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Photoexcitation of Si-Si surface states in nanocrystallites
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Intrinsic localized radiative surface states belonging to Si-Si dimers on the surface of silicon nanocrystallites
have been recently predicted. We examine the various photoexcitation pathways involved in populating these
molecular states. We include both direct excitation from the ground state and indirect excitation from the
photoexcited delocalized excitonic states via quantum tunneling and thermal activation. We determine the
absorption and excitation spectra and the quantum efficiency of the photoluminescence as a function of the
crystallite size. Our calculation gives a dramatic enhancement in the efficiency for sizes below a critical size of
about 1.4 nm[S0163-182(7)06528-4

Radiative surface-related states were suggésiedex-  one for absorption into the outer well via above-barrier ex-
plain the origin of the optical phenomenon in porouscitation and the other for double-well absorption into the
silicon?~" but there had been no information about their na-inner well of the excited state. These are schematically
ture or origin. Recently, the existence of intrinsic localizeddrawn in Fig. 1. We used a numerical matrix methaa
surface states in silicon nanocrystallftebat might behave determine the vibrational eigenstates and energies of the
as |uminescent Systems has been presented' It was dem(g"ound We” and the innel’ and outer We”S and the dOUb|e-
strated, using empirical tight-binding and first-principle well vibrations of the excited state. For the ground state, we
local-density calculations, that such states indeed exist under
the form of “self-trapped excitons,” at Si-Si dimers on the
surface of nanocrystallites. Those are stabilized because of '
the widening of the gap induced by the quantum confine- !
ment. It was shown that those states mostly exist on surfaces *
where the elastic response of the material is the weakest, and
for crystallites as small as possible. However, the mechanism »
for accessing and populating these states remained open. :

In this paper, we examine the various photoexcitation \ N

pathways involved in accessing and populating these mo- 4
lecular states. We include both direct excitation from the ; =N -
ground state and indirect excitation from the photoexcited
delocalized excitonic states via quantum tunneling and ther-
mal activation. We determine absorption and fluorescence
spectra and the quantum efficiency of the photolumines-
cence. Our calculation demonstrates a dramatic enhancement
in the efficiency for crystallite sizes below a critical size near
1.4 nm.

Figure 1 gives the partial energy-level diagrams of the
surface Si-Si dimer for a crystallite size of 1.03 nm corre-
sponding to 29 silicon atoms. The potential curves were cal-
culated by Allaret al. using two different techniques, a total-
energy semiemperical tight-binding technique, and a local- 1
density-approximation techniqfeThe diagram gives the
potentials of the ground state and the lowest excited state as \
a function of the dimer interatomic distance. It shows that the \ 4
ground state has an all-confining single well at the normal %-- -
tetrahedral interatomic distancé.35 A). The excited state .2 0.3 0.4
has an all-confining double well. The inner well corresponds d (nm)
to a normal nonradiative delocalized excited excitonic state
(2.35 A), while the outer well corresponds to a stabilized FiG. 1. Partial energy-level diagram of the surface dimers in
radiative trapped excitonic state at the normal next-nearest 03-nm crystallite showing the ground and the first excited elec-
neighbor interspacing3.85 A). tronic states. It schematically shows excitation into the inner well

We calculated the molecular vibrational structure and thejia double-well vibrational states, and above barrier excitation into
absorption, excitation, and fluorescence spectra of the 1.03xe outer well, along with emission from the double-well states and
nm-crystallite. We divided the procedure into two processesirom the relaxed single outer well.
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According to the Franck-Condon principle, the most prob-

4.4 able transition in absorption is that proceeding vertically up

2 from the minimum of the lower potential curve. The Einstein
- ' electronic transition probability in absorptids, takes the
3, 4 form
“S) >3 272 —, . 2
S B_3nz—80hz|Re| f‘l’vr‘l’vdr :

3.4 (a) D2 ; -

where|R,|* is the square of the average electronic transition

3.2 I I T e e TR I matrix element,i,,, and ¢, are the vibrational eigenfunc-

) ) ) ’ : ) ) ) tions of the upper and lower states, amds the refractive
d (nm) index. We calculated the absorption probability up to 6 eV.
We divided the procedure into two processes, one for absorp-
tion into the outer well and the other for double-well absorp-
tion into the inner well of the excited state. For excitation
into the outer well, Fig. 1 shows that the minimum of the

4.4 upper state lies at a much larger interatomic separétiok)

42 than that of the ground stat@.35 A). Thus, according to the
- Franck-Condon principle, transition from minimum to mini-
Z 4 mum is not possible. Direct excitation into the outer well
:;5 - must, therefore, proceed vertically from the bottom of the
5 well of the ground statéat R=2.35 A) to the upper excited
w36 vibrational states at the sarfe(see the extrapolation of the

potential curve of the outer well This excitation process,

3-4 (b) shown schematically in Fig. 1, proceeds at energies around

3.2 4.93 eV, that is, at energies above the top of the barrier. For

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 instance, the transition at 4.93 eV corresponds to excitation
d (nm) from thev =0 in the ground well ta)=110 in the extrapo-

lated outer well. For this case, the overlap maximizes with
FIG. 2. The double-well vibrational wave functid8,33 in a  the square of the overlap integral being 0.043. It is for this
1.03-nm crystallite(a) Bonding and(b) antibonding. vibrational level that we have the left turning point lie in the
neighborhood oR=2.35 A, the peak position of the ground
v=0 state. Other upper vibrational states contribute since
the extrapolated upper potential is steep and the wave func-
ion of v=0 ground state has a spread of about 0.2 A. Ex-

calculated the eigenfunctions and energies in the range
=0 to 125, giving, for example, 0.029, 0.078, 0.125, 0.170
0.215, 0.261, 0.306 eV for the energy of the lowest seve

vibrational levels(measured from the bottom of the well itation of the svstem can also proceed fromghel d
For the outer well of the excited state, we first extrapolateoCI ! SYS sopr r groun

the potential to small and large interatomic distances, angtat€ t0 high-lying levels. Because the maxima of the wave
then calculated the eigenfunctions and energies in the rangdnction ofv=1 state lie near the turning points, we expect
v=0 to 150, giving, for example, 3.209, 3.228, 3.247 eV foraPpreciable excitation to proceed near the two interatomic
the lowest three state@neasured from the bottom of the Separations corresponding to the two turning points. For in-
ground wel). The energy levels of the five lowest vibrational Stance, for photon excitation at 4.73 eV, the vibrational over-
states of the inner well are 3.470, 3.507, 3.545, 3.589, antp maximizes to a value of 0.031 for=98. On the other
3.634 eV. hand, for excitation at 5.05 eV, the vibrational overlap maxi-
As a result of tunneling, the system exhibits double-wellmizes to 0.031 forv=124. Other upper vibrational states
vibrations in the excited state. Those vibrations were als@lso contribute but to a lesser degree.
calculated. Some of the lowest eigenstate® () are(0,14), Let us now consider the double-well excitation to the nor-
(1,17, (2,18, (3,21, (4,23, (5,26, (6,29, (7,31, (8,33, mal delocalized excited excitonic state, i.e., into the inner
(9,35, and (10,37 wherev andv’ designate the vibrational well of the excited state. The minimum of the upper well
quantum numbers of the inner and outer wells, respectivelyoccurs at 2.35 A; thus it lines up with the minimum of the
The ground state of this double-well series lies at the bottonground-state well. Moreover, the widths of the two wells
of the inner well. We calculated the energies for both thecompare well. Thus, the low-lying levels of the two are simi-
bonding and antibonding wave functions of these states frortar. Differences due to the anharmonicity are important for
which one can determine the temporal behavior in the doubléevels withv >5. Therefore, the most probable excitation is
well. These states can be excited from the0 ground state from v =0 of the ground well to the lowest double-well state
at photon excitation energy of 3.440, 3.477, 3.516, 3.560(0,14 at a resonance photon energy of 3.44 eV. The square
3.605, 3.649, and 3.691 eV, respectively. For example, Fig. &f the vibrational overlap for this channel is 0.99. The rest of
shows the (8,33 bonding and antibonding double-well the excitations fronv =0 of the ground well to all of the
states. The energy splitting of the states is X80 °© eV, upper double-well vibrational levels combined add only to
which gives 0.2 ns for the oscillation period between the two0.01, as expected from sum rules. Because the upper and
constituent wells. lower wells have nearly identical low-lying structure, then
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FIG. 3. The transition probability in absorption for photon ex-
citation in the range 0-6 e\&olid) for the 1.03-nm anddashegl
for the 1.67-nm crystalites.

for photon energy of 3.44 eV, resonance excitation com-
mences from the excited states of the ground well. For in-
stance, the square of the overlap integrals fioml to the
v=0, 1, 2, and 3 of the upper state are 0.000 07, 0.972,
0.010, and 0.016. Thus the contribution of the 1-1 transition
is the dominating one. Similarly excitation from= 2 will be
dominated by the 2-2 transition with a contribution of 0.959.
Averaging over the thermal population of the ground state d (nm)
gives nearly an over]ap of unity. This effecuvgly means that FIG. 4. Partial energy-level diagram of the surface dimers in
most of the population of the ground state is available for,

wcitation to th r inner well at near unity overlap int 1.67-nm crystallite showing the ground and the first excited elec-
grgl ation to the uppe er well al near unity overiap e'tronic states. It shows excitation into the inner well and above-

. . L. ... . barrier excitation into the outer well, along with emission from the
Flgur_e 3 gives th_e results for t_he _transmon probability in double-well states and from the relaxed single outer well.
absorption as function of the excitation photon energy up to

6 eV. The spectrum exhibits a strong sharp isolated peak abnstituent wells. But these states do not lie at the bottom of
3.44 eV in addition to a wider but weaker peak in the rangethe inner well, and therefore cannot be excited strongly from
4.7-5.2 eV. The sharp peak results from double-well excitathe vibrational ground state of the ground-state well. Strong
tion into the inner well. The wide peak is actually composedexcitation proceeds to the=0 and 1 in the bottom of the
of three overlapping progressions of peaks, effectively prosingle inner well of the excited state. The results of the cal-
ducing a near continuum. They are a result of above theulation for the absorption as a function of the photon energy
barrier excitation directly into the outer well. We plotted the of the excitation in the energy range up to 6 eV are presented
envelope of the sum of the progressions instead of their inabove in Fig. 3 for convenient comparison with those for the
dividual vibrational states to avoid confusion. The absorptionl.03-nm size. The spectrum shows a single large sharp peak
probability was thermally averaged with= 300 K. at 2.67 eV due to absorption into the inner well, in addition
We performed similar calculations for a larger crystallite.to three overlapping weaker progressions of peaks in the
Figure 4 shows the energy-level diagram of the dimer in aange 3.38—3.61 eV that effectively produce a near con-
crystallite of 1.67 nm corresponding to 123 atoms. The potinuum. The progressions are a result of excitation above the
tential curves were calculated by Allat al® For this size, barrier directly into the outer well. Thus, compared to the
the double-well statesv(v’) are found to be6,0), (7,4), results of the small crystallite, the spectrum as a whole ex-
(8,8, (9,12, and (10,16 wherev andv’ designate the vi- hibits a redshift. In addition, there is an increase in the peak
brational quantum numbers of the inner and outer wells, reheight and narrowing of the width of the continuum peak.
spectively. It is to be noted that, unlike the case of the The photoluminescence activity of the system is governed
1.03-nm crystallite, the ground state of the double-well serieby both the outer and inner wells. Thus to investigate the
lies at the bottom of the outer well, considerably above theemission and the quantum efficiency, we determine the over-
bottom of the inner well. For each state, we calculated thall population in the individual wells. For this, we determine
splitting of the bonding and antibonding wave functions. Thethe coupling between the two wells. The two are coupled by
first five double well states can be excited from the0  temperature activation and by quantum-mechanical tunneling
ground state at photon excitation energy of 2.973, 3.014effects(double-well oscillations We will first consider ex-
3.055, 3.096, and 3.137 eV, respectively. For example, Fig. Bitation into the inner well. Let us consider now the single-
shows the (10,16 bonding and antibonding double-well well vibrations. For two wells of fractional populatioms;
states. The energy difference of the states is<1.0 ° eV, and N,, thermal equilibrium at temperatufE is achieved
which gives 0.2 ns for the oscillation period between the twowhenN; y;=N,y, where y=fe (V"BVKT E is the energy
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700s,7s,69ms, 0.74 ms, 33, 0.7us, 0.041us, 2.03 ns,
3.3 0.21 ns, 0.0164 ns, and 0.002 77 ns.
- As to the 1.67-nm size whergs=0.27 eV, andf,/f,
< =4, N, is found to be nearly unityN,~ 10 °); that is, the
i"; 3.1 radiating states in the outer well are nearly empty. This
& 3 shows a large enhancement in the population efficiency of
5 the smaller crystallites over the larger ones when excited in
29 the inner well.
2. g () Let us now consider above barrier excitation directly into
the outer well. In the case of the 1.03-nm crystallite, the
ST ST 035 0.4 045 0.5 0.55 strength of the above barrier excitation€.33 of the inner
d (nm) well excitation as seen in Fig. 3. The high-lying vibrational
levels will relax into the bottom of the outer well and the
double-well states. Since the double-well vibrations lie at
3 3 higher energy than the single-well vibrations we expect some
branching ratio into those vibrations. Those cascading into
3.2 the bottom of the well will stay frozen. The double-well
% 31 vibrations will oscillate between the two wells. Thus, most of
g the population will be available for emission from the outer
2 03 well.
5 For the 1.67-nm crystallite, the strength of the above bar-
2.9 . L . o
rier excitation is~0.54 of the inner-well excitation as seen
2.8 (b in Fig. 3. The high-lying vibrational levels will relax into the
- single- and double-well vibrations of the outer well. In this
""" 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 crystallite, both the single-well and double-well vibrations

lie at the bottom of the well which might drastically reduce
the double-well branching ratio in favor of single-well vibra-
FIG. 5. The double-well vibrational wave functi¢h0,16 in a  tions. Those cascading into the single outer-well vibrations
1.67-nm Crysta”ite(a) Bonding and(b) an’[ibonding_ W|” be Unstable and W|” be thermalized intO the inner We”
since the inner is the most stable of the two. The time dura-
tion for thermal activation for thé€6,0), (7,4), (8,8), (9,12
(10,16, and (11,20 double-well states are found to be 3.6
ns, 0.73 ns, 0.144 ns, 29 ps, 6.5 ps, and 1.46 ps, respectively.
However, the double-well vibration which, here, lies near the
bottom of the well, allows some of the population from the
direct excitation to oscillate between the two wells, prevent-
Np=(f1/f,)e 9KT/[ 1+ (f,/f,)e 9s/kT] ing thermalization into the bottom of the inner well where
they become inaccessible for radiative emission. The tunnel-
wheregs=V,,»,— V1 is the energy difference of the vibra- ing time for those states is found to be 99 ms, 2.04 ms, 2.59
tional ground states of the upper wells or, for nearly compawus, 13.6 ns, 0.207 ns, and 0.003 ns, respectively. The ratio of
rable wells, is the difference between the bottom of the twahe thermal population in the inner and outer wells due to
wells (the gap between the two wellsf; and f, are the double-well vibrations converges to a value of 4.0, the ratio
vibrational frequencies in the wells, adhy=1—N,. For of vibration frequency in the two wells. Thus, weak but
cystallite size of 1.03 nm whergs= —0.25 eV, andf,/f, larger population than what is expected from thermalization
=2,N, is found to be nearly unityN;~4.5x107°). There-  alone results from the direct excitation.
fore, thermalization of the two single wells results in the total ~ Since experimental conditions may involve a distribution
population being effectively in the outer well, i.e., the popu- of crystallite sizes, it is interesting to discuss other crystallite
lation of the inner well has been completely transferred tosizes. First the absorption is expected to be dominated by
the outer well. excitation in the inner well. But the most drastic difference in
The duration needed for the thermal transfer from the inthe efficiency of population of the outer well between large
ner well to the outer well via a certain level of enefgyis  and small crystallites is a direct outcome of the relative po-
determined from its activation rate and the thermal populasition of the minimum of the inner and outer wells, governed
tion. The thermal activation from the various vibrational lev- by gg the stability gap. Since we expeags to vary with size,
els of the inner well to the outer well is calculated to be 2.5,we examineN, as a function ofgs for both gg larger than
0.438, and 0.08Ls for the lowest three levels=0, 1, and zero and less than zefpe., as a function of sizeFor large
2, respectively. The next levels=3, 4, 5, and 6, fall in the crystallites, the inner well lies below the outer ongs(
nanosecond regime: 13, 2.2, 0.39, and 0.07 ns, respectively0), thus its population is stable against that of the outer
As to the double-well vibrations, tunnelingn the 1.03  well. Thermalization tends to transfer the population from
nm sizg, the population will exhibit oscillations between the the outer well and freeze nearly all of the combined popula-
two wells. The period of the oscillation, calculated from thetion into the inner one whether the excitation was achieved
splitting of the bonding and antibonding states, is found to belirectly in the inner well or into the outer well. However, it

d (nm)

of the ground vibrational staté,is the frequency of oscilla-
tion, andV is the barrier height. The equilibrium fractional
populations resulting from thermalization are given by the
following transfer function:
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is not a complete runaway condition. Double-well vibrations 12
resulting from tunneling between the outer and inner wells, if
excited during the relaxation, would keep some population 19
oscillating between the two wells. This fraction of the popu-
lation will then be available for emission from the outer well. 5
As the size is decreased below 1.67 nm, both wells rise to;;
higher energies due to the confinement effects; the inner well %}
rises faster than the outer well, and thus the gap between the§
well minima will decrease. At a certain size, the inner well
catches up with the outer one agglvanishes. At this critical 2
size, the ground state of the double-well series lie at the
bottom of both wells, and the quantum-mechanical tunneling  ©
channel opens up from the inner to the outer well. Interme-
diate size crystallite potentials are not currently available, so Energy (=V)
we cannot determine the exact critical size. However, we
conjecture that it is for a crystallite with the number of sur-
face and bulk atoms nearly equal. From fcc crystal structur(%
and the result for the 29 atom crystalfitee project that the

3

0.5 1 1.5 2 2.5

FIG. 6. Normalized emission spectfaolid) from a 1.03-nm
rystallite excited in the double-well vibrations at photon energy of
.5 eV, and(dashed the otherwise much weaker from a 1.67-nm

tabilit b in th 70 to 60 at crystallite for above the barrier excitation at photon energy of 3.5
stability gap becomes z€ro In the range o atoms €Oy, The high-lying vibrational levels will relax into the bottom of
responding to a diameter of about 1.4 fhihis remains to the outer well and the double-well states.

be tested by accurate calculations. For further size reduction,

the stability gap becomes negative and grows in magr"t“diopulation, direct or through the inner well, and on mixing

rocesses. Figure 6 gives the emission as a function of en-
rgy of the emitted photons for the 1.03 nm crystallite for
excitation in the double-well vibrations at 3.4 eV. We used
20:10 branching ratio for the double-well to single-well con-
Ytribution for illustration. The low-energy band emanates
3%om the thermal distribution of the single outer well and

if the material has changed from an indirect-gap to a SOMegyands from 0.5 to 1.5 eV. The higher-energy band extends
what direct-gap material. We should mention here that Othefrom 0.8 to 2.2 eV. It corresponds to emission from high-

interesting effects have bee_n_predi_cted recently when the Si%ﬁing double-well states at the left turning point. Emission at
of crystalht(_e.drops. belgw _cr|t|cal SIZES. Based on symmetry e right turning points is expected to be extremely weak.
bel_ow a C”“C?" size, indirect sem|cor_1du.ctors become IeSSrhe corresponding results of the 1.67-nm-size crystal are
indirect a_nd dl_rect ones may beCOF‘?e |r_1d|r3e1ct_. . shown in Fig. 6 for excitation in the outer well at 3.5 eV
The Einstein t.rans[tlon probablhty In e_m|55|oh and (excitation in the inner well does not contributégain we
therefore, the emitted intensity can be obtained from the exged 90:10 for the branching ratio. First we note, that the
pression 1.67-nm crystallite has a drastically lower intensity com-
pared to that from the 1.03-nm crystallite. We normalized the
otherwise weaker emission from the 1.67-nm crystallite to
' that of the 1.03-nm crystallite, because the absolute emission
depends on unknown cascading branching ratio. Second, the
wherev is the frequency of the emitted photon. The intensitydouble-well and the single-well emission bands overlap be-
of the spectral line in emissioh,,=NA hv whereN is the  cause the outer well lies at higher energy than the inner one.
number of emitting states. The overlap integrals are evaluThe emission extends from 0.4 to 1.8 eV. Thus, the emission
ated for transition between the vibrational levels of the outewidens from a range of 0.4—1.8 eV in the larger crystal to the
well v’ and the vibrational levels of the ground weill range of 0.5—2.2 eV for the smaller one, and exhibits a blue-
Emission commences from both the states of the double wehift of 0.4 eV.
and from the states of the outer well. For the 1.03-nm crys- It is to be noted that the first excited electronic state is the
tallite, the states of the double-well initially populated areonly state known for these dimers at this time. It would be
(0,149 and(1,17. These are the lowest states. Thermalizationinteresting to calculate the potential curves of the higher-
of the double-well results in some migration of the popula-lying states. Excitation to such states using single photon
tion to even higher states. Thermal and nonlinear processexcitation is expected to be in the vacuum ultraviolet. Exci-
may also decouple the system whereby the system begins tation, however, can proceed at lower wavelengths via
oscillate at the single-well vibrations. In this case, thermali-higher-order radiative processes: multiphoton or multistep
zation will bring the population of the vibrational levels of excitation using high-intensity laser radiation. Direct emis-
the excited molecules of the double-well regions to the resion from those states would be beyond the acceptance of
gion near the band edgésottom of the outer wellin atime  visible radiation detectors. However, cascading processes to
scale of 1 ps. the lowest excited state would contribute to the visible/IR
Thus, we expect emission from the thermal double-wellsignals. Therefore, in the absence of such information on the
distribution and from the thermal single outer-well distribu- high-lying excited states, the validity of this calculation is
tion. The branching ratio may depend on the origin of therestricted to photon energy less than 6 eV and to lower in-

and the outer well becomes the most stable of the two. Thu
the transfer from inner to outer continues to build up strengt
with the size reduction, eventually attaining an efficiency of
unity. At the critical size, the nature of the material change
dramatically. The material becomes highly active opticall
with an enhancement of several orders of magnitude. It is

167%13n — 2
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tensity. As to the vibrational structure, we used excitation toabilities, application of the transfer function, integration over
a single vibrational level, but in an experiment with radiationthe excitation bandwidth, and sum over the size distribution
of finite bandwidth, several levels might be simultaneouslyto yield excitation and fluorescence spectra for comparison
excited. However, at room temperature, thermal effectsvith experiment.
would mix the levels on a picosecond time scale, much faster In conclusion, we calculated the various photoexcitation
than the transfer time between the wells and the emissiopathways involved in populating the molecular states. We
lifetime. Thus for excitation using lamps or using continuousincluded both direct excitation from the ground state and
wave coherent laser radiation, the contribution of the variousndirect excitation from the photoexcited delocalized exci-
excited vibrational levels can be incoherently summed overtonic states via quantum tunneling and thermal activation.
At lower temperatures, or when examining short-time pro-We determined the absorption and emission spectra and the
cesses on the subpicosecond regime, the treatment must geantum efficiency of the photoluminescence in crystallites
modified if several levels are coherently excited. of sizes less than 2 nm. Our calculation gives a dramatic
Finally, these results can be used to generate spectra fenhancement in the efficiency for sizes below about 1.4 nm.
real experimental situations. Experimental spectra involvet is as if the material has changed from an indirect-gap to a
distributions of crystallite sizes. In this case, one needs talirect-gap material. Most experiments dealing with effects in
calculate all the potential curves for all sizes available in thecrystallites have so far used sizes in the range of 2—4 nm,
distribution followed by calculations of the transition prob- outside the range considered here.
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