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Breakdown of the k-conservation rule in Si ;_,Ge, alloy nanocrystals:
Resonant photoluminescence study
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Resonant photoluminescence from; SiGe, alloy nanocrystals as small as 4 nm in diameter
embedded in Si@thin film matrices was studied. In pure Si nanocrystals, phonon structures were
clearly observed, indicating that optical transitions are assisted by momentum-conserving phonons.
These structures are quenched by adding a small amount of Ge atoms in Si nanocrystals, i.e., due
to the formation of Si_,Ge, alloy. Furthermore, the lifetime of the radiative recombination became
much faster in doped nanocrystals. These results suggest thaG8j alloy formation leads to a
disorder in the translation invariance of the crystalline lattice, thus resulting in the breakdown of the
k-conservation rule. €2000 American Institute of Physids$S0021-897€00)04223-7

I. INTRODUCTION similar manner, the increase of the optical transition oscilla-
Different systems containing nanometer-size Si crystalj(Or strength due to d|sorder-|nQUced_ breakdown of the
(nc-Si) have been intensively studied because they are b cconservation fule has bfaen predicted in Ref. 8 f(?L&%(
lieved to be promising materials for novel optical devicesalloy napocrystgls "C-Si,G6). The PL lifetime of
and offer a good model system to study zero—dimensiona‘?ogcigs'si—xc‘@ is reported to be faster than that of porous
quantum size effects in indirect-gap semiconductors. A conSi-  1herefore, Si_,Ge alloy formation is one of the
tinuous shift of the photoluminescen¢®L) peak from the Promising methO(_js for further improvement of the emission
band gap of bulk Si to the visible range has been observeBroperties onc-Si. - _
with a decrease of thec-Si size! By applying a variety of The PL properties ohc-Si;_,Geg, are expected to be
optical methods such as resonant#Lresonant two-photon dependent on both the size and the Ge concentration. In the
excited PL* PL hole burning and magneto-optical Previous studies of porous ;Si,Ge;, the size of particles
spectroscop$ the mechanism of the PL and the symmetry ofhas not been evaluatéd® Therefore, the band structure and
absorbingemitting) states have been studied in detail. Thesethe carrier recombination dynamics o€-Si; - ,Ge, are still
studies strongly suggest that the PL is due to recombinatioRot fully understood. In Refs. 11 and 12, the possibility of
of excitons confined in zero-dimensional Si quantum dots. preparingnc-Si;_,Ge, by a cosputtering method has been
The PL lifetime becomes shorter with an increase of theshown. The size of particles has been measured by high-
detection energy or decrease of theSi size. This is caused resolution transmission electron microscopy. With increasing
by spatial confinement of an electron and a hole in a smalGe concentration a shift of the PL peak energy from the
volume. This confinement increases the uncertainty of theiwidened band gap ofic-Si to that ofnc-Ge has been ob-
guasimomenta, thus allowing nonphon@P) optical tran-  served. This shift is accompanied by shortening of the PL
sitions. The increase of the NP transition rate relative to thdifetime. PL spectra under nonresonant excitation are very
phonon-assisted one results in shortening of the lifetimebroad and featureless. This inhomogeneous broadening of
However, at room temperature, even for particles as small agie PL band is mainly caused by the nanocrystal size and
a few nanometers in diameter, the PL lifetime is still in theshape variation. In this work, in order to lift the inhomoge-
range of tens ofus. This relatively long lifetime is a major neous broadening, PL spectra are measured under resonant
disadvantage for optoelectronic applicationsiofSi. There-  excitation conditions: only the particles having excitation
fore a new approach to shorten the radiative exciton lifetimehreshold at the near-infrared laser energy are selectively ex-
further is highly desired. cited. In purenc-Si, resonant PL spectroscopy is widely used
Enhancement of the NP transition rate is observed fogg study the nearly homogeneous spectral shape and to de-
Si; -xGg alloy crystals and quantum wells due to perturba-termine the ratio of the NP to phonon-assisted transition as a
tions of the crystal periodicity from alloy fluctuationsn a function of confinement energdyln this work the enhance-
ment of the NP optical transition rate due to alloying is dis-
¥Electronic mail: fuji@eedept.kobe-u.ac.jp cussed. The conclusions are based on the results of resonant
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FIG. 1. Typical TEM image ohc-Siy ;45€ »7.

FIG. 2. PL spectra ofc-Si,_,Ge, at room temperature.

PL studies of purenc-Si andnc-Si;_,Ge, combined with

the dependence of the PL lifetime on the Ge concentration. e nonresonant PL spectra o€-Si, -, Gg, with vari-
ous Ge contents are shown in Fig. 2. PoeSi (3.8 nm in

diametey has a PL peak at 1.45 eV. As the Ge content in-
creases, the PL peak shifts to lower energies and reaches

Si; _«Geg, nanocrystals were prepared by a Cosputteringl.24 eV for the sample witlk=0.27. Although the size of
method. Details of the preparation procedure can be fountiC-Si; -G slightly increases with the Ge contefiom 3.8
elsewheré!!? Si, Ge, and Si@ sputtering targets were si- t0 4.6 nm, the observed shift seems to be governed by
multaneously sputtered in Ar gas at 0.3 Pa using a multitarSh - xG€, alloy formation. For purenc-Si a size variation
get sputtering apparatus. After deposition, the films were anfrom 3.8 to 4.6 nm results in the shift of the PL peak on the
nealed in N gas ambient at 1100 °C to grave-Si;_,Ge in  order of 50 me\i* This value is much smaller than the
SiO, matrices. To determine the size and the shape of paexperimentally observed one~Q00 meVj. The spectral
ticles, a cross-sectional image of samples was monitoreghape is almost identical for all samples, although the PL
with a transmission electron microscopdEM). The  bandwidth increases for those having larger values. of
samples for TEM observations were prepared by a standard Under nonresonant excitation no distinct PL features are
procedure including mechanical and Ar ion thinning tech-observed and the full width at half maximuRWHM) of
niques. The TEM observations were made using a JEMthe PL bands is about 250 meléee Fig. 2 The large
201QJEOL) electron microscope operated at 200 kV. FWHM is due to inhomogeneous broadening. The standard

Nonresonant PL was excited by the 488 nm line of an Armethod to lift this broadening is the resonant excitation men-
ion laser and detected with a single monochromatoiioned before. Figure(@) shows the normalized resonant PL
equipped with a Gein diode. For resonant PL measure- spectra of purenc-Si at different excitation energies. The
ments, a Ti:sapphire laser was used for excitation. The spe€nergy positions of the exciting light are shown by arrows.
tral shape of the PL was detected using a monochromatd/hen the excitation is moved into the nonresonant PL band,
combined with a Si charge coupled devi€gCD) array. To distinct features appear in the spectra. This PL structure be-
suppress stray laser light, the asynchronous mechanicaPmes more pronounced when the excitation energy is at the
chopping technique was appliédhe resonant PL measure- low-energy tail of the nonresonant PL band. For clarity the
ments were done at 4.2 K. All spectra were corrected to théirst derivative of the spectrum excited at 1.46 eV is shown
sensitivity of the detection system. Time resolved PL meain Fig. 3(b). From the energy separation of these PL features
surements were performed with a f4dtns rise—fall im¢  they can be assigned to optical transitions involving 1TA,
photomultiplier and a digital oscilloscope. The samples werdl TO, TO+TA and 2TO momentum-conserving phonons in
mounted in a cryostat operated in the temperature range frogsorption/emission cycle.

1.5 to 300 K and the PL was excited by the 488 nm line ofan  Figure 4 shows the resonant PL spectra of
Ar ion laser. nc-SipedGey11- As the excitation energy moves into the
nonresonant PL band and approaches its maximum an ill-
defined structure is observed. Even in the first derivative of
the PL spectrum excited at 1.4 ¢%ig. 4(b)] only one peak

Figure 1 shows a typical cross-sectional transmissions clearly distinguishable. This peak corresponds to the en-
electron micrograph of a partici@bout 3 nm in diametgr ergy of the transverse opticdlT’O) momentum-conserving
embedded in amorphous SiOnatrix. The spacing of the phonon of Si. In purenc-Si, the phonon structure becomes
lattice fringes is 0.321 nm, which is between those of themore pronounced if the excitation energy is below the maxi-
{111 planes of Si(0.314 nm and Ge(0.327 nm bulk crys- mum of the nonresonant PL. On the contrary, for
tals. This is evidence thatc-Si; _,Ge, is formed. nc-Si;_,Ge,, the phonon structure is completely smeared

Il. EXPERIMENT

IIl. RESULTS
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FIG. 4. (a) Normalized resonant PL spectra o€-Si, gdG&y 1. EXcitation
energies are indicated by arrows=4.2 K. (b) The first derivative of the
spectrum excited at 1.40 eV.

FIG. 3. (@) Normalized resonant PL spectra of pure-Si. Excitation ener-
gies are indicated by arrow$=4.2 K. (b) The first derivative of the spec-

trum excited at 1.46 eV. Phonon related structures are clearly seen.

out when the excitation energy is at the low-energy tail of the

nonresonant PL. Very similar excitation energy dependence 107
was observed for all samples with different Ge concentra- E- Pure nc-Si
tions (0.09<x<0.27). -

Figure 5 shows the PL decay time at various detection [
energies for purec-Si andnc-Si; _,Ge,. In bulk crystals, | P —n?-s/i Ge
the measured PL decay time (.. is defined by the relative 3 ;///’ o089 011
strength of radiative €,) and nonradiative £,,;) transitions: o 10 ;@?}f_‘_“_’f A
Tmaa=Tr ~+ 7, where both times can be affected by the f‘”i T nc-Si__ Ge,
temperature. The quantum yieldn) is defined as7 o )
=1,/ (7, + ;). Under the assumption that the contribution £ Excitation 2.54eV
of the nonradiative transition is negligible at low tempera- T Detection
tures, the temperature dependencesrofand 7, are ex- = 10™ —o—1.77eV
tracted fromre,{T) and 5(T).*® From the observed tem- i "Z" 1.65 eV
perature dependences of the PL lifetime and the intensity, it o . 122 :x
was found that, at temperatures below 150rkg.& 7, and - & - 1:38 eV
above 150 K, the contribution of the nonradiative recombi- - - 1.31 €V
nation is non-negligible. Therefore only lifetime values mea- 10° vt u L alul sl ol

sured below 150 K have been taken into account since in this
range the lifetime can be regarded as a radiative one.

The radiative lifetime becomes shorter as the Ge concen-
tration increase¢Fig. 5. As was mentioned before, the size

of the particles increases slightly as the Ge concentratiopg. 5. Temperature dependence of the PL decay time detected at various

0 100 200 300 400 500 600

1000/T (K")

increases. This should lead to opposite lifetime behaviorenergies fomc-Si, nc-Siy gdGey 11 andnc-Sig 7456 »7-
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Therefore, the observed shortening of the lifetime is not ghe Ge concentration. Besides the size and the shape distri-
size effect but a result of Ge doping. The radiative lifetime ofbution of nc-Si, particles are expected to have a varying Ge
nc-Siy 7458, »7 IS about five times shorter than that of pure content as well. Therefore, at a certain excitation energy,
nc-Si. Delerueet al® calculated the band gap energy andparticles with smaller size and higher Ge concentration are
recombination rate of a hydrogen-passivateglsS&,, par-  simultaneously excited with those having larger size and
ticle. They demonstrated that the radiative efficiency oflower Ge concentration. Since the relative strength of Ge—
nc-Sip §Ge,) » increases by a factor of 5 compared to that ofGe, Si—Ge and Si—Si vibrations as well as the vibration en-
purenc-Si. This value is in agreement with that observed inergies depend on the Ge concentration, its distribution results

this work. in smearing of the phonon structures.
The presence of the Si TO-phonon replicas under exci-
IV. DISCUSSION tation at relatively high energjl.4 eV, Fig. 4b)] supports

The band gap energy of bulk Si,Ge, alloys changes the existence of a Ge concentration distribution. Particles
X

from that of Si to Ge depending on Si has conduction band With low Ge concentratiorfor purenc-Si) are expected to
minima in the vicinity of theX points of the Brillouin zone have, on average, Iarger b_and gaps and. can be excited reso-
(A minima), while Ge has minima at the points. The de- nantly at a certain excitation energy. Since the number of
pendences of the band gap energaninima and at the. such particles is small, as confirmed by Raman spectroscopy
point on the Ge concentration are quite different. Thus thénd electron diffraction studié$,the PL structure is ill de-

band structure strongly depends on the Ge content. The barlged- . S
structure of Si_,Ge, is known to be Si like up to a Ge The Ge concentration distribution also affects the tem-

concentration of about 85%. The minima have the lowest Perature dependence of the PL lifetint€ig. 5. In pure
energy for bulk Si_,Ge, with low Ge concentration, and the nc-S|, the temperature dependence of the PL lifetime can be
crossover between andL minima occurs at the aforemen- fittéd well within the framework of the model proposed by
tioned Ge concentration. In bulk Si,Ge, alloy crystals and Calcottet al? This model considers the ground exciton state
quantum wells with smalk, PL peaks corresponding to the &S the epin singlet and the spin t_riplet states with the triplet
momentum-conserving TO phonons of Ge—Ge, Si—-Ge an@n€ being the amount ok lower in energy?. At low tem-
Si—Si vibrations at\ minima were observetl’® Similarly, ~ Peratures, the PL originates from the triplet exciton, while at
since the highest Ge concentration in the samples used [49N temperatures the PL is dominated by recombination of
about 0.3, the band structure is expected to be Si like. Thul1® thermally occupied singlet exciton state. From the fitting
phonons corresponding to Ge—Ge, Si—Ge and Si—Si vibrgkrocedure, the lifetimes of the tripletf) and the singlet

tions atA minima are expected to be involved in the optical (7s) States and\ are estimated to be 4.7 ms, /& and 5.8
transitions. meV, respectively, at the detection energy of 1.46 eV. The

However, as shown in Fig. 4, only an ill-defined struc- value of A obtained is slightly larger than that measured for

ture is present under excitation near to the maximum of th&0rous Si at the same detection energy. The difference be-
nonresonant PL band. This structure can be assigned to T&/€en these two systems of Si nanoparticles in surface ter-
phonons of Si. Furthermore, with a further decrease of th&hination may result in a small difference in the valuelof
excitation energy, the structure is smeared out. No phonon N Purénc-Si, the transition from slow fo fast lifetime
structures corresponding to a, SiGe, alloy have been ob- (@kes place at 10-20 K and is abrupt. On the contrary, in
served. nc-Si; ,Ge,, the transition starts at lower temperatures and
The smearing of the phonon structures which is possibl;}s gradual. In general, this would indicate a smaller value of

due to the breakdown of tHeconservation ruldécaused by A. However, no combination of all three parameters can re-
Ge doping is also consistent with shortening of the radiative Produce the observed temperature dependence as well as for

lifetime (Fig. 5). In Ref. 3 the ratio of NP to phonon-assisted nc-Si. The gradual trensition thus does not imply a smaller

transitions for porous-Si and oxidizet-Si has been esti- valué ofA. To our mind the gradual transition may be ex-

mated. It was found that NP transitions become dominant aklained by a Ge concentration distribution. Due to the distri-

the nc-Si size decreases. Furthermore, for the same confindution, particles with different sizes can contribute to the PL

ment energy, NP transitions are about three times stronger f (he Same detection energy. The size distribution is accom-

nc-Si with a SiQ shell. In the samples studied, Ge doping is Panied by the distribution o, thus making the slow-to-fast

considered to further break the momentum-conservation rulifétime transition gradual.

due to perturbation in the lattice periodicity by Ge atoms.

The enhancement of NP processes leads to smearing of the

phonon-related features and shortening of the lifetime. By, concLUSION

applying the method used in Ref. 3, the ratio of the NP to

phonon-assisted transitions can be estimated from the reso- Addition of a small amount of Ge to Si nanocrystals is

nant PL spectra if the phonon structures are clearly observetbund to smear the phonon structures in their resonant PL

However, the phonon structure observedrarSi;_,Ge is  spectra. This result and shortening of the radiative lifetime of

ill defined, and quantitative discussion of the ratio is notthe PL suggest that the lattice periodicity ¢-Si is lifted

possible. due to alloying. This results in the breakdown of the
Another possible mechanism which can make the obselk-conservation rule and enhancement of the optical transition

vation of the phonon structure difficult is the distribution of oscillator strength.
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