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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.@S0163-1829~97!06528-4#
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Radiative surface-related states were suggested1 to ex-
plain the origin of the optical phenomenon in poro
silicon,2–7 but there had been no information about their n
ture or origin. Recently, the existence of intrinsic localiz
surface states in silicon nanocrystallites8 that might behave
as luminescent systems has been presented. It was de
strated, using empirical tight-binding and first-princip
local-density calculations, that such states indeed exist u
the form of ‘‘self-trapped excitons,’’ at Si-Si dimers on th
surface of nanocrystallites. Those are stabilized becaus
the widening of the gap induced by the quantum confi
ment. It was shown that those states mostly exist on surfa
where the elastic response of the material is the weakest,
for crystallites as small as possible. However, the mechan
for accessing and populating these states remained ope

In this paper, we examine the various photoexcitat
pathways involved in accessing and populating these
lecular states. We include both direct excitation from t
ground state and indirect excitation from the photoexci
delocalized excitonic states via quantum tunneling and th
mal activation. We determine absorption and fluoresce
spectra and the quantum efficiency of the photolumin
cence. Our calculation demonstrates a dramatic enhance
in the efficiency for crystallite sizes below a critical size ne
1.4 nm.

Figure 1 gives the partial energy-level diagrams of
surface Si-Si dimer for a crystallite size of 1.03 nm cor
sponding to 29 silicon atoms. The potential curves were
culated by Allanet al.using two different techniques, a tota
energy semiemperical tight-binding technique, and a loc
density-approximation technique.8 The diagram gives the
potentials of the ground state and the lowest excited stat
a function of the dimer interatomic distance. It shows that
ground state has an all-confining single well at the norm
tetrahedral interatomic distances~2.35 Å!. The excited state
has an all-confining double well. The inner well correspon
to a normal nonradiative delocalized excited excitonic st
~2.35 Å!, while the outer well corresponds to a stabiliz
radiative trapped excitonic state at the normal next-near
neighbor interspacing~3.85 Å!.

We calculated the molecular vibrational structure and
absorption, excitation, and fluorescence spectra of the 1
nm-crystallite. We divided the procedure into two process
560163-1829/97/56~4!/2079~6!/$10.00
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one for absorption into the outer well via above-barrier e
citation and the other for double-well absorption into t
inner well of the excited state. These are schematic
drawn in Fig. 1. We used a numerical matrix method9 to
determine the vibrational eigenstates and energies of
ground well and the inner and outer wells and the doub
well vibrations of the excited state. For the ground state,

FIG. 1. Partial energy-level diagram of the surface dimers
1.03-nm crystallite showing the ground and the first excited el
tronic states. It schematically shows excitation into the inner w
via double-well vibrational states, and above barrier excitation i
the outer well, along with emission from the double-well states a
from the relaxed single outer well.
2079 © 1997 The American Physical Society
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2080 56MUNIR H. NAYFEH, NIKOLAOS RIGAKIS, AND ZAIN YAMANI
calculated the eigenfunctions and energies in the rangv
50 to 125, giving, for example, 0.029, 0.078, 0.125, 0.1
0.215, 0.261, 0.306 eV for the energy of the lowest se
vibrational levels~measured from the bottom of the well!.
For the outer well of the excited state, we first extrapola
the potential to small and large interatomic distances,
then calculated the eigenfunctions and energies in the ra
v50 to 150, giving, for example, 3.209, 3.228, 3.247 eV
the lowest three states~measured from the bottom of th
ground well!. The energy levels of the five lowest vibration
states of the inner well are 3.470, 3.507, 3.545, 3.589,
3.634 eV.

As a result of tunneling, the system exhibits double-w
vibrations in the excited state. Those vibrations were a
calculated. Some of the lowest eigenstates (v,v8) are~0,14!,
~1,17!, ~2,18!, ~3,21!, ~4,23!, ~5,26!, ~6,28!, ~7,31!, ~8,33!,
~9,35!, and~10,37! wherev andv8 designate the vibrationa
quantum numbers of the inner and outer wells, respectiv
The ground state of this double-well series lies at the bot
of the inner well. We calculated the energies for both
bonding and antibonding wave functions of these states f
which one can determine the temporal behavior in the dou
well. These states can be excited from thev50 ground state
at photon excitation energy of 3.440, 3.477, 3.516, 3.5
3.605, 3.649, and 3.691 eV, respectively. For example, Fi
shows the ~8,33! bonding and antibonding double-we
states. The energy splitting of the states is 9.8431026 eV,
which gives 0.2 ns for the oscillation period between the t
constituent wells.

FIG. 2. The double-well vibrational wave function~8,33! in a
1.03-nm crystallite.~a! Bonding and~b! antibonding.
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According to the Franck-Condon principle, the most pro
able transition in absorption is that proceeding vertically
from the minimum of the lower potential curve. The Einste
electronic transition probability in absorptionB, takes the
form

B5
2p2

3n2«0h
2 uR̄eu2U E Cv8

* CvdrU2,
whereuR̄eu2 is the square of the average electronic transit
matrix element,cv8 and cv are the vibrational eigenfunc
tions of the upper and lower states, andn is the refractive
index. We calculated the absorption probability up to 6 e
We divided the procedure into two processes, one for abs
tion into the outer well and the other for double-well abso
tion into the inner well of the excited state. For excitatio
into the outer well, Fig. 1 shows that the minimum of th
upper state lies at a much larger interatomic separation~4 Å!
than that of the ground state~2.35 Å!. Thus, according to the
Franck-Condon principle, transition from minimum to min
mum is not possible. Direct excitation into the outer w
must, therefore, proceed vertically from the bottom of t
well of the ground state~atR52.35 Å! to the upper excited
vibrational states at the sameR ~see the extrapolation of th
potential curve of the outer well!. This excitation process
shown schematically in Fig. 1, proceeds at energies aro
4.93 eV, that is, at energies above the top of the barrier.
instance, the transition at 4.93 eV corresponds to excita
from thev50 in the ground well tov5110 in the extrapo-
lated outer well. For this case, the overlap maximizes w
the square of the overlap integral being 0.043. It is for t
vibrational level that we have the left turning point lie in th
neighborhood ofR52.35 Å, the peak position of the groun
v50 state. Other upper vibrational states contribute si
the extrapolated upper potential is steep and the wave fu
tion of v50 ground state has a spread of about 0.2 Å. E
citation of the system can also proceed from thev51 ground
state to high-lying levels. Because the maxima of the wa
function ofv51 state lie near the turning points, we expe
appreciable excitation to proceed near the two interato
separations corresponding to the two turning points. For
stance, for photon excitation at 4.73 eV, the vibrational ov
lap maximizes to a value of 0.031 forv598. On the other
hand, for excitation at 5.05 eV, the vibrational overlap ma
mizes to 0.031 forv5124. Other upper vibrational state
also contribute but to a lesser degree.

Let us now consider the double-well excitation to the n
mal delocalized excited excitonic state, i.e., into the inn
well of the excited state. The minimum of the upper w
occurs at 2.35 Å; thus it lines up with the minimum of th
ground-state well. Moreover, the widths of the two we
compare well. Thus, the low-lying levels of the two are sim
lar. Differences due to the anharmonicity are important
levels withv.5. Therefore, the most probable excitation
from v50 of the ground well to the lowest double-well sta
~0,14! at a resonance photon energy of 3.44 eV. The squ
of the vibrational overlap for this channel is 0.99. The rest
the excitations fromv50 of the ground well to all of the
upper double-well vibrational levels combined add only
0.01, as expected from sum rules. Because the upper
lower wells have nearly identical low-lying structure, the
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56 2081PHOTOEXCITATION OF Si-Si SURFACE STATES IN . . .
for photon energy of 3.44 eV, resonance excitation co
mences from the excited states of the ground well. For
stance, the square of the overlap integrals fromv51 to the
v50, 1, 2, and 3 of the upper state are 0.000 07, 0.9
0.010, and 0.016. Thus the contribution of the 1-1 transit
is the dominating one. Similarly excitation fromv52 will be
dominated by the 2-2 transition with a contribution of 0.95
Averaging over the thermal population of the ground st
gives nearly an overlap of unity. This effectively means th
most of the population of the ground state is available
excitation to the upper inner well at near unity overlap in
gral.

Figure 3 gives the results for the transition probability
absorption as function of the excitation photon energy up
6 eV. The spectrum exhibits a strong sharp isolated pea
3.44 eV in addition to a wider but weaker peak in the ran
4.7–5.2 eV. The sharp peak results from double-well exc
tion into the inner well. The wide peak is actually compos
of three overlapping progressions of peaks, effectively p
ducing a near continuum. They are a result of above
barrier excitation directly into the outer well. We plotted th
envelope of the sum of the progressions instead of their
dividual vibrational states to avoid confusion. The absorpt
probability was thermally averaged withT5300 K.

We performed similar calculations for a larger crystalli
Figure 4 shows the energy-level diagram of the dimer i
crystallite of 1.67 nm corresponding to 123 atoms. The
tential curves were calculated by Allanet al.8 For this size,
the double-well states (v,v8) are found to be~6,0!, ~7,4!,
~8,8!, ~9,12!, and ~10,16! wherev and v8 designate the vi-
brational quantum numbers of the inner and outer wells,
spectively. It is to be noted that, unlike the case of
1.03-nm crystallite, the ground state of the double-well se
lies at the bottom of the outer well, considerably above
bottom of the inner well. For each state, we calculated
splitting of the bonding and antibonding wave functions. T
first five double well states can be excited from thev50
ground state at photon excitation energy of 2.973, 3.0
3.055, 3.096, and 3.137 eV, respectively. For example, Fi
shows the ~10,16! bonding and antibonding double-we
states. The energy difference of the states is 1.031025 eV,
which gives 0.2 ns for the oscillation period between the t

FIG. 3. The transition probability in absorption for photon e
citation in the range 0–6 eV~solid! for the 1.03-nm and~dashed!
for the 1.67-nm crystalites.
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constituent wells. But these states do not lie at the bottom
the inner well, and therefore cannot be excited strongly fr
the vibrational ground state of the ground-state well. Stro
excitation proceeds to thev50 and 1 in the bottom of the
single inner well of the excited state. The results of the c
culation for the absorption as a function of the photon ene
of the excitation in the energy range up to 6 eV are presen
above in Fig. 3 for convenient comparison with those for t
1.03-nm size. The spectrum shows a single large sharp p
at 2.67 eV due to absorption into the inner well, in additi
to three overlapping weaker progressions of peaks in
range 3.38–3.61 eV that effectively produce a near c
tinuum. The progressions are a result of excitation above
barrier directly into the outer well. Thus, compared to t
results of the small crystallite, the spectrum as a whole
hibits a redshift. In addition, there is an increase in the p
height and narrowing of the width of the continuum peak

The photoluminescence activity of the system is govern
by both the outer and inner wells. Thus to investigate
emission and the quantum efficiency, we determine the o
all population in the individual wells. For this, we determin
the coupling between the two wells. The two are coupled
temperature activation and by quantum-mechanical tunne
effects~double-well oscillations!. We will first consider ex-
citation into the inner well. Let us consider now the sing
well vibrations. For two wells of fractional populationsN1
andN2 , thermal equilibrium at temperatureT is achieved
whenN1g15N2g2 whereg5 f e2(V2E)/kT, E is the energy

FIG. 4. Partial energy-level diagram of the surface dimers
1.67-nm crystallite showing the ground and the first excited el
tronic states. It shows excitation into the inner well and abo
barrier excitation into the outer well, along with emission from t
double-well states and from the relaxed single outer well.
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2082 56MUNIR H. NAYFEH, NIKOLAOS RIGAKIS, AND ZAIN YAMANI
of the ground vibrational state,f is the frequency of oscilla-
tion, andV is the barrier height. The equilibrium fractiona
populations resulting from thermalization are given by t
following transfer function:

N25~ f 1 / f 2!e
2gS /kT/@11~ f 1 / f 2!e

2gS /kT#

wheregS5Vm22Vm1 is the energy difference of the vibra
tional ground states of the upper wells or, for nearly com
rable wells, is the difference between the bottom of the t
wells ~the gap between the two wells!, f 1 and f 2 are the
vibrational frequencies in the wells, andN1512N2 . For
cystallite size of 1.03 nm wheregS520.25 eV, andf 1 / f 2
52,N2 is found to be nearly unity (N1;4.531025). There-
fore, thermalization of the two single wells results in the to
population being effectively in the outer well, i.e., the pop
lation of the inner well has been completely transferred
the outer well.

The duration needed for the thermal transfer from the
ner well to the outer well via a certain level of energyE is
determined from its activation rate and the thermal popu
tion. The thermal activation from the various vibrational le
els of the inner well to the outer well is calculated to be 2
0.438, and 0.081ms for the lowest three levelsv50, 1, and
2, respectively. The next levels,v53, 4, 5, and 6, fall in the
nanosecond regime: 13, 2.2, 0.39, and 0.07 ns, respecti

As to the double-well vibrations, tunneling~in the 1.03
nm size!, the population will exhibit oscillations between th
two wells. The period of the oscillation, calculated from t
splitting of the bonding and antibonding states, is found to

FIG. 5. The double-well vibrational wave function~10,16! in a
1.67-nm crystallite.~a! Bonding and~b! antibonding.
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700 s, 7 s, 69 ms, 0.74 ms, 30ms, 0.7ms, 0.041ms, 2.03 ns,
0.21 ns, 0.0164 ns, and 0.002 77 ns.

As to the 1.67-nm size wheregS50.27 eV, andf 1 / f 2
54, N1 is found to be nearly unity (N2;1025); that is, the
radiating states in the outer well are nearly empty. T
shows a large enhancement in the population efficiency
the smaller crystallites over the larger ones when excited
the inner well.

Let us now consider above barrier excitation directly in
the outer well. In the case of the 1.03-nm crystallite, t
strength of the above barrier excitation is;0.33 of the inner
well excitation as seen in Fig. 3. The high-lying vibration
levels will relax into the bottom of the outer well and th
double-well states. Since the double-well vibrations lie
higher energy than the single-well vibrations we expect so
branching ratio into those vibrations. Those cascading i
the bottom of the well will stay frozen. The double-we
vibrations will oscillate between the two wells. Thus, most
the population will be available for emission from the out
well.

For the 1.67-nm crystallite, the strength of the above b
rier excitation is;0.54 of the inner-well excitation as see
in Fig. 3. The high-lying vibrational levels will relax into th
single- and double-well vibrations of the outer well. In th
crystallite, both the single-well and double-well vibration
lie at the bottom of the well which might drastically reduc
the double-well branching ratio in favor of single-well vibra
tions. Those cascading into the single outer-well vibratio
will be unstable and will be thermalized into the inner we
since the inner is the most stable of the two. The time du
tion for thermal activation for the~6,0!, ~7,4!, ~8,8!, ~9,12!
~10,16!, and ~11,20! double-well states are found to be 3
ns, 0.73 ns, 0.144 ns, 29 ps, 6.5 ps, and 1.46 ps, respecti
However, the double-well vibration which, here, lies near t
bottom of the well, allows some of the population from th
direct excitation to oscillate between the two wells, preve
ing thermalization into the bottom of the inner well whe
they become inaccessible for radiative emission. The tun
ing time for those states is found to be 99 ms, 2.04 ms, 2
ms, 13.6 ns, 0.207 ns, and 0.003 ns, respectively. The rati
the thermal population in the inner and outer wells due
double-well vibrations converges to a value of 4.0, the ra
of vibration frequency in the two wells. Thus, weak b
larger population than what is expected from thermalizat
alone results from the direct excitation.

Since experimental conditions may involve a distributi
of crystallite sizes, it is interesting to discuss other crystal
sizes. First the absorption is expected to be dominated
excitation in the inner well. But the most drastic difference
the efficiency of population of the outer well between lar
and small crystallites is a direct outcome of the relative p
sition of the minimum of the inner and outer wells, govern
by gS the stability gap. Since we expectgS to vary with size,
we examineN2 as a function ofgS for both gS larger than
zero and less than zero~i.e., as a function of size!. For large
crystallites, the inner well lies below the outer one (gS
.0), thus its population is stable against that of the ou
well. Thermalization tends to transfer the population fro
the outer well and freeze nearly all of the combined popu
tion into the inner one whether the excitation was achiev
directly in the inner well or into the outer well. However,
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56 2083PHOTOEXCITATION OF Si-Si SURFACE STATES IN . . .
is not a complete runaway condition. Double-well vibratio
resulting from tunneling between the outer and inner wells
excited during the relaxation, would keep some populat
oscillating between the two wells. This fraction of the pop
lation will then be available for emission from the outer we
As the size is decreased below 1.67 nm, both wells rise
higher energies due to the confinement effects; the inner
rises faster than the outer well, and thus the gap between
well minima will decrease. At a certain size, the inner w
catches up with the outer one andgS vanishes. At this critical
size, the ground state of the double-well series lie at
bottom of both wells, and the quantum-mechanical tunne
channel opens up from the inner to the outer well. Interm
diate size crystallite potentials are not currently available
we cannot determine the exact critical size. However,
conjecture that it is for a crystallite with the number of su
face and bulk atoms nearly equal. From fcc crystal struct
and the result for the 29 atom crystallite8 we project that the
stability gap becomes zero in the range 70 to 60 atoms
responding to a diameter of about 1.4 nm.10 This remains to
be tested by accurate calculations. For further size reduc
the stability gap becomes negative and grows in magnit
and the outer well becomes the most stable of the two. T
the transfer from inner to outer continues to build up stren
with the size reduction, eventually attaining an efficiency
unity. At the critical size, the nature of the material chang
dramatically. The material becomes highly active optica
with an enhancement of several orders of magnitude. It i
if the material has changed from an indirect-gap to a so
what direct-gap material. We should mention here that ot
interesting effects have been predicted recently when the
of crystallite drops below critical sizes. Based on symme
below a critical size, indirect semiconductors become l
indirect and direct ones may become indirect.11

The Einstein transition probability in emissionA and
therefore, the emitted intensity can be obtained from the
pression

A5
16p3n3n

3h«0c
3 uR̄eu2U E Cv8

* CvdrU2,
wheren is the frequency of the emitted photon. The intens
of the spectral line in emissionI em5NA hn whereN is the
number of emitting states. The overlap integrals are ev
ated for transition between the vibrational levels of the ou
well v8 and the vibrational levels of the ground wellv.
Emission commences from both the states of the double
and from the states of the outer well. For the 1.03-nm cr
tallite, the states of the double-well initially populated a
~0,14! and~1,17!. These are the lowest states. Thermalizat
of the double-well results in some migration of the popu
tion to even higher states. Thermal and nonlinear proce
may also decouple the system whereby the system begin
oscillate at the single-well vibrations. In this case, therm
zation will bring the population of the vibrational levels o
the excited molecules of the double-well regions to the
gion near the band edges~bottom of the outer well! in a time
scale of 1 ps.

Thus, we expect emission from the thermal double-w
distribution and from the thermal single outer-well distrib
tion. The branching ratio may depend on the origin of t
if
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population, direct or through the inner well, and on mixin
processes. Figure 6 gives the emission as a function of
ergy of the emitted photons for the 1.03 nm crystallite f
excitation in the double-well vibrations at 3.4 eV. We us
90:10 branching ratio for the double-well to single-well co
tribution for illustration. The low-energy band emanat
from the thermal distribution of the single outer well an
extends from 0.5 to 1.5 eV. The higher-energy band exte
from 0.8 to 2.2 eV. It corresponds to emission from hig
lying double-well states at the left turning point. Emission
the right turning points is expected to be extremely we
The corresponding results of the 1.67-nm-size crystal
shown in Fig. 6 for excitation in the outer well at 3.5 e
~excitation in the inner well does not contribute!. Again we
used 90:10 for the branching ratio. First we note, that
1.67-nm crystallite has a drastically lower intensity com
pared to that from the 1.03-nm crystallite. We normalized
otherwise weaker emission from the 1.67-nm crystallite
that of the 1.03-nm crystallite, because the absolute emis
depends on unknown cascading branching ratio. Second
double-well and the single-well emission bands overlap
cause the outer well lies at higher energy than the inner o
The emission extends from 0.4 to 1.8 eV. Thus, the emiss
widens from a range of 0.4–1.8 eV in the larger crystal to
range of 0.5–2.2 eV for the smaller one, and exhibits a bl
shift of 0.4 eV.

It is to be noted that the first excited electronic state is
only state known for these dimers at this time. It would
interesting to calculate the potential curves of the high
lying states. Excitation to such states using single pho
excitation is expected to be in the vacuum ultraviolet. Ex
tation, however, can proceed at lower wavelengths
higher-order radiative processes: multiphoton or multis
excitation using high-intensity laser radiation. Direct em
sion from those states would be beyond the acceptanc
visible radiation detectors. However, cascading processe
the lowest excited state would contribute to the visible/
signals. Therefore, in the absence of such information on
high-lying excited states, the validity of this calculation
restricted to photon energy less than 6 eV and to lower

FIG. 6. Normalized emission spectra~solid! from a 1.03-nm
crystallite excited in the double-well vibrations at photon energy
3.5 eV, and~dashed! the otherwise much weaker from a 1.67-n
crystallite for above the barrier excitation at photon energy of
eV. The high-lying vibrational levels will relax into the bottom o
the outer well and the double-well states.
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2084 56MUNIR H. NAYFEH, NIKOLAOS RIGAKIS, AND ZAIN YAMANI
tensity. As to the vibrational structure, we used excitation
a single vibrational level, but in an experiment with radiati
of finite bandwidth, several levels might be simultaneou
excited. However, at room temperature, thermal effe
would mix the levels on a picosecond time scale, much fa
than the transfer time between the wells and the emis
lifetime. Thus for excitation using lamps or using continuo
wave coherent laser radiation, the contribution of the vari
excited vibrational levels can be incoherently summed ov
At lower temperatures, or when examining short-time p
cesses on the subpicosecond regime, the treatment mu
modified if several levels are coherently excited.

Finally, these results can be used to generate spectr
real experimental situations. Experimental spectra invo
distributions of crystallite sizes. In this case, one needs
calculate all the potential curves for all sizes available in
distribution followed by calculations of the transition pro
F.
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abilities, application of the transfer function, integration ov
the excitation bandwidth, and sum over the size distribut
to yield excitation and fluorescence spectra for compari
with experiment.

In conclusion, we calculated the various photoexcitat
pathways involved in populating the molecular states. W
included both direct excitation from the ground state a
indirect excitation from the photoexcited delocalized ex
tonic states via quantum tunneling and thermal activati
We determined the absorption and emission spectra and
quantum efficiency of the photoluminescence in crystalli
of sizes less than 2 nm. Our calculation gives a dram
enhancement in the efficiency for sizes below about 1.4
It is as if the material has changed from an indirect-gap t
direct-gap material. Most experiments dealing with effects
crystallites have so far used sizes in the range of 2–4
outside the range considered here.
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