PHYSICAL REVIEW B VOLUME 56, NUMBER 24 15 DECEMBER 1997-II
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We used photoinduced absorption spectroscopy of optical transitions between valence subbands of nomi-
nally undoped SiGe/Si quantum wells to study the recombination processes of photogenerated carriers in these
heterostructures. We measured the photoinduced absorption as a function of the ambient temperature, photo-
excitation density, and modulation frequency. The energy band structure of the SiGe/Si quantum well and the
optical transitions between its valence subbands are calculated using an eigtit-pamaddel. The model,
which includes sets of bulk Si and Ge parameters, agrees very well with the observed intersubband transition
and its magnitude. Thus, the photoinduced absorption intensity is a direct measure of the photogenerated
excess carrier density, for which we measured a characteristic time scale for a dec2ypefsec at 80 K, and
longer times at lower temperatures. Our measurements show that the recombination kinetics is governed by
both an extrinsic monomolecular and intrinsic bimolecular terms. We incorporate this density dependence into
a simple rate model that takes into account thermal activation of the photogenerated holes out of the SiGe
quantum wells. The model describes very well the measured temperature dependence of the photoinduced
absorption and it provides quite an accurate determination of the intrinsic recombination rate of electrons and
holes within the well regions in these heterostructures. The rate that we obtain is faster than the measured
recombination rates in bulk Si and Ge. We believe that this recombination rate enhancement is due to carriers
confinement within the SiGe quantum-well regiof80163-18207)06447-3

I. INTRODUCTION lation frequency, and sample temperature.
We used an eight-bankl-p model in order to calculate
In recent years Si/Ge quantum heterostructures have athe intersubband absorption spectrum in this indirect mate-
tracted considerable attention due to the extensive progresial. The eight bands used are the three doubly degenerated
in the growth technology, the considerable improvement invalence bandgheavy hole, light hole, and split off bands
heterostructures quality, and their potential compatibilityand the lowest direct; -point conduction band. By applying
with the silicon-based electronic indUStry. Two main feature&his model to the structure under Study, we exp|ain the mea-
characterize this important semiconductor material systenyred valence intersubband absorption magnitude, and its
The first feature is_ the indi_rec_t energy gap of both Si and Gespectral shape and position.
The second one is the distribution of the band-gap energy’ |, sec. || we describe the studied heterostructures and the
difference between the two materials, which takes place,nerimental setup. In Sec. il we present the experimental

giostléa(v/vétihm hterz]tiro\;?:ﬁguere ba?:tse.rf;f;us, trl1:> air%’ﬁgg measurements, which we discuss and analyze in Sec. IV.
1-x . .
conduction-band bottom from both sides of the interface areSectlon V'is a short summary of our study.

nearly aligned, and the valence bands are considerably
offset?!

Due to the indirect nature of the band structure, direct
radiative recombination of photoexcited carriers is prohib-
ited, resulting in a relatively weak and long-lived photolumi-  The Si/Ge quantum welQW) studied here was grown by
nescencePL) emission from photoexcited SiGe quantum ultrahigh-vacuum chemical-vapor deposition using a Riber
structures. Therefore, there is an obvious advantage in stud§epineat growth chamber on undopéd0-oriented Si sub-
ing these structures using photoinduced absorption spectrostrate. The structure is composed of 50 periods of 20-A
copy in which optical transitions of holes between their va-Siy /G 5 wells separated by 170-A Si barriers. In order to
lence subbands are probed following their photoexcitationallow intersubband absorption measurements in lsetind
rather than the PL. p-polarization configurations, the sample was prepared as a

We applied this technique to study the relaxation of phoinultipass waveguide by polishing two parallel cleavage fac-
togenerated holes in the valence band of SiGe quanturets at a 45° anglésee inset Fig. 1
structures. We measured the intersubband photoinduced ab- All measurements were done using a Bruker IFS66V
sorption(PIA) as a function of the excitation density, modu- Fourier-transform infrared(FTIR) spectrometer equipped

II. SAMPLES AND EXPERIMENT

0163-1829/97/5@4)/157346)/$10.00 56 15734 © 1997 The American Physical Society



56 RECOMBINATION PROCESSES IN SiGe/Si QUANTW. . . 15735
400 T 1 T T T T 141 ! e '_"'.'
as0 L Calc. si, Ge,,/Si " 1kHz S'Z(’gri%-jq;c’r']m
v; L . Exp 2nm /7 17nm 1 1.2 e 100kHz 80 K
3 300 —%p 80K 1 1.0} fit
= - | s -4 1011 2 3
5 250 |- pump n=4x cm | E 0 8 B
o = :
5 beam =
= 200 | . R
2 150 |- . - 0.4 |
g |
‘2 100 | . 0.2
£
250_ | 0.0 rntil TR U Y RN R
< 0.0 05 10 15 20 25 3.0 35
0 Ll 1 1 1 1 s
40 60 80 100 120 140 160 180 200 Excitation intensity (Watt/cm’)
Probe energy (meV)

FIG. 2. The integrated PIA intensity, as a function of the laser
excitation intensityl, , at v=1 kHz (M) and »=100 kHz (@)

FIG. 1. Measureg-polarized @), and calculated solid line) s _ o
modulation frequencies and at 80 K. The solid lines represent best

photoinduced absorption spectra for 20-A/170-A, Sig, 5/Si ! 4 i

strained layer superlattice at 80 K. The photoexcited carrier densit]/tS {© the quadratic rate equatipgq. (1)].

per period is=4x 10 cm~2. The absorption coefficient was ex-

tracted from the measuredA T/T by taking into account the wave- Nent of the integrated p-polarized PIA intensity,

guide geometry, the pump beam spot size, and the number of pedia=J/(—AT/T)de, on the exciting laser intensity, , for

ods. The inset describes schematically the experimental layout. two modulation frequencies;=1 and 100 kHz. It is inter-
esting to note that, at these two frequencies, lthelepen-

with a step-scan mirror movement to allow pump beamdence is markedly different. Whereas, at 100 kg, is

modulation using conventional lock-in techniques. Thenearly linear withl , at 1 kHz it is sublinearl(y1}, with

514.5-nm Ar* line pump laser beam was modulated by any=0.5). Below we will show that this behavior is expected

acousto-optic modulator operating in the range 10 Hz tdor a recombination process with quadratic dependence on

=2 MHz. The probe beam, an incandescent Nernst gloweithe photogenerated carriers density.

was detected using a mercury cadmium telluride detector. The dependence df on v is shown in Fig. 3 for both the

The modulation technique allows us to study the recombinain-phase and out-of-phase components, in the range 1-150

tion processes for the photoexcited carriers by varying thé&Hz at 80 K. The out-of-phase component has a peakG

pump laser beam intensity and modulation frequency and bitHz, where the in phase component is reduced approxi-

varying the temperature. Although similar results could bemately by a factor of 2 from its low-frequency value. It

obtained by measuring the transients of the photoinducetheans that an “average” time 6£2.5 usec characterizes

absorption, the modulation technigue better fits our step-scathe HH recombination process at this temperature. At 5 K

FTIR spectrometer. In each polarization, both the transmisthis characteristic time is about four times longer.

sion T and the photoinduced changdd were measured,

and the results are presented-aAT/T, which is the photo-

induced absorbance. In tkgpolarization geometry, the elec-

tric field (E) of the infrared(IR) radiation, propagating along f Sig,Gey,/ Si
the waveguide, has no component along the QW growth di- [ 2nm  /17nm ]
rection (z axig). In the p-polarization geometry the IR elec- L 80K -

tric field is equally divided between theaxis and thex-y
plane(see inset, Fig.)1 Since in this work the PIA is used as

units)

n=4x10" cm?®

a measure for the excess carriers density, we report on me¢s 4 L | |

surements performed using the latter geometry only. 8 F ]

N [ T

Ill. RESULTS [ ® inphase *

i ® outof phase 7

Figure 1 displays the PIA measurements for phpolar- - — it .

izations in the energy range 0.08-0.2 eV=a80 K and at 1ol Ll Ll L
pump intensity of=3 W/cm?. In the p-polarization geom- 1 10 100

etry (solid circles a strong PIA band centered around 0.125
eV is apparent(The sharp feature at0.14 eV is probably
due to the surface oxide layarComparison with our model

Modulation Frequency (kHz)

FIG. 3. The integrated PIA intensityy, as a function of the

calculations, as we show here, indicates that this transition i§xcitati0n modulation frequency for the in-phase ) and out-of-
actually an optical transition from the HH1 subband to thephase ®) components, at 80 K and excitation density-of x 10™

valence-band continuum, in agreement with Ref. 2.

per cn? per period. The solid lines represent best fits to the qua-

Figure 2 shows the dependence of the in-phase compairatic rate equatiofEg. (1)]. Note the log-log scale.
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T(K) such as silicon and germanium, this is not obvious, and usu-
100 50 o5 20 ally the di_rect cqnduction pandFQ is tre_ated as a remote
— 7 band that is not included within the multiband mog&iun-
fortunately, this is not possible when the quantitative model-
ing of direct optical transitions is required. For this case the
Si,.Ge, ,/ Si direct s-symmetry I' conduction band must be included
onm  /17nm within the multiband set, since it is its interaction with the
80 K valence bands that determines the intensity of all optical
" 2 transitions. We emphasize here that even for the calculations
n=4x10" cm of valenceintersubband optical absorption strength the direct
conduction band must be included in the multiband model.
For our calculations we use the model that was introduced by
Gershoni, Henry, and BaraffThis k-p model uses eight-
band envelope functions and bulk material parameters. The
I TR SRR SR S effects of the lattice mismatch strain are incorporated into the
0.00 001 0.02 003 004 005 model using bulk deformation potentials. The main problem
4 in applying such an eight-band model to indirect materials
/T (") such as Si and Ge is the uncertainty in the material param-
eters associated with the direct conduction band. These pa-
rameters cannot be easily determined by optical measure-
ments and, therefore, they are not well documented. We thus
Fried to obtain a set of Ge and Si material parameters from
reliable literature sources. A list of all the parameters used in
our model are given in Table I. We checked the internal

Figure 4 shows the temperature dependenck,dh the . : )
range 5-150 K. A sharp drop of the photoinduced absorptiorﬁ:onS'StenCy of these material constants by an attempt to re

is apparent above=70 K. indicating an activation like re- produce by calculations a large set of published experimental
ppare ' 9 resultst’ We succeeded in finding a set of such parameters
combination process.

that enable us to account for many PRefs. 8 and Pand
inter-sub-valence-band absorption datd%!'We note here
IV. DISCUSSION that another useful way to calculate the sub-valence-band
structure and intersubband absorption in indirect QW's is the
empirical pseudopotential method used previously for
Absorption, unlike photoluminescence, directly measuresSiGe/Si heterostructurés.
the density of the absorbing species, and it can be readily The calculated energies of the highEstalence subbands
interpreted quantitatively. For a quantitative analysis of theare plotted in Fig. 5 as a function of the in-plane crystal
valence intersubband photoinduced absorption, a preliminarshomenturnk; along the(010) direction. The confined energy
knowledge of the subbands dispersion and the matrix eldevels are identified according to the number of nodes in
ments for optical transitions between them is required. It igheir wave functions and their total angular momentum pro-
well known that one of the best ways to quantitatively modeljection along the growth direction &=0. They are marked
the optical properties of semiconductor heterostructures is bgn the figure as either heavy hol@d ;=3/2) or light holes
the use of a multiband envelope function and tke (M ;=1/2). It is seen that only a single HH and a single LH
approximations. Models based on these approximations arélevels are strictly confined to the SiGe layer. The third va-
routinely and most successfully applied to Ill-V compound|ence subband is already a miniband in the continuum above
heterostructure$? Since most of the 11V compounds are the top of the QW.
direct, the inclusion of the lowe$t conduction band inthese ~ The matrix elements for optical transitions between the
models is natural and self-evident. For indirect materialsyarious subbands are calculated using the dipole approxima-

o
-y
1

® experiment
calculation

L, (arb. units)

0.01 F

1E-3 3

FIG. 4. Arrhenius plot of the integrated PIA,, measured
at a modulation frequency of 1 kHz and pump intensity,e£3 W/
cn? (@). The solid line is the calculated temperature dependenc
using Eq.(7).

A. PIA spectra

TABLE I. Constants used in the band-structure calculatigns. y,, andy; are the Luttinger parameters aRd is the optical transition
matrix elementexpressed in eM(Refs. 3 and % m, is the bulk electron mass given as a fraction of the free-electron maAsg, is the split
off energy,Eg 4 is the direct band gap at tHepoint, V is the offset energyay, andag are the hydrostatic strain potentials for the valence
band and the total gap, respectively, is the valence-band shear deformation potential, @adindc,, are the relevant elastic constants
(given in Mbar units.

Ep Y1 Y2 V3 Me Ago Eg.d Vot ay dg by Cn C12
eV (Ref.? (Ref.? (Ref.? (Ref.2? meV eV meV eV eV eV Mbar Mbar
(Ref. 206 (Ref. 7 (Ref.? (Ref.28 (Ref.28 (Ref.1) (Ref.1) (Ref.1) (Ref. 1)
Si 21.6 4285 0.339 1.446 0.528 44 4185 ao 0 1.72 -21 1.675 0.650
Ge 26.3 13.38 4.240 5.69 0.038 297 0.898 %30 02 —-2.8 —-2.9 1.315 0.494

gy, is chosen arbitrarily as zero. The effect of the hydrostatic strain is incorporated into the offsetWglues
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0.12 — T T T T T 1 pump beam and thus given by(t)=g(1+ cos 2rvt)/2,
z Si Ge /S Whe_re the constang co_ntains in it the quantur_n efficiency for
0.10 H 2°n7m °~3/ 17nm carriers photoggneratlon andis the modulation f_requency.
80 K We have numerically solved E(L) for p as a function of the
- modulation frequency and laser intensity, and fitted the solu-
0.08 H n=4x0"cem" 7 tons to the experimental data. The continuous lines in
i Fig. 2 and Fig. 3 are the best fits to the measured data.
0.06 H . For these fits we have foundv=1.3x10° sec ! and
1A B=9%x10"*cm3sec ™.
S o0s l HH4 The very g(_)od fits obtained show .that the measured data
o - are well described by Eq1). We note in particular, that our
w kinetic model accounts very well for the nearly square-root
0.02 H . excitation density dependence of the PIA at low modulation
frequencies, and its almost linear dependence at high modu-
0.00 lation frequencies. This behavior is characteristic of qua-
T e dratic rate equations, as already noted previotfs§ince the
rate equation is not linear ip, the definition of a photoge-
-0.02 nerated population lifetime is not so straightforward as it is
in the linear case. We choose to define a characteristic time
0.04 scale for the population lifetime as the inverse of the fre-

0.00 ) ) , , , quency where the out of phase component of the measured
PIA reaches its maximuniFig. 3). In the linear case, this
choice of time scale is equivalent to the time it takes for a
certain carrier density generated by a short impulse to decay

FIG. 5. The calculated valence band dispersion relation fort0 1/e that density. As can be seen in Fig. 3, this character-
20/170- A Sj /Ge, 5/Si strained-layer superlattice, plotted as energyistic time scale is (FX 62 kHZ)—lzz 5 usec ’
vs in-plane wave vectok|100. The energy is measured relative to ' '

the top of the Si barrier valence band.

C. The recombination mechanism
tion and the calculated wave function3he absorption cal- N : o
culations are then performed by using the experimentally Important recombination m_eCha’_"S”?S In |no_l|rect bulk
estimated steady-state hole density2x 10! cm~3) and semiconductors are processes in which intermediate trap lev-

assuming thermal equilibrium. The calculated intersubban&Is are involved~ In bulk S." for_ instance, the impurity
: T -~ dominated Auger process gives rise to low temperature car-
absorption spectrum for thp polarization is displayed in

rier lifetimes in the range of 1 ns—ls %" depending on the

Fig. 1 as a solid line. It is seen that the magnitude, spectr indina enerav of the impurity. Manv studies of the recom-
position, and spectral line shape of the measured PIA is weaﬁ. ng 9y purity. y S . .
ination statistics of these processes in bulk indirect semi-

reproduced by our model calculatiorighe calculated PIA conductors were analyzed in detail in the literatty& 1A

magnitude agrees, within the uncertainties involved in thecommon feature to all these processes is the saturation of the
estimated density of photoinduced holes50%), with the b

measured PIA magnitudeThe relatively large line width is recombination as the photoinduced carrier density exceeds

the result of the transitions from the confined HH1 subbanc}he trap densny. In our _quantun_w-wel_l s_tructures, the steady
State photoinduced carrier density within the quantum wells

to the minibands at the onset of the heterostructuré A o ;
. 13 g exceeds 18 cm 3. This is considerably denser than any
continuum,” as can be seen in Fig. 5. We note here that the ossible concentration of impurities or traps in this nomi-
spectral position of the measured and calculated PIA occur%aII undoped samole. Yet WF; observed ngsaturation of the
at 125 meV, this agrees also with the simpler model calcu- y undop pie. ' .
. absorption as the pump power increases. In our case we can,
lations of Ref. 2. . : . S
thus, safely ignore impurity- and trap-related recombination
S processes within the quantum wells. These relatively fast
B. Recombination kinetics processes, however, must be considered for carrier recombi-
The Sub”near(neaﬂy Square-rogltexcitation density de- nation within the silicon barriers of the heterostructure, since

pendence of the PIA as clearly observed at low modulatiorthe density of thermally activated carriers within them is or-
frequenciegFig. 2) is a clear evidence for the presence of aders of magnitude lower. A completely different model,
quadratic density term in the recombination kinetics. Wenhamely, intrinsic Auger recombination via HH and LH mini-
have, therefore, fitted our data to the simplest nonmonomd?ands, was suggested fortype SiGe/Si heterostructur&s.

lecular recombination kinetic equation: Our model is similar, in principle, to the model of Michler
et al,? which assumes thermal equilibrium between carriers
dp/dt=g(t)— ap— Bp?, (1)  inthe quantum-well regions and in the barrier regions during

the recombination process. This thermal equilibrium is due
wherep is the photoexcited excess carriers densitgnd  to a fast forward-backward scattering between the quantum
are rate constants that are independent,adindg(t) is the  wells and barriers; see Fig. 6.
time-dependent carrier photogeneration rate. In our experi- Our model is different from that of Ref. 20 in its recom-
ment,g(t) is proportional to the intensity of the modulated bination kinetics. We assume that the recombination is gov-
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E. whereA is the sum of the electron and hole well to barrier
activation energies, and the constéhtan be expressed as
C=(MyaMp2) ¥(mymyy) ~Y4(2kg) V2L, /1 if one uses the
o, parabolic band approximatidfi. (my; ,m,; are the electron
and hole masses, respectively, in the two regioimsobtain-
ing Eqg. (4), a 2D (3D) density of states was assumed in the
o,B well (barriep region.(We note here that even if the electrons
HH1 are not confined to the well region by the conduction-band
offset, neutrality still imposes their 2D behavior.
A For the densities relevant to our experiment we can safely
\ b2t assumep,g<Ng<p;g and pi>pis (i=1,2). Thus, the re-
combination is trap limited only in the barrier region, and in
2 1 2 both regions the photoinduced carrier density is much higher
Si Sip+Geg3 Si than the equilibrium dark carrier density. Under these condi-

tions, we obtain, for the heavy-hole density in the well re-
FIG. 6. Schematic description of the recombination processes qfjion,

the photoexcited carriers in the strained-layer superlatticand 8

are the monomolecular and bimolecular recombination coefficients, dp,/dt=g—a(T)p;— IB(T)pi, (5)
respectively, an€C,, andC,, are the scattering rates between well

(region 3 and barrier(region 2 states. with

erned by two processes. The first is extrinsic and depends on a(T) =AC\T exp(—A/2kgT),

the density of the extrinsic recombination centers within the )

material,Ny. This process is thus, monomolecular in nature, B(T)=B(1+C-T exp(—A/kgT)). )

and it is saturated once the density fé_ex(c):l%ss Cj”‘;ﬁe&x' In the present case, the conduction-band offset is nearly zero.
ceedsNo, which is estimated to be 10 cm™°. The  Thys A is in effect the energy separation between the HH1
second process is intrinsic and is characteristic of the matga,e| and the top of the barrier valence band.

i i i i I ’19 I . .
rial itself. It is, thus, bimolecular in naturé® Since the " 'From Eq(6) and the experimentally determined values of
barriers and wells in our heterostructure differ only by their , 54 B at T=80 K, the rate constantd and B can be

germanium content, we assume for simplicity that the recoMyniquely found. We findA~'=10 nsec, and3=9x 10~ 4
bination rateU in both materials can be described in the .3 ’

sec !, respectively. The inverse extrinsic ratds com-
same way:

parable with measured impurity mediated Auger recombina-
U=A(1— p/Ng)®(1— p/No)p+Bp? (2)  tion lifetimes in bulk Si®' The intrinsic rateB, which isa
fundamental property of these indirect semiconductors, is
whereN,, the density of the extrinsic nonradiative recombi- somewhat higher than the range of the reported measured
nation centers, is assumed to be uniform throughout the ervalues for bulk S{(1-6)x 10" ** cm® sec® (Refs. 21-23,
tire heterostructure® is a step function, and andB are the  and the calculated recombination rate of [Be=3x 10~
rates for the extrinsic and intrinsic processes, respectivelyosm?® sec’ ! (Ref. 24]. We believe that this enhancement in
As discussed above, it is imperative to note that the extrinsi¢he intrinsic recombination rate of carriers within the
process in the rate equation causes the recombination ragge Si; _, layers is a consequence of the quantum confine-

within the quantum wells to be vastly different from that in ment. Similar enhancement is known to occur in direct-band-
the barriers. This is because at low temperatures the steadyap heterostructures.

state carrier density in the well regions is much higher than A posteriori we note here that the assumption
No, while the density of carriers within the barriers is con- p,>Ny>p, is well justified, since the photoinduced density
siderably lower tharN,,. of holes in the well is p;=2x10® cm~2 and
Based on the above assumptions we write the rate equg:, /p,=C\T exp(—A/2kgT)=3x 10 * at T=80 K.
tions for the photoexcited heavy holes in the two regions Under steady-state conditionsid; /dt=0), the density
of the photogenerated excess carriers in the well is given by
a(T
() p(T)= (D J

1/2
-1;. 7
| | . 26(7)| ] v
where i=1,2 refers to the well and barrier, respectively,
pi=pic+pi (i=1,2) are the total nonequilibrium hole den- Since the photoinduced intersubband absorption signal is a
sities, andp;g is the(dark) thermal equilibrium hole density. ~direct measure of the density of heavy holes in the well, Eq.
g; is the generation rate of holes and electrons in each of the/) describes the PIA intensity under steady-state conditions.
regions. We have, thus, calculated the temperature dependence of the
Under thermal equilibrium conditions, the ratgg can be ~ steady-state excess carrier density within the wej(T),
directly related to the densitiegig: C,1/C1o=pig/Pas,  USING Egs(6) and(7) and the calcgll%ted values fdr=125
and the ratiop,/p; is readily obtained as meV (see Sec. IVAandC=0.1 K *# (see Sec. IV C and
Table ). The result of this calculatiofwith no adjustable
p2/p1=Cﬁ exp—A/2kgT), (4 parametersis given by the solid line in Fig. 4. As can be

dp, _ : :
d_pt:gi_ Ui=(=1)'Capo+(=1)'Cpps  (i=12, 4gB(T)

a(T)?
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seen, the model describes very well the measured data. Weaim of monomolecular and bimolecular terms. From the

note, in particular, that the calculateXi=125 meV agrees temperature dependence of the PIA, which has an activation-
very well with the observed activation energy. In this re-like behavior with characteristic energy of half the calculated

spect, it is interesting to compare our results with previousoles confinement energy, we have deduced that thermionic
activation energy measurements of the PL recombinatioemission of holes maintains thermal equilibrium of carriers

process in SiGe/Si heterostructufédn this work, the PL  within the heterostructure.

dependence on temperature was interpreted as due to activa-These observations are very well explained by an assump-
tion over the energy barrier for holes, similar to our finding.tion that the monomolecular term in the recombination rate is
due to extrinsic nonradiative recombination centers. Within

V. SUMMARY the SiGe well regions, the density of excess carriers far ex-

] o ceeds the density of these extrinsic centers, while within the

We have studied the recombination of photogenerated; parrier regions the density of excess carriers is much
carriers in SiGe/Si quantum-well by measuring the photoinigyer than the density of the extrinsic centers. Thus, within
duced intersubband absorption for various temperatures, Igne wells, the recombination is intrinsic, bimolecular in na-
ser intensities and modulation frequencies. We have used §flre, and in the barriers it is extrinsic, monomolecular in

eight-bandk-p model to calculate the sub-valence-bandnature. From our data we have quite accurately calculated the
structure and the inter-sub-valence-band optical matrix eleptrinsic recombination rate of carriers in SiGe guantum
ments. Using bulk material parameters we have calculatefle|ls. The rate that we have obtained, which is slightly
the intersubband optical absorption and found good agreqyigher than the measured rates in both bulk Si and bulk Ge,

ment with the experimgntal measurements. In particular, W8uggests an enhancement in the recombination rate due to
have shown that the intersubband absorption strength is @yrier quantum confinement.

reliable direct measure of the hole density within the hetero-
structure.

From the excitation density and modulation frequency de-
pendence of the photoinduced intersubband absorption we The work at the Technion was supported by a grant from
have shown that up to carrier densities of few timesthe Israel Science Foundatig@rant No. 184/9%, and was
10'® cm™3, the recombination rate can be described by acarried out under the auspices of the Optoelectronic Center.
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