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We report time-resolvedps) studies of the dynamics of intersubband transition4iSi/SiGe
multiqguantum-well structures in the far-infrar@elR) regime,iw<fiw o, utilizing the Dutch free
electron laserentitied FELIX—free electron laser for infrared radiatiomhe calculated scattering

rates for optic and acoustic phonon, and alloy scattering have been included in a rate equation model
of the transient FIR intersubband absorption, and show excellent agreement with our degenerate
pump-probe spectroscopy measurements where, after an initial rise time determined by the
resolution of our measurement, we determine a decay time-1® ps. This is found to be
approximately constant in the temperature range from 4 to 100 K, in good agreement with the
predictions of alloy scattering in the (3Ge,; wells. © 2002 American Institute of Physics.
[DOI: 10.1063/1.1452794

p-type Si/SiGe quantum well§QWSs) are prospective Sij 7456, 2, buffers which involved growth of & 3-um-thick
candidates for intersubbariduantum cascadléasers operat- linearly graded Si ,Ge, buffer followed by ~1 um of
ing at mid- or far-infrared(MIR) or (FIR)] wavelengthd.  Si, ,4Ge, »,. Above the strain-relaxation buffer, ten periods
Possible advantages over other systems include the absermfe 5 nm p-Siy 765 2, (NA=5X%10Y cm 2 B), 2.8 nm
of polar optical phonons, the increased phonon energy in Sk Si, 74G&, 5, Spacer, 5.3 nm-Si barrier, 12 nm-Sij 74G&; 25
relative to most IlI-V materials, the existence of both thequantum well, 5.3 nmi-Si barrier, 2.8 nmi-Siy 7§G&, 2,
in-plane andz-polarized optical intersubband transitiqes-  spacer, and 5 nmp-Si; 74G&, 2, was grown. The wafer was
abling vertical-cavity surface emission lasgdCSELS],  capped with 100 nm $idG& 25, 10 Nmp-Si 7656 55, and
and the low cost of material processing with the potential for4.5 nmi-Si to reduce band bending at the surface. Layer
on-chip integration. MIR emissioh,and ultrafast time- thicknesses were measured by transmission electron micros-
resolved studies of the intersubband transitibhsye been copy, and the Ge mole fractions found by energy dispersive
reported from this system, at photon energies greater than theray spectroscopy. In a second sam@QW3 the structure
optical phonon energyfi(w>fiw o). In the present work we comprised ten modulation doped, strain balancgg@:Sie, »s
report time-resolved studies of the dynamics of intersubbanguantum wells with Si barriers, grown on 3 $Be , virtual
transitions inp-Si/SiGe multiquantum-well structures in the sypstrate, and separated by, Se, , spacer regions.
FIR regime,io<fiw o, utilizing the Dutch free electron The pump-probe measurements of nonradiative intersub-
laser[Free Electron Laser for Infrared Radiati0RELIX)].  band relaxation were made with FELIX in the temperature
Although the ultimate aim of our program is to produce tera-range 4-100 K. A three-beam balanced pump-probe tech-
hertz (THz) emitters in the VCSEL configuration, special nique described earliéwas used in the FIR region of inter-
transmitting prototype structures were designed and growgst. The macropulse duration was with 5 Hz repetition
for the FELIX measurement of intersubband dynamics.  rate. The macropulse contained a train of micropulses f
Our structures comprise ten modulation dopeghS&s  ps duration and 25 MHz repetition rate. A polarization rota-
QWs with Si barriers, and §iGe» buffers, on @ $igG&  tor was used to change the polarization of the pump to be
virtual substrate. In the first samplBQW?2 the active layers perpendicular to the probe, hence eliminating any so-called
were strain symmetrized on top of strain-relaxed nominally«coherence artifact” effect. Behind the sample an analyzer
was placed to eliminate the scattered pump radiation from
3Electronic mail: c.r.pidgeon@hw.ac.uk the detector.
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FIG. 1. Differential probe transmission vs optical delay for temperaturesFIG. 2. Differential probe transmission vs optical delay for lattice tempera-

between 4 and 80 K ax=45 um (sample SQWR at oblique incidence tures of between 4 and 80 K, at=52 um (sample SQW3B at oblique

(40°). incidence(45°). Note that, for the 40 and 60 K curves, the pump beam
intensity is reduced by 3 dB relative to the 4 and 80 K traces.

_Measurements between 4 and 100 K were carried out glypected. A periodic signal consisting of a train of square
different angles of incidence, enabling access to both|ses with a 50% duty cycle and at a frequency of 418 Hz
LH1-HH1 andHH2-HH1 transitions, in order to maxi- jas injected into the sample, with the voltage drop in the
mize the induced probe transmission signal change. Thgjane of the quantum wells. FTIR spectra of the intersubband
pump was set on the intersubband transition wavelength, ol sorption were measured at the same time, in both configu-
tained both from Fourier transform infrar€@TIR) transmis-  ations. A broadfull width at half maximum=15 me\) fea-
sion spectra and by maximizing the pump-probe transmisyre was observed centered on 28 and 24 meV for SQW2 and
sion step. Degenerate pump-probe transmission spe&ra  sQWS3, respectively, in good agreement with &ep calcu-
differential probe transmission as a function of delay behindations at these long wavelength&igure 3 shows the cal-
the bleaching pump puls@re shown in Fig. 1 at 4am, in cylated energy minima for subbands up to quantum number
the temperature range 4-80 K, for one of the two prototypes which are confined in the wells, and also for a further set of
structures measurédample SQWE In this case, in order to - syppands which are confined in the unstrained SiGe spacer
maximize the signal, the sample was set at an angle of 4OTayers separating adjacent wells.

accessing predominateldH2—HH1 transitions. But we Calculations of intersubband relaxation rates due to pho-
note that theHH2—-HH1 andLH1-HH1 transitions cannot non scattering by acoustic and the three optical phonon
be spectrally resolved for our structures at these long wavenodes(Ge—-Ge, Ge—Si, Si-Biand due to alloy disorder
lengths, and must be distinguished by the experimental géscattering were performed for bothH1-HH1 and
ometry and associated optical selection ruksse latey. HH2-HH1 transitions with the fully anisotropic subband
These results are consistent with our theoretical calculastrycture, obtained using the<6 k-p method®® The inter-
tions. Both SQW2 and SQW3 have FIR absorbing stategybbandalloy scattering rates were calculated for a range of
localized in the spacer layers, in the energy range betweepjyes of the alloy scattering potentiell, reported in the
the HH1 andLH1 quantum-well states, which are respon-jiterature’ and the best agreement with our pump-probe
sible for the dual-decay transmission response. The shagperiments(late) was obtained withJ,=0.3 eV normal-

feature with an exponential decay time of 10 ps, that remainged to the primitive unit cell volum&? It is found that in
at all temperatures, is associated with intersubband relax-

ation within the well. The slow subsequent rise and then fall 100

of transmission, which occurs at low temperatures only, is ol = HH3(5) HH3W)|

associated with scattering into intermediate states confined in g0 F-———————=-==-- LHys) RV

the spacer layers. Similar re_sult§ were obta_ined on the second N — HH2(S) LHIOW) -

sample(SQW3, as shown in Fig. 2. The figures show the HH2(W)

effect of both temperature and pump beam intensity on the > 60 s § L 1)) |

transmission response, indicating the striking result that the E 307 HHI(S)

sharp feature is relatively independent of both lattice and M40 HHI(W)

electron temperature. Finally, pump-probe experiments were 30 +

performed on SQW2 for a range of pump wavelengths, con- 20 t

firming the resonance with the intersubband transition. 10" SQW2
Electroluminescence emission spectra were previously 0! J

obtained at both normal incidencd.H1—HH1 transition$ . v caloulated d hole staabband

(. ; _ e FIG. 3. Self-consistently calculated quantized hole stégabband energy
and in plane (predomlnaterH H.Z. .HHl tran5|t|or_1$fs by minima) in sample SQW?2, localized in the weN\) or spacer §) layers.
step-scan FTIR spectroscopy utilizing phase sensitive detegne spacer states are shown as dashed lines. The eneray reference is the top
tion, the latter being observed only in TM polarization asof the valence band in the substrésee Ref. &
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agreement with experiment. The subsequent slow rise and
\ SQw2 fall in transmission, observed only at low temperature, is
S associated with scattering out of the FIR active spacer
states—upon which the transmission recovers—and subse-
quent intrasubband relaxation withiiH1, giving a trans-
mission response which is again in good agreement with the

experimental spectrum of Fig. 1.

transmission

oK In conclusion, intersubband relaxation in two strain-
oK symmetrized p-Si/SiGe multiple quantum-well samples,
both with subband energy separations less than the Si and Ge
0 ‘ phonon energies, is found to be approximately constant in
0 50 100 150 200 250 300 350 400 the temperature 4—100 K. The results are in good agreement
ps) with theoretical predictions, which indicate thatersubband

FIG. 4. Calculated differential probe transmission vs optical delay betweer@lloy disorder scatteringwhich is almost temperature inde-
pump and probe pulses for various temperatures for SQW2 am5The  pendentis dominant in such structures throughout this tem-

curves, which show the relative transmission, are shifted for clarity. Th erature range The intersubband lifetimes were also found
absolute transmission, which reduces with increasing temperature, is ne¥ . o
shown here. 0 be insensitive to the FELIX pump power. These conclu-
sions are in sharp contrast to similar measurements made by
] N ] ] us on the GaAs/AlGaAs system in which polar optical pho-
QWs ith small transition energi¢for THz emitterg and low  non scattering dominates, giving a strong dependence of sub-

temperaturesntersubbandalioy scattering is by far the most hang lifetime on both temperature and excitation 1&vel.
important relaxation mechanism and acoustic phonon scatter-
ing is important only for the intrasubband carrier dynamics.  This Si/SiGe program is funded by DARPA on the
This is by contrast with higher-energy QWs, however, wherdJSAF Contract No. F-19628-99-C-0074. The authors are
the optical phonon scattering prevails and a much shortegrateful to EPSRQUK) for support as part of the UK pro-
lifetime is determined. gram at FELIX and are grateful for the skillful assistance of
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