likely given the epitaxy tolerances and the
sembled in look-up tables, which were used for interpolatiordifficulties of performing accurate EFTEM or EDX compo-
when simulating the dynamics of the system after initialsition measurements on very thin layers. Figure 7 shows the
bleaching by the FELIX pulse, in a similar manner as wascalculated LH1-HH1 relaxation times for QCL10 as a func-
employed in recent calculations of hole transport in biasedion of lattice temperature, assuming 31% Ge mole fraction
quantum cascade structur@sAs the system evolved, the in the quantum wells and using the measured layer thick-
current values of subband populations and hole temperaturegsses. Both the bare population relaxation times and the
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FIG. 7. Comparison of simulated transmission relaxation and FlG_' 8. _Sin_1u|ated transmission relax_ation and_hole population
hole population relaxation lifetimes for the QCL10 structure, as arelaxatlon Ilfetlmes.for QCLS6, as a function of lattice temperature
function of lattice temperaturéT,,). The simulations were per- (Tiaw). Key as for Fig. 7.
formed using the self-consistent energy balance method with the
initial carrier temperaturéT,,) set equal toT . (full curves, and  dependence is compensated for by the temperature-induced
with the initial T, set 50 K aboveT, (dot-dashed curvg@sSimu-  change in the probability of optical transitions which arises
lations were also carried out without energy balance, keeping from the change in th&-space distribution of the LH1 car-
fixed throughout each simulatidiong-dashed curves rier population.

The measured data also show a signal atudb

optical transmission relaxation times are calculated, each url:27 6 meV, with a much longer relaxation time~15 p3

der three different conditions: first, with the initial carrier : . o - .
temperature set equal to the lattice temperature, but alloweWhIIe this S_h'_ft In transition energy can be explained _by
to vary during the transient simulation through the energyF!ther the miniband widths or the homogenous broadening,
balance calculatiodt second, with the carrier temperature N€ither of these explains the increase in lifetime. On the
tied to the lattice temperature throughout each transierfther hand, a change in both lifetime and transition energy
simulation (no energy balange and third, with the initial ~ ¢an be explained by a shift in the perpendiciitamperlattice
carrier temperature set 50 K above the lattice temperatur@nd in-plane wave vectors at which the transitions occur. The
but allowed to vary with time as in the first case. As we havdifetime is then expected to increase, since the transition en-
discussed above, it is the last of these cases, which allows f&0Y is further from the Ge-Ge phonon energy. Simulations
some initial heating of the carrier population by the pumpfor the case of optical excitation at 46m gave a LH1 life-
pulse, that we believe to be the most realistic. When thigime of 5 ps at a lattice temperature of 4 K—consistent with
scheme is applied to the simulation of optical absorptionthe experimental trend, but, quantitatively, a factor of 3 faster
recovery (transmission decay a lifetime of 1.5ps is than the measured value. o

obtained—in excellent agreement with experiment—which The simulations were repeated with intersubband hole-
stays remarkably constant throughout the temperature rand¥le scattering included, using the average sheet carrier den-
shown. For this structure, the initial carrier heating appear§ity of 1.75x 10 cm™ quoted above. The hole-hole scatter-
to make little difference to the calculated lifetime; however,ing was found to make very little difference to the overall
accounting for energy balance throughout each transiertH1-HH1 relaxation times in this structure.

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 B. QCL6

population and transmission relaxation times are quite simi- The QCL6 structure is also a narrow-band superlattice
lar, provided the energy balance model is used with initialbut, because of the smaller difference between the Ge mole
carrier heating. However, the population relaxation shows dractions in the quantum wells and buffer, and consequent
stronger temperature dependence. This is expected: the rel@duced strain in the quantum wells, compared to the case of
tively short LH1-HH1 lifetime at 38m (32.7 meV} in this  QCL10, the HH1 and LH1 minibands are much closer to-
structure, compared to the other two structures investigate@ether, with a calculated spacing of 13 mBée Fig. 1b)].
corresponds to the fact that the subband energy spacing iFhis corresponds very well to the experimentally determined
QCL10 was closest to the Ge-Ge phonon energy. Consentersubband absorption maximum at 8. Since the sub-
guently, the Ge-Ge mode deformation potential optical phoband spacing is much smaller than the Ge-Ge phonon en-
non scattering is the dominant process. As the lattice temergy, longer lifetimes are expected. Figure 8 shows the simu-
perature is increased, more optical phonon scattering occulgted lifetimes as a function of carrier temperature, calculated
because a greater proportion of the LH1 carrier distributiorfor both population and transmission relaxation, using the
is able to emit optical phonons. However, this temperatursame models as discussed above for QCL10. The variable
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carrier temperature model with initial heating gives a trans{raction is 30%(accounting for the screening-induced reduc-
mission decay lifetime of 15 ps at a lattice temperature otion of the ionisation energd but neglecting any quantum
4 K. At low temperatures, the population relaxation times areconfinement effects on the dopantgiving a total carrier
consistently longer than those for transmission relaxationdensity of~1.9x 10'* cm™ per well. For these carrier den-
While transmission relaxation is clearly the appropriatesities, our calculated intersubband hole-hole scattering life-
quantity to model, in order to match the experimental datatimes are 12 and 8 ps, respectively. These clearly lead to
thek dependence of the optical matrix elements involved inoverall intersubband lifetimes that are less than the measured
this calculation is very sensitive to the exact nature of thevalues; however, they already indicate that intersubband
band structure, and therefore to the exact structural paranzarrier-carrier scattering is not an exceptionally fast process
eters of the sample. Indeed, while both QCL10 and SQW2n this structure. As mentioned above, we have used a rela-
were of very high structural quality, with extremely planar tively simple screening model for the hole-hole scattering
layers, TEM images of QCL6 showed clear evidence of low-calculations, and this, in conjunction with the uncertainty
amplitude oscillations in the layers, due to residual strainpver the exact carrier density, is probably sufficient to ac-
which results in a variation of layer thicknesses across theount for the fact that intersubband hole-hole scattering was
plane of the structure, and consequent variation of the preciseot found to be significant in the experimental measure-
details of band structure. Figure 8 thus implies that the lifeiments.
time for QCL6 lies approximately in the range 15—20 ps, The transmission response for an excitation wavelength of
which is in reasonable agreement with the measured value & um was also investigated. The detuning from
~25 ps, and confirms the observed trend of much longe®5 to 85um represents a change in the pump photon energy
lifetime for QCL6 than for QCL10. of only ~1.5 meV, and this produces very little difference in
As the lattice temperature is increased, the simulations athe simulated response. Our model does not include the de-
predict a decrease in lifetimévhichever model is used tails ofintrasubbandcarrier relaxatiorithe distribution func-
which does not seem apparent in the measurements. Thiens are assumed to have a Fermi-Dirac form, for the calcu-
simulations show that, because the LH1-HH1 subband sepé#ated carrier temperatureand it is possible that the observed
ration is so small compared to the Ge-Ge phonon energygbsorption overshoot and subsequent de€éy. 4 may be
optical phonon scattering is negligible throughout the tem-due to intrasubband hole cooling from stronger to weaker
perature range considered. The lifetime is therefore domifar-infrared absorbing states. However, even assuming that
nated by acoustic phonon scattering and alloy disorder scaintrasubband carrier-carrier scattering is very weak, follow-
tering. The temperature dependence in the simulations arisé3g the discussion above, the recovery time is still slower
directly from the increase in acoustic phonon populationthan that resulting from intrasubband acoustic phonon scat-
with lattice temperature—so the difference between theoryering, so there is little evidence to support this explanation.
and experiment cannot be explained by any uncertainties
over the carrier temperaturésnd the extent of any localized C. SQW2
lattice heating produced by the FELIX beam in these experi- The calculated zone-center LH1-HH1 subband spacing in
ments is estimated to be insignificar®n the other hand, the this structure was 24 meV, with the HH2 subband located
alloy disorder scattering rate is approximately constant withjust 2 meV below LH1[see Fig. 1a)]. While the LH1-HH1
temperaturdit actually decreases slightly as the lattice tem-spacing is slightly smaller than the phonon energy for the
perature increasgso the experimental results imply that the 45 um excitation used experimentally, optical absorption is
acoustic phonon scattering is weaker than in our simulationg;learly possible given the assumed 4 meV homogeneous
such that alloy scattering dominates. This point is discusselinewidth. Using this linewidth, optical absorption from HH1
further below. to HH2 would not be possible at the zone center, although it
We also considered the effect of intersubband hole-hol&vould be possible for some nonzero values of in-plane wave
scattering in this sample. There are a number of uncertaintiegector, due to the distorted nature of the subband dispersion
here; both in the carrier density in the quantum wells at anyurves. Thus, although the 40° beam angle allows coupling
given temperature and in the calculation of the hole-holgo both HH1-LH1 and HH1-HH2 optical transitions, the ob-
scattering rate itself. Although only the quantum well layersserved response is expected to represent primarily carrier re-
are intentionally doped, diffusion of boron into the silicon laxation from LH1. In fact, the calculations show that, for
barriers occurs during growth. Based on typical secondargases such as this, where the LH1 and HH2 subbands are in
ion mass spectrometry data for SiGe heterostrucfifregg  close proximity, and hence strongly mixed, the intersubband
may assume that the boron concentration falls at a rate difetimes for each are very similar. Using the tensorial pho-
approximately 1 decade every 4 nm into the silicon barriernon scattering Hamiltonians, the simulated lifetimes were
This gives an average doping density in the barriers of 2.8-14—18 ps in the temperature range 4—60 K. This range of
X 10 cm2 (equivalent sheet density 0f610'° cm?), and  values, and the relatively weak temperature dependence, are
all these dopants are expected to release carriers into th®th in good agreement with the experimental observations.
adjacent quantum well layers, even at low temperatures. Olclusion of hole-hole scattering in the simulations had very
the other hand, the dopants in the quantum well layer willittle effect on these lifetimes.
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 (giving p=6x10'° cm? per wel). At the upper To summarize from the above results, we obtain good
limit of the temperature range uset; 100 K, the ionization agreement between theory and experiment for the intersub-

VI. DISCUSSION
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band transition energies and the low-temperature intersulfactor of more than 4, compared to the values obtained using
band lifetimes for all three structures: QCL{€hort,~2 ps  the above model. This could be achieved, for example, by

lifetimes), QCL6 (long, ~20-25 ps lifetimes and SQW2 reducing each of the acoustic deformation potentials by a
(~10-15 ps lifetimes The weak temperature dependencefactor of 2, but such an adjustment would not be consistent
of lifetime observed in all three structures was reproducegyith the bulk mobility experiments.

theoretically for QCL10 and SQW?2, but the simulations for  of course, both the value and temperature dependence of
QCL6 showed a somewhat stronger temperature variatioRpe |ifetimes in structures with small subband spacings are
As mentioned above, this latter observation implies that theyso influenced by alloy disorder scattering: stronger alloy

acoustic phonon scattering rate might be slower than thalattering will give a weaker temperature dependence, but at

used in our simulations. the expense of a shorter overall lifetime. The alloy scattering

There are no fitting parameters in the phonon scatterin ) ; -
N, . . ) otential is perhaps the most uncertain of all the scatterin
rates, but it is difficult to obtain precise values for the varlous% P b g9

valence band deformation potentials. For acoustic phonoR"’lr"’mmers in the model, and a range of values has been

scattering, we have used values of the deformation potentia[ ported in tf(]jel_lfm?raturef. Wg {ﬁun(élt_%at tr:jesbes\tlzmatchesbto
a, b, andd,?* which were originally given by Wiley* In his e measured lifetimes for both Q and SQW2 were ob-

paper, Wiley indicated an uncertainty of approximately o5g,tained by using a value of 0.15 eV for the scattering potential

in the values ob andd. An alternative set of paramete(fr (normalized to the primitive cell vplurr)ewhich lies at the
silicon) has been proposed by Fischettial,22 which were lower _end of the _reported rang@&Vhile we had used a Iarger
obtained by fitting the calculated low-field mobility for bulk Vvalue in our previously reported calculations for SQ¥Bis
silicon to experimental data. However, these values result i¥as used in conjunction with use of the approximate scalar
shorter intersubband lifetimes than reported above. While fitHamiltonian for phonon scattering, which gave slower scat-
ting to low-field mobility is a valuable exercise, it still does tering rates than the more accurate tensor Hamiltonian used
not enable evaluation @&, b, or d independently. Such inde- here)

pendent determination is not important for bulk mobility cal- The experimentally observed trend invites a relatively
culations, as can be seen from the fact that results obtainesimple interpretation: that the LH1-HH1 lifetime increases
using the tensor hole-phonon scattering Hamiltonian can bprogressively as the subband spacing is reduced because the
reproduced wusing a directionally averaged scalabptical transition energy is shifted further away from the
Hamiltonian??> However, for intersubband scattering in quan- Ge-Ge phonon energy. While this phenomenon certainly oc-
tum well systems, the direction averaging does not applyeurs, the theory indicates that there are also more subtle
and the phonon scattering rates for the LH1-HH1 transitionchanges taking place. There is a large difference in lifetime
calculated using the exact tensor Hamiltonian are larger thagetween QCL10 and SQW?2, even though the absorption en-
those obtained with an effective scalar deformation potentiaérgy changes by only-5 meV (in comparison, the absorp-
calculated using the same valuesaofb, andd. Given that  tion energy in QCL6 is 20 meV different from that in
the bulk mobility experiments can be fitted by an effectiveQCL10). The calculations indicate that this change in life-

scalar deformation potential of the foffr* times is also due to the different contributions of light-heavy
5 hole mixing in the two structures. In QCL10, the HH2 sub-

=2 =a2+g(b2+d—) 1) band is well separated from LH1, and therefore the LH1

et ' subband experiences little mixing. On the other hand, in

SQW2, the HH2 and LH1 subbands lie within 2 meV of
wherec, andc; are the effective longitudinal and transverse each other, and so the light-heavy hole mixing is much stron-
crystal elastic constants, we tried varying the values of theer. In the tensor Hamiltonian formulation, phonon scattering
deformation potentiald and d, while keeping the factor between light and heavy hole states is stronger than that be-
(b?+d?/2) constant. However, this yielded very little differ- tween two heavy hole states, for the same energy spacing.
ence in the calculated acoustic phonon scattering rates.  Thus, strong mixing of heavy hole character into the light

We also investigated the possible errors introduced by inhole subband will decrease the overall scattering rate.
terpolation of the various scattering parameters. As men- Finally, we should mention that we also measured and
tioned above, each individual scattering parameter has bearalculated the HH2 intersubband lifetime for the QCL10
interpolated linearly between the published values for Si andtructure. The HH2 subbar(@hich, like the other subbands
Ge. This results in a hybrid interpolation curve for the scat-in this superlattice structure, is actually a narrow minihand
tering rates which is not exactly linear, but is reasonablylies approximately 70 meV above the HH1 miniband. The
close to a linear relationship. However, for Si-rich alloy lay- calculated lifetime at 4 K was less than 1 ps: pump-probe
ers(x<0.5), as is the case for all three structures consideredneasurements at this temperature, for a pump wavelength of
here, the errors introduced by interpolation are unlikely to bel7 um (73 me\) gave a pulse-width-limited response—i.e.,
greater than the difference between the calculated rates atide measured lifetime was less than 2(p®. 9. We men-
those for the case of pure silicon, and in the case of QCL#&ion this to clarify that shorter lifetimes are expected for
(Siy.66G& 34 quantum wells this difference is less than 10%. higher-lying subbands, compared to those discussed above,

In order to eliminate the temperature dependence from theince all the principal phonon modes in the Si/SiGe system
simulated LH1 lifetimes for QCL6, we found that it was (in particular, the Si-Si mode at64 me\) can contribute to
necessary to reduce the acoustic phonon scattering rate byirdersubband scattering.
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ing, which were incorporated into a time-domain rate equa-
0.15 tion scheme. Good agreement between theory and experi-
ment for the intersubband transition energies and
@ intersubband lifetimes was obtained for all three structures,
2 including quantum cascade structures with different Ge mole
% 0.10 fractions, and a significantly different uncoupled quantum
c well structure. LH1 lifetimes ranging over an order of mag-
-8 nitude were reproduced using the same theoretical model in
g 0.05 all cases. The simulations indicated that the increase in life-
) time with reduced subband spacing was due primarily to the
s reduced contribution of Ge-Ge mode optical phonon scatter-
0.00 ing (which was found to be dominant in QCL10, but negli-
gible in the case of QCL6but 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.

Intersubband pump-probe spectroscopy has been carried The results highlight two main points relevant to the de-
out on three differenp-Si/SiGe heterostructures using the sign of p-Si/SiGe quantum cascade lasers: first, that long
FELIX free-electron laser, in order to measure the intersubintersubband lifetimes can be achieveng to 25 p$, repre-
band lifetime for the LH1-HH1 transition. In all cases, the senting effective suppression of nonradiative processes by
LH1-HH1 subband spacing was less than the smallest opticahoosing subband spacings smaller than the optical phonon
phonon energy in the structure—that of the 37 meV Ge-Genergies in the structure, and second, {&8i/SiGe offers
phonon mode. The measured lifetimes in the three structurensiderable scope for “lifetime engineering”—with ob-
ranged from 2 to 25 ps, with the lifetime increasing as theserved variations of over an order of magnitude in lifetime—
LH1-HH1 spacing was reduced. In all cases, the temperatunehich will aid the design of structures having usable popu-
dependence of the lifetime was found to be very weak, witHation inversions between subbands.
little variation observed in the range 4—100 K, and in one
measurement, throughout thg range 4—300 K. A dual-decay ACKNOWLEDGMENTS
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