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We have performed an electroabsorption spectroscopy of Ge/Si self-assembled islands
simultaneouslyn the near-infrared and in the midinfrared spectral range. The investigated structure
consists of self-assembled Ge/Si islands embeddegbiir@mjunction. This active region is inserted

into a 3.um-thick Sp odG&, o, Waveguiding layer. Under a positive applied bias, the injected carriers
give rise to a current-induced absorption resonant at 185 meV along with an enhanced transmission
around 800 meV. The 185-meV resonance is polarized along the growth axis of the islands. The
assignment of the optical transitions is made on the basis of a 14-band quantunk-well
calculation. We show that the midinfrared electroabsorption of the islands is associated with a
bound-to-continuum transition between the ground states and the wetting layer states. The
enhancement of the transmission is correlated to the bleaching of the interband absorption which
results from hole injection in the islands. The carrier density and the parameters governing the
carrier dynamics in the islands are deduced from the midinfrared modulation amplitude. An Auger
recombination coefficient in the islands=1.6x 1073 cm® s, is deduced at room temperature.
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I. INTRODUCTION etry. In the near-infrared spectral range, the carrier injection
leads to an enhanced transmission associated with the
Self-assembled islands can be epitaxially grown by debleaching of the interband absorption. In the midinfrared
positing pure Ge layers on a silicon substrafde Stranski— spectral range, the electroabsorption is characterized by a
Krastanow growth mode leads to the formation of islandsesonant absorption around 185 meV that is polarized along
with different sizes and shapes including pyramidal andhe growth axis of the islands. We show that the optical prop-
dome-shaped geometrié?}\fter silicon capping, the islands erties of the islands can be described by a 14-band quantum
sitting above a two-dimensional wetting layer exhibit a richwell k- p calculation. The 185-meV resonance is associated
Ge compositior’:* This large Ge content leads to two dis- with a bound-to-continuum intraband transition between the
tinct features:(i) the islands are characterized by optically island’s lowest lying states and the continuum of states of the
active transitions both in absorption and emission in thewetting layer subband. The amplitude of this current-induced
near-infrared spectral range around A% and (ii) a large  absorption as a function of the current density allows the
band offset appears in the valence band between the islangdeasurement of the extrinsic and Auger-related recombina-
and the silicon barrier thus allowing the observation of intra-tion rates in the islands. We show that the carrier density in
band transitions in the midinfrared spectral raﬂ'ée'[hese the Ge/Si islands is limited by Auger-related recombination
interband and intraband optical transitions of Ge/Si islandgnechanisms at high current densities and we provide a mea-
can be used for the development of optoelectronic or photosurement of the Auger recombination coefficient at room
nic devices that can operate in the near-infrared and in théémperature.
midinfrared spectral range. Meanwhile the careful analysis of ~ The article is organized as follows. The experimental
these optical transitions and their polarization selection rule§etails are given in Sec. Il. The current-induced modulation
can provide valuable information on the carrier confinemen®f the interband and intraband absorptions are described in
in the islands and on the carrier dynamics_ These informasec. Ill. Section IV discusses the Origin of the absorption, as

tions can be obtained by using structures under optical of€duced from a 14-barid p calculation. The carrier density
electrical carrier injectioﬁ’.g and the capture time of the carriers is finally discussed in

In this article, we investigatsimultaneoushpoth inter- ~ S€c- V.
band and intraband optical processes in Ge/Si self-assembled
islands by electroabsorption spectroscopy. The electroapl EXPERIMENTAL DETAILS
sorption experiments are performed in a waveguide geom-  The investigated sample was grown by chemical-vapor
deposition on a 200-mm SD0J)-oriented substrat¥. The
dElectronic mail: philippe.boucaud@ief.u-psud.fr deposition temperature was 700 °C and the total pressure
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the response of the optical system. Two resonances with opposite signs are
observed around 200 and 800 meV. They correspond to an absorption and to

FIG. 1. Schematic diagram of the investigated sample. an increase of transmission, respectively.

was around 100 Torr. Silane and germane diluted in hydrotuation associated with the vertical inhomogeneity in the is-
gen were used as gas precursors. Pure germanium was dgnd stack remains weak. The island density is around 3
posited to induce the nucleation of the self-assembled isx 10° cm™?, as estimated from separate atomic force micros-
lands. The self-assembled layers were grown ip-gn  copy measurements. A key feature characterizing the buried
junction embedded in a midinfrared waveguide. Figure lislands is their Ge content and their strain distribution. These
shows a schematic diagram of the investigated sample. [farameters depend obviously on the deposition processes
consists of a Zum-thick S odGey o, layer, a 200-nm-thick  and on the capping procedure. It has been shown that a high
p* layer (10 cm), an 80-nm-thick SiedGey o, Spacer growth temperature enhances the intermixing of uncapped
layer, 20 self-assembled layers separated by 50-nm-thicislands deposited by chemical-vapor deposiibmterdiffu-
Siy.0dG&y 02 SPacer layers, an 80-nm-thick,QiGe, o, spacer  sion induced by a strain-driven alloying mechanism exists
layer, and a 100-nm-thick* (10 cm®) silicon layer. The even for freestanding Ge/Si islantfsThe capping of the
spacer layers and the self-assembled layers are nominaliglands by silicon leads to a significant material and strain
undoped. The $idGe, o, layer, with a refractive index dif-  redistribution®* We have shown in a previous publication
ference of 6<10°° as compared to silicon, allows the that the Ge content of buried islands grown at 650 and
waveguiding of the light injected through the cleaved fatet. 550 °C by chemical-vapor deposition was around 50m%.
The samples were processed into ridge waveguides with #e following, we will consider a 50% Ge content as a char-
width of 100um and a length of 4 mm. Ohmic contacts acteristic value for the buried islands and we assume in the
were obtained by depositing Ti/Au alloys. The electroabsorpealculation a tetragonal distortion of the SiGe alloy. Photo-
tion measurements were performed at room temperature ukiminescence of Ge islands with a 50% Ge content is ex-
ing a step-scan Fourier-transform infrared spectrometepected to be maximum around 0.8 B\as experimentally
coupled to an infrared microscope. The spectrometer can hebserved.

used either with a glow bar source and a midinfrared beam

splitter or with a halogen lamp and a near-infrared beam

splitter. The light was coupled and collected into the wavey;; - RRENT-INDUCED MODULATION OF THE

guide with thex 15 Cassegrain optics of the microscope. The;nNTERBAND AND INTRABAND ABSORPTIONS
sample was either forward or reverse biased at a frequency of

5 kHz. The modulated transmission of the sample was fil- Figure 2 shows a typical current-induced absorption
tered with a lock-in amplifier before the Fourier transform. spectrum measured at room temperature under a forward ap-

A cross-section transmission electron microscopy imagelied bias. The signal-to-noise ratio is weak at high energy
of the first layers of the islands is reported in Ref. 12. Abecause of the cutoff of the midinfrared beam splitter, glow
vertical correlation between the successive layers is observdthr source, and detector. The spectrum is not corrected for
because of the strain field of the buried layers. Separate inthe spectral response of the source, beam splitter, and detec-
ages show that an oblique stacking occurs for some islantbr. Only the phase correction recorded for the background
columns after the deposition of multiple IayéFsThe thick-  spectrum without the sample is used. The simultaneous mea-
ness of the silicon capping layer is not sufficient to flatten thesurement of the electromodulation in the midinfrared and in
surface above a deposited layer, thus leading to an undulatékde near-infrared spectral range highlights two distinct fea-
growth. While the islands in the first layers exhibit a dome-tures. Two resonances with opposite signs can be observed at
shaped geometry, the geometry of the upper layers evolve85 and 800 meV. The low-energy resonance at 185 meV is
into a “boomerang” shape. The typical island height isassociated with a decrease of transmission while the high-
around 20 nm and the lateral size of the first layers is arounénergy resonance corresponds to an increase of transmission.
80 nm. We note that since the island height is large, thé\s will be shown below, these resonances correspond to both
quantum confinement along theegrowth axis and its fluc- intraband and interband optical processes.
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FIG. 4. Electroabsorption in the midinfrared spectral range as a function of
the current density. The infrared light is unpolarized. From bottom to top,
0.2 the injected current density is 0.75, 1.75, 6.5, 11, and 21 Zcm

sity increases. As observed for the interband absorption, a
reverse applied bias leads to hole depletion in the islands and
thus to an increase of the transmissigrt shown. The
resonance energy of 185 meV corresponds to the energy dif-
0 L1 1 1 1 ference between the no-phonon radiative recombination of
06 07 08 09 1 the wetting layef1 eV at low temperatujeand the energy of
Energy (eV) the photoluminescence of the self-assembled isla@8d®
FIG. 3. (a) Near-infrared variation transmission for different injected carrier meV at _resonance at low Femperaﬂfr%Tms r.esonance IS
densities. From bottom to top, the injected current is 0.37, 1.5, 3.5, 5.2, 9.E£hus attributed to the hole intraband absorption between the
12.7, 17.5, and 23.5 A cth The curve with an opposite sign corresponds to island’s lowest lying ground states to the wetting layer sub-
a reverse applied bias of 3.4 V. The amplitude in reverse bias has beegand. Note that the photoluminescence measurements were
multiplieq by a factor of 2Q(b) Comparison between the electromodulation erformed at low temperature. The ener difference be-
and the interband absorption. P . P . 9y .
tween the wetting layer and the island ground state is not
expected to vary significantly with temperature. This assign-
The spectral dependence of the near-infrared resonaneeent is further supported by the 14-bakep calculation
as a function of the injected current is shown in Fige)3 presented below. The absorption is strongly transverse-
The spectra are normalized by the transmission of the sourg®@agnetic(TM) polarized, i.e., the polarization of the absorp-
through the sample. Under a reverse applied bias, the eleion is along the growth axi¥. This strong TM polarization
tromodulated signal corresponds to an absorption while unis consistent with a charge displacement alongzigeowth
der a forward applied bias, the electromodulated signal coraxis from islands to wetting layers. The resonant absorption
responds to an increase of transmission, i.e., a bleaching @mplitude obtained after propagation along the 4-mm wave-
the absorption. The increased transmission has an onsgdide and after base line subtraction reaches 1.2% in TM
around 0.7 eV with a maximum around 0.8 eV and a broadpolarization for a 21 A cii? current density. We note that we
ening (full width at half maximum of 150 meV. Figure &) can rule out transitions from the wetting layer states to be at
shows a comparison between the electromodulation and tH&e origin of the 185-meV resonance since the population of
interband absorption measured with the same sa?ﬂﬂTbe the wetting layers at room temperature is not significant as
onset of the absorption is close to the onset of the electracompared to the population of the islands.
modulation. We thus associate this electromodulation with
the self-assembled is_Ianq§. The amplitude of the moduIaFioR/_ ORIGIN OF THE ABSORPTION
depends on the carrier filling of the islands. No broadening
or spectral shift of the resonance is observed as the current The height of the self-assembled islands is much smaller
density increases. The amplitude of the absorption modulahan their lateral dimensions. A first estimation of their elec-
tion is much weaker in reverse bias as compared to in fortronic structure can be obtained by only considering the con-
ward bias and rapidly saturates. The increase of absorption ihement along the direction, i.e., neglecting the confine-
reverse applied bias indicates the existence of a resiual ment in the layer plane. We have thus modeled the
doping in the islands, the reverse applied bias leading to holeigenstates and the infrared absorption of the islands in the
depletion? Under forward bias, the absorption modulation framework of a 14-band quantum wéll p theory. This for-
reaches 0.6% at 1,am after a 4-mm propagation through malism accounts for thE; andT' valence bands and for the
the waveguide. I';, I'g (p-like), andT’; (s-like) conduction bands’ The use
Figure 4 shows the electroabsorption in the midinfraredof a 14-band Hamiltonian is justified by the fact that the
spectral range as a function of the current density. A strongnatrix elementsE, and E,, between the valence bands and
resonance superimposed on a monotonously increasing badke s-like and p-like conduction bands are of the same order
ground towards low energy is observed at 185 meV. Theof magnitude in Si or $i,Ge,, alloys and because thelike
resonance has a linewidth of 50 meV. No spectral shift an¢onduction band is lower in energy than teéike conduc-
broadening of the resonance are observed as the current deion band® The parameters used in the calculation are re-

=
AT/T (a.u.)
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TABLE I|. Parameters used in the 14-band structure calculafigriy,, and’ys are the Luttinger-like parameters, andE,, are the optical matrix elements,
E, is the energy gap, arf, is the offset betweel; andI's. A andA, are the spin-orbit couplings of the valence band and the conduction(atiadRefs.
7 and 17.

’5/1 :;/2 TYB Ep (eV) pr (eV) Eg (eV) Egc (eV) A (mew Ac (E\/)
Si —0.64 0.076 —0.283 25 15 4.185 —0.775 44 0
SipGeys —0.398 0.026 -0.4 25 15 2.54 0.725 170 0.093

ported in Table I. The influence of the remote bands on theéhe valence band can be found in Ref. 23. It is, in particular,
valence-band states is taken into account byjtHeuttinger- ~ shown that a 6-band calculation can overestimate by a factor
like parameters. The parametéisintroduced in Ref. 17 are of 2 the amplitude of the intersubband absorption.

taken to be equal to zero. The parameters do not couple Figure 5a) shows the in-plane subband dispersion dia-
directly the conduction band to the valence bands. Theram along thd110] direction for the 1.3-nm-thick wetting
change of parabolicity of the conduction band induced by théayer and for the 20-nm-thick SiGe layéFig. 5b)]. The
remote bands can be neglected as compared to the energsigin of energy is taken at the silicon heavy-hole valence-
difference between the conduction band and the valenckand edge. Only the first confined subbands are reported in
band near th& point. The effect of the firsp-like ands-like  the diagram. In the case of the wetting layer, only two sub-
bands on the valence band is thus very weakly affected bpands, the heavy-hole HHand the light-hole LH, are con-
takingy.=0. We have chosen to model the optical propertiedined. The heavy-hole subband is found at 163 meV from the
of the islands with a two-dimensional 14-band formalismband edge, in agreement with photoluminescence measure-
instead of a three-dimensional calculation in the effectivements. The energy splitting between Hidnd LH, is 63
mass approximatioH’_ This choice is justified by the island meV. The number of confined states is much larger for the
height and by the fact that we want to calculate the matridarge well, i.e., in the islands. Thicknesses of 20 and 1.3 nm
elements of the intraband optical transitions taking into aclead to an energy difference of 185 meV between the heavy-
count the band mixing. The average composition of the ishole subband Hiof the large well and the heavy-hole sub-
lands was taken to be equal to 50% Ge, as deduced byand of the small well, which corresponds closely to the
electron-diffraction measurements on single islahds.the  energy difference experimentally observed. Figure 6 shows a
germanium content and composition profile are not knowrschematic diagram of the potential structure along the
exactly for these structures, a biaxial strain equivalent to thagrowth axis for the wetting layer and the SiGe island.

of a two-dimensional layer was considereVe have ne-

glected in the calculation the strain variation within the is- 0.2 , , , T
lands and the vertical inhomogeneity in the island stack. The (a)
partial strain-induced deformation of the silicon surrounding < 0.15 __\
the islands has also been neglected. The parameters used for L

the strained Hamiltonian can be found in Ref. 20. A 350- Eﬁ 0.1 -
meV heavy-hole valence-band offset for a strainegSe, 5 [;é \
layer on silicon is assuméed® The islands are approximated 0.05 |- n
as 20-nm-thick SiGe layers deposited on a 1.3-nm-thick

SiGe 50% layer representing the wetting layer. A three- 00 0'1 0'2 0'3 0'4 0.5
dimensional calculation of the electronic structure shows that ’ ’ B ’

the confined states in the islands become delocalized in the k, (nm™)

wetting layer for energies just beneath the energy of the first

confined subband of the wetting Ia)}@r'.l'he wave function 0.4 ' (b)
of these states become “quantum-well-like” for energies ~ 03 = :
close to the wetting layer subband. It is thus legitimate to 2 ;
approximate this continuum of states by the subband of the = 02 = u
two-dimensional wetting layer. Note that midinfrared spa- %" )

tially direct optical transitions between quantum dot ground 5 01 B :
states to two-dimensional wetting layer states have been ex- )

perimentally evidenced in Refs. 21 and 22. The electronic 0 i ‘ ‘ | ‘ ]
spectrum of the wetting layer is calculated independently of 0 01 02 03 04 05
the electronic spectrum of the islands. The intersubband di- k, (nm™)

pole matrix elements are obtained within the 14-b&ng
formalism in the dipolar approximation and using the calcu-FiG. 5. (a) In-plane valence dispersion diagram along[th0] direction for
lated wave functions for the islands and the wetting layera 1.3-nm-thick §jsGe s quantum well. The growth axis is along thg001]

: " ; : :direction. The origin of energy is taken at the heavy-hole band edge of
The calculation principle of the dipole matrix elements ISsilicon. (b) In-plane dispersion diagram along tfELQ] direction for a 20-

given in the Appendix. A deta"eq comparison betwe?n them-thick SjGe,s quantum well. Only the first confined subbands are
14-band and the 6-bard p formalism which only describes reported.
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FIG. 8. Dipole matrix element as a function of the in-plane wave vector for
FIG. 6. Schemati¢not to scalg¢ heterostructure potential profile along the the 185-meV resonance for TM and TE orientations.
growth axis as obtained through the wetting layer and through the GeSi
island. The low-temperature band gap of compressively straing®8&is is
calculated at 780 meV. The energies of the experimentally observed transiemains strongly TM polarized even at large carrier densities,

tions and the corresponding energy levels are indicated in italic. as expenmenta"y Observed At room temperature’ a wave
vector k,=0.1 nmi! corresponds to a bidimensional carrier

The calculated spectral dependence of the absorption iflensity of 7.6x 10" cm 2.
TM polarization is shown in Fig. 7. The calculation was

performed for a two-dimensional carrier density of 7
X 101 cnr2. In the midinfrared above 100 meV, the absorp- V; CARRIER DENSITY AND RECOMBINATION

tion is dominated by a resonance around 185 meV which iglNETICS

strongly TM polarized. This transition corresponds to a spa-  As shown in Fig. 8, the dipole matrix elements associ-
tially direct transition. In TM polarization, an additional ated with the intersubband transitions were obtained from the
resonance is observed at 120 meV, along with much strongesalculation. At low carrier densities, the absorption can be
resonances at lower energy. Figure 7 also shows a compagescribed by the product of the carrier density times the ab-
son between the transverse-elect{T&)-polarized and the sorption cross section. An absorption cross seciion?
TM-polarized absorption spectra. As experimentally ob-x 10717 cn? is deduced for the resonance at 185 meV from
served, the TE-polarized absorption does not exhibit anyhe calculation of the matrix elements. The hole population
resonance around 200 meV. The broadening of the calculatest the islands under forward bias can thus be deduced from
absorption is 40 meV and mainly results from the value ofthe amplitude of the electroabsorption. Figure 9 shows the
homogeneous broadening introduced in the calculation. Thgependence of the electroabsorption modulation as a func-
inhomogeneous broadening of the dots induced by the sizgon of the injected current density. A sublinear dependence is
and the composition fluctuations is not taken into accountebserved for the modulation amplitude. It indicates that the
The comparison between the calculation and the experimerarrier density trapped in the islands saturates as the current
tal electroabsorption spectra shows that the intraband absorglensity increases. A similar saturation was already reported
tion properties of the islands are correctly described by usingn current-induced intersubband absorption in GaAs/GaAlAs
the quantum well approximation. guantum well€* The bound-to-continuum intersubband
Figure 8 shows the dependence of the dipole matrix elmodulation amplitude at resonance is proportional to the ab-
ement for the absorption at 185 meV for TM and TE polar-sorption cross section as calculated with the 14-blnpl
izations as a function of the in-plane wave vector. At theformalism times the carrier density, the waveguide length,
center of the Brillouin zone, the dipole matrix element isand the overlap factor between the island layers and the
along thez direction. As the wave vector increases, a TE-propagating mode. In TM polarization and at 245 wave-
polarized component is observed. However, the absorptiolength, a factor of 1.% 10~* was estimated for the overlap of

2x10”

Q
- E 0.012
5 =
= § 0.008
) 3 g
=2 1x10° | TE 8]
5 ™ < 0.004
£ 3
0 | ) , E 0 | ] ] | 1 |
4 60 80
0.05 0.15 0.25 0.35 0 20 Currcglt (mA)
Energy (eV)

FIG. 9. Dependence of the current-induced absorption amplitude of 185
FIG. 7. Calculated spectral dependence of the intraband absorption in TheV measured in TM polarization as a function of the injected current. The
and TE polarizations. The two-dimensional carrier densitys19° cm 2. full line is a numerical fit obtained with Edq1).
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the first confined optical mode and the island layers. In théination is even more pronounced at low carrier densities
following, we have used this value to calculate the carriewith an enhancement factor reaching a factor of 30 at room
density trapped in the islands. temperature in silicon. In self-assembled islands, one expects
At room temperature, the estimation of the carrier con-the carrier localization to lead to enhanced Coulomb corre-
centrationn trapped in the islands accounts for the injectedlations. The Auger recombination coefficien€=1.6
carrier density for the nonradiative recombination mecha-x 103° cmf 71 in the islands indicates an enhancement of
nisms which are proportional to and for the radiative re- the Auger coefficient as compared to the value reported for
combination proportional tm?. Nonradiative band-to-band bulk silicon at high excitation densities. This value is also
Auger-related recombination mechanisms are proportional ttarger than the Auger recombination parameté8
n® and involve either electron—electron—hole processes ok 1073 cmf s™%) estimated from electroluminescence spectra
electron—hole—hole processes. The carrier density trapped of Siy {Gey , layers®® We note that these parameters give also
the islands is given under a steady-state regime and higa satisfying agreement for the dependence of the modulation

injection levels by Eq(l):25 amplitude in the near infrared as a function of the current
| density. The midinfrared measurements thus provides an in-
— =An+Bnr?+Cr?®, (1) direct measurement of the carrier dynamics at room tempera-
es ture in the self-assembled islands.

wherel is the injected curreng the electronic charges the
area of the device cross section, ahthe thickness where
the carrier recombination occurA.is an extrinsic parameter
and corresponds to the monomolecular recombination coef- |, conclusion, we have simultaneously investigated the
ficient while B corresponds to the bimolecular recombinationinierhand and the intraband absorption properties of Ge/Si
coefficient.B is an intrinsic parameter characteristic of the se|f-assembled islands under current injection. The carrier
radiative recombination in these indirect band-gap semiconrrapping in the islands leads to a bleaching of the interband
ductors. The value OB(2>_<1¢14 cm? 5._1) was dgduced absorption and to an intraband absorption between the is-
from the calculated recombination rate in 8&quation(l)  |ang's lowest lying states and the wetting layer ground sub-
assumes that the recombination dynamics is governed by thgand, The carrier filling and the island hole population were
carrier trapping in the islands and that the number of injecteghonitored by the amplitude of the intraband absorption. The
carriers in the islands is given by the current density. It doe%ssignment of the optical transitions was supported by a 14-
not account for the transfer of carriers between the barriergang quantum welk-p calculation. Thez-polarized high-
and the islands. We note that at room temperature only thgnergy intraband absorption was attributed to a transition
radiative recombination in the islands is observed by electrom the island ground state to the two-dimensional wetting
troluminescence. We emphasize that Ef).assumes a uni- |ayer states. We have shown that the filling of the islands is
form distribution of the carriers within the Ge layers and thatjimited at high current injection by an Auger-related mecha-
the main source of recombination occurs in the islands, i.epism_ At room temperature, an Auger recombination coeffi-
not in other regions outside the multiple layers of islandscient in the islandsC=1.6x 103 cmfs L, was deduced

The estimation of the Auger recombination coefficient as def,om the midinfrared absorption modulation amplitude.
scribed below is dependent on this assumption.

We have fitted the island carrier density deduced from
the intraband absorption following E€L) by varying param- ACKNOWLEDGMENT
etersA andC. We note that a satisfying agreement cannot be
obtained without accounting for the Auger mechanism. With- ~ This work was partly supported by the Reéseau Micro et
out this term, a bimolecular recombination coefficient moreNanotechnologiéRMNT) under Contract No. 00V0091.
than two orders of magnitude larger than the theoretical
value would be obtained. At high injected current densities,
an equivalent three-dimensional carrier density in the island\PPENDIX: DIPOLE MATRIX ELEMENTS
layers is 3< 10" cm™3. A monomolecular recombination co- The wetting layer and the islands are approximated by
efficient A1~ 0.2 us is obtained from the measurements inquantum wells with thicknesses along thelirection of 1.3
the low-excitation regime. An Auger recombination coeffi- and 5 nm, respectively. The origin of the lower potential
cient C=1.6xX 103 cmf s is deduced from the numerical barrier of both quantum wells is taken z0. The calcula-
fitting at high excitation densities. The radiative recombina-tion of the dipolar matrix element is obtained as follows. The
tion in the islands has only a weak contribution as comparedhomentum matrix element between an initisdtate and a
to Auger processes. The Auger recombination coefficient adinal f state is given by the expressfdn
sociated with the islands has to be compared with the values mo OH,

(eP)is= (—) ok ). (A1)
I,

VI. CONCLUSION

reported in silicon. At room temperature, Auger coefficients %
in the range of(1-3 X103 cmfs™t were measured in
highly doped and highly excited silicdi.Hangleiter and wheree is a unit vector parallel to the light polarization. As
Héacker have shown by a quantitative calculation thatthe dipole operator is related to the momentum operator, the
electron—hole correlations lead to an enhancement of bandlipolar matrix element is given for an in-plane wavevedtor
to-band Auger recombinatidii This enhanced Auger recom- by
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