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Electron-phonon coupling and optical transitions for indirect-gap semiconductor nanocrystals
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We show that it is possible to perform full microscopic calculations of the phonon-assisted and no-phonon
radiative transitions in silicon nanocrystals. These are based on a tight-binding Hamiltonian for the electron
and electron-phonon part together with a valence force-field model for phonons. We predict an unexpected
large broadening of the luminescence peaks attributed to the breaking of bulk selection rules and to mul-
tiphonon effects in the acoustic range. We also find that phonon-assisted transitions dominate over the full
range of sizes. These results are compared to previous estimates in the effective-mass approximation and are
used to discuss available experimental data.
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Quantum dot$QD’s) can be considered as artificial atoms vides a very good fit to the phonon-dispersion curves of bulk
since their electronic spectrum consists of discrete atomicliksilicon. Finally, for each QD, we calculate the radiative re-
energy levels. Indeed when they are built from direct-gapcombination ratéV(hv) of photonshv as follows. We start
semiconductors, their low-temperature photoluminescencéom the usual expression for the dipolar transitfon:

(PL) is mainly characterized by sharp spikes with linewidth

lower than a few h_u_ndreds @feV, co_nf|rn_1|ng the atomiclike W(hv)= K.E p() (W] p| W )2 (1)
nature of the emitting stateThe situation becomes more i

complex for QD’s made from indirect-gap semiconductors, .. 4g.2621 ,/hmec?. |W;) and|¥;) are, respectively,
like silicon. The reason is that purely electronic optical tran-;

sitions in the gap region are strictly forbidden in the b(Kk T'::al a(ni()j izr:ﬁ:a Str?)tt?;bi(l)ift tg?oi{ite;]:iovr;"g} tﬁgei;\?t)il; Egate
selection rulgand only phonon-assisted transitions can eXiStandI:{ ig the refragtive inde¥< The erl)ve functions include the
In the corresponding QD’s however tlkeselection rule is )

brokerf and there is a size-dependent competition betweeﬁopr(]"n.ates of the eI_ectrons and DUCIEL Working within the
no-phonon and phonon-assisted transitions. This has be |al_3at|c approximation, the matrix element of the momen-
confirmed for nanocr%stalline porous silicowhere several um in (1) becomes
e_xpenmen;al st_ugnés show that ph_onon_—asssted transi- (WPl 1) = Cxil il pl ) o), (2)
tions remain efficient. On the theoretical side there only ex-
ists one model calculation due to HybertSbased on simple |xi) and|x) are the vibrational states of the system that are
effective-mass approximatio(EMA) that is too crude for built in the harmonic approximation from independent har-
small QD's® monic oscillators corresponding to each normal mQje

There is thus need for a more quantitative approach td hese oscillators are centered on the equilibrium configura-
these electron-phonon related phenomena. Due to its contions of the nuclei that are not the same in the excited state
plexity, such a calculation is far beyond the present possibiliand in the ground state. This is due to the lattice relaxation in
ties of ab initio theories for the range of interesting crystals the excited state induced by the transfer of an electron from
sizes(several nanometersOur aim is to demonstrate that it a valence state to a conduction state that tends to deform the
becomes feasible when using well-established semiempiricéttice® Thus, for each mod®); the electronic energies of
techniques like tight-bindingTB) and a valence force-field the excited states() and of the ground states{) are para-
model. We consider ideal hydrogenated silicon clusters andolic functions centered, respectively, Qj and ij. | i)
present results concerning the size dependence of the broaahd| ) in Eq.(2) are the electronic wave functions that can
ening of optical spectra and the relative strength of phononbe defined for any set of nuclear coordinateBecause each
assisted and no-phonon transitions. Contrary to what is usthormal mode gives a contribution of order\/m (Ref. 12
ally assumed we find that, for gap energies larger than 1.8\ is the number of atomswe expand the matrix element
eV, multiphonon effects in the low acoustic range becomg?2) to first order in the normal modes:
important and contribute to the broadening of the spectral
lines. Finally, our results are used to give a plausible inter-
pretation of the various experimental data of Refs. 6 and 9. (Wilp[¥)=(wilplum)olxilx) + 2 Aj(xilQ—Qjlxr)

The TB parameters are those discussed in Ref. 8 and pro- = 3)
vide a band gap size in good agreeménithin ~0.1 eV)
with previous works:'° The vibrational modes of the QD's whereA;=(3(y;|p| 1)/ 9Q;)o. The index 0 means that the
are calculated using a valence force-field mbttiat pro-  quantities are calculated at the equilibrium positions of the

3N

0163-1829/2001/64.9)/1934024)/$20.00 64 193402-1 ©2001 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 64 193402

final state. We now use the fact that the vibrational states are (i,nj]f,n))=~1—(n;+1/2)S;
products of 3 harmonic oscillators:
3N
. , i,n|f,n+1y=~n;+1V, (6)
b= T1 Gty @ (Elfny D= n 1V,
=1
wheren;(n/) is the number of phonons in modé¢;j’). The (i,n|f,n—1)~— \/n—j\/j

overlaps between two displaced harmonic oscillators can be

H H .12
expressed in terms of the quantitiés: where the quantitie§; are the so-called Huang-Rhys factors

_ P S,=V?.'2 All the other overlaps are of higher order. Using
Vi=- ij/2h(ij—Q})= Vl/Zﬁ‘*’J'3 ,9_Q.(8f_8i) 5  Eq. (6) and the transformatiij—ijz \/ﬁ/ij(a;'jJrafj)

J 0 in terms of the creation and annihilation operators and aver-
wherefiw; is the phonon energy in the mogleNoticing that  aging overn;, we obtain the following recombination rates
the quantities/; are of the order 1/3N, we havé? after straightforward algebra:

|
3N
no phonon: Wye~K (z//i|p|¢//f>o+;l V(2w VA2 7
one-phonon emissiortiw;):  W~K|{|p|s)oV;+ V(H/2w)) As?|{n;+ 1} 8
one-phonon absorptiofiw;):W~K — [(ii|p|)oV;+ V(72w Aj|n; 9

wheren;=[expfio; /kT)—1]"L. The heavy part of the work phonon absorption process is negligible and the recombina-
is the evaluation of the coupling coefficiemds andV; that  tion proceeds by phonon emission. We also plot on Fig. 1 the
are calculated numerically foeach mode j of the QD. PL spectrum below the no-phonon line calculated assuming
The optical matrix elements are calculated like in Ref.that the PL intensity is directly proportional to the recombi-
13 and the matrix elements of the Hamiltonian are madeation rate. It shows, in agreement with the EMA results of
dependent on the atomic positions following the rules of Refref. 7, that optical modes dominate and that the contribu-
14. tions from TA modes are smaller. However, there is a prob-
Figure 1 shoyvs the recompination ratesteK calculated ey associated with the direct use of E¢8) and (9) to
for a 2.85 nm diameter QD with respect to the energy of thg.y|cylate line shapes. This is connected with the fact that the

phonons involved in the transitions. At this temperature, the[Otal Huang-Rhys factoB=3 (27 +1)S; increases rapidly
B i j i

with decreasing sizéike N~1) and reaches a value close to

10+ .
1 for band gaps around 2 eV that means that multiphonon
103 processes become importaft-rom this point of view it is
e ' interesting to analyze the quantiBf# ) that is the sum of
:_?.‘ 10 . . all §; with Aw; <A w. Figure 1 shows thad(% w) has essen-
2 1. A o nerzymen | tially two contributions: one originating from low-frequency
§ acoustical modesi(w<<15meV) and a smaller one from the
o100 pe highest optical modes. The first one intuitively corresponds
R ﬂ” g to relaxation effects in the excitonic state, analyzed in Ref. 8.
101 . All this means that for small silicon QD’s formuldg)—(9)
0 S0 100 150 200 are no more valid.
Energy (meV)

The way to handle this problem can be easily analyzed at
FIG. 1. Radiative recombination rate at 4(k) with respectto T =0 K where only the processes given by E@&. and (8)

the energy of the phonon involved in the transition for a 2.85 nmSubsist. For the low acoustical modes we find that terms in

hydrogen-passivated QD. The dotted line shows in arbitrary unité\; are negligible so that we only retain termsvpthat result

the single cluster PL intensity assuming it is directly proportional tofrom the overlap factors. Thus each process given by &gs.

the recombination rate, neglecting acoustic phonons. The full lineand (8) has replica corresponding to the emission pof

shows the PL intensity including the broadening by the mul-phonons whose intensity is proportional to the total overlap

tiphonon effect. The insert shov®&7#w) as a function of the pho- between these acoustical modes, which using(Bqcan be

non energy. written as
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FIG. 2. Recombination rate as a function of the QD band gap: Energy (meV)

sum of no-phonon and phonon-assisted procegsgsno phonon
(HM); transitions assisted by optical phondns); by TA phonons
(m).

FIG. 3. Experimental resonant PL spectrum for an excitation
energy equal to 1.9 eVfull line) (Ref. 19 compared to the theo-
retical result for a hydrogen-passivated cluster witHdashed ling
or with (dotted ling enhancement of the no-phonon transition.

p
[T s Il (a-s. (100 for the gap vs size but also the fact that phonon-assisted
transitions dominate even for the smaller crystallites.

. ) , The comparison with the resonant PL experiments of
whereN, is the total number of low acoustic modes. As in Kovalev et al® performed on oxidized porous silicon is

Ref.dlz we nowﬁconsicigr th‘?/t tﬁe acous;ip mod(;s of mterf%uch less direct. Indeed it is well known that large strains
are degenerate &tw,~10 meV that according to the Inset of ., 4t the Si-SiQinterface resulting in some cases in the
Fig. 1 should be an excellent approximation. Summing all

o q Ut feed b o ; creation of surface defects like the=SD defect® or self-
independent contributionel0) at fixed p gives, orp<ﬁa trapped exciton&® The situation then becomes quite differ-

and §<1, a total relative intensity ,=(SP/p!)exp(=S)  ent from our ideal hydrogenated Si crystallite. Let us never-
where S, is the sum of allS, for these modes. This means theless try to make the comparison between the results of
that Egs.(7) and(8) are still valid but have replica g% w, Ref. 6 and those of Fig. 2. This leads to two conclusidis:
with relative intensityl ;. In other words the peaks corre- the calculation givedN,,/W,~10 in full agreement with
sponding to Eqgs(7) and (8) have to be broadened by the experiment;(ii) on the contrary, for gaps in the 1.8-2 eV
spectral functionl ,. This procedure directly applies to our range, our predicted values faW,q,/W are about 150
case T=4 K), but can be extended to higher temperature bytimes smallefnote however that there are strong oscillations
use of Bessel functions as shown in Ref. 12. in the theoretical values that can be larger than one order of
Figure 1 shows that the multiphonon broadening by themagnitude. The origin of such a difference must then be
low acoustical modes is substantial so that the total broaderascribed to the existence of strained interface regions in the
ing is large, of the order of 10's of meV for crystallites with oxidized samples. However it cannot be due to the deep de-
3 nm diameter. Thus the PL of small silicon Qilselow 4  fects mentioned earliefself-trapped exciton, S:O) since
nm) should not correspond to sharp spikes as for QD’s madéheir Stokes shift is by far too large'®to be observable in
of direct-gap semiconductors. Another important result ofresonant PL. One must then look for states with weaker lo-
our calculations is the relative strength of no-phonon andalization due to more or less distorted bonds in the vicinity
phonon-assisted transitions. These are plotted in Fig. 2 whe@f the interface region. This is quite similar to what happens
one sees that phonon-assisted transitions dominate over the theoretical descriptions of amorphous silicon. We have
whole range of sizes. We also obtain that the ratio of transishown recently/ that such distorted bonds are responsible
tion rates for one-phonon acoustical,. and optical pro- for the band tails of localized states @fSi that can extend
cessedN gy is Wopi/ Wy~ 10. over regions containing 10—100 atoms. Furthermore we have
Our results confirm some points of the EMA calculation calculated the corresponding radiative recombination rates
of Ref. 7:(i) the validity of the neglect of transverse acousticthat turn out to be in the £68-10°/sec rangé? i.e., ~100
processes(ii) the order of magnitude of phonon-assistedtimes larger than our values for ideal clusters.
processes with radiative raté~ 10— 1(°/sec for gaps in the To strengthen this conclusion let us use a simple EMA
1.8—2 eV range. On the other hand the no-phonon ktgs ~ argument. We consider a strained region resulting in a para-
are more difficult to compare due to strong oscillations vsbolic like central potential, attractive for electromsand
size. Our values seem nevertheless consistently smaller bytwlesh. This results in localized states with Gaussian enve-
factor of order less than 10 probably due to simplificationslope functions ¢.= ,=exp(—ar?), r being the distance
arising in the EMA treatment. Comparison with experimentfrom the potential extrema. We now use the argument devel-
is more delicate since our calculations correspond to ideabped in Ref. 7 that the zero-phonon and phonon-assisted pro-
hydrogen-terminated crystals. The closest experimental sitisesses, respectively, scalelgs | Yene™ o 'dv|? (wherek,
ation corresponds to the recent study of alkyl-terminated siliis the wave vector of one of the conduction band minima
con crystal of Ref. 9 that supports our findings: agreemenand | ;= [|¢e|?| ¢n|?dv. We obtainlo=exp(—k§/4a) andl
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=(af27)%2. In factl, represents a measure@f * whereQ) ~ 2.85 nm and gap 1.83 eV, and compared it to unpublished
is the volume over which the localized state extefithe  result$® of the authors of Ref. 6. These are obtained for a
same definition was used farSi in Ref. 17. We can inject sample with non resonant PL centered at 2.2 eV, the resonant
the valuea=27Q 2" to calculatel, vs Q. From Ref. 71,  PL being excited on the low-energy side at 1.9 eV. To get a
represent&\,q, in units of the rate for direct transitions, i.e., meaningful resonant PL spectrum we proceed in two steps:
10°/sec. We thus get (a) we calculatg the gap dependencga of each individual spec-
trum as resulting from a simple shift of the level structure
ké obtained for the QD of gap 1.83 e\) we convolute this by
Woor~10°/sec exlé - 8—92/3) (11)  the gap-distribution function taken from the nonresonant PL
a . .
of Ref. 6 under the form of a Gaussian reproducing correctly
which, for states localized or100 atoms, give a value of the low-energy side near 1.9 eV. The result of this procedure
order 10/sec exactly in the range calculated in Ref. 18 foris plotted on Fig. 3. This shows that the predicted curve with
a-Si. Wiop calculated for the ideal QD does not compare well with
Our view of the resonant PL of oxidized nanocrystals isexperiment. On the other hand if the relative valu&\gf,, is

thus that it is dominated by such transitions between localincreased by a factor-150 then the agreement becomes
ized states due to strained bonds. As discussed béfgggis  strikingly good.
drastically increased taking values much larger than for our In conclusion we have shown that it is possible to perform
ideal clusters. On the other hand this localization of the statemicroscopic calculations of the optical spectrum due to
does not affect the one-phonon rates too much since thgyhonon-assisted transitions in silicon crystallites of size up to
only vary asQ 1. To confirm this point of view we have 3 nm. We show that these always dominate over no-phonon
thus calculated the resonant PL spectrum for one QD of siz&ansitions.
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