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We have carried out an investigation of multiple exciton generation (MEG) in Si quantum dots
(QDs) and its application in optoelectronic devices. A simple yet effective statistical model has
been proposed based on Fermi statistical theory and impact ionization mechanism. It is
demonstrated that the MEG efficiency depends on both the radius of Si QDs and the energy of
incident photons, with the MEG threshold energy in the range of ~2.2-3.1 E,, depending on the dot
radius. While limited improvement has been observed in power conversion efficiency of single
stage solar cells, MEG in Si QDs exhibits prospective for application in ultraviolet detectors due to
the high internal quantum efficiency under short incident light. © 2012 American Institute of

Physics. [doi:10.1063/1.3687184]

Semiconductor nanocrystals have attracted a great deal
of attention for potential application in photonics,’ medi-
cine,” and solid state optoelectronic devices.”* In particular
the observation of multiple exciton generation (MEG) has
drawn considerable interest, since it offers prospects for the
development of high-efficient solar cells,>”~® high-sensitive
photodetectors,® high-quality optical amplifiers,'” and high-
performance lasers,'™'" as well as avalanche photodio-
des.'>'* MEG can occur when absorbing a high energy pho-
ton leads to generate two or more excited electron-hole pairs
with photon energy at least equal to or greater than two times
the semiconductor nanocrystals band gap, E,. In this case,
the excess energy is used to excite a second electron across
the band gap instead of dissipated as heat through sequential
phonon emission. The analogous phenomenon of multiple
charge carrier generation per photon in bulk semiconductors
is termed carrier multiplication and is explained in terms of
impact ionization. MEG in semiconductor nanocrystals can
also been explained by the more conventional impact ioniza-
tion mechanism,'* whereby a photogenerated electron-hole
pair decays into a biexciton in a process driven by Coulomb
interactions between the carriers."

The high efficient MEG in PbSe nanocrystals was
reported in 2004.” Since then, the occurrence of MEG has
been observed for PbSe,”'**' PbS,'”'” PbTe,” CdSe,'®
CdTe,”* Si,” and InAs (Ref. 26) quantum dots (QDs). The
most popular materials of MEG investigated is group IV-VI
(PbSe, PbS) QDs. Silicon semiconductor technology not
only stands as the foundation of today’s widely manufac-
tured integrated circuit technology but also comprises more
than 90% of the current photovoltaic cell production. How-
ever, only MEG effect in colloidal Si QDs (Ref. 25) and
MEG enhanced luminescence quantum yield in Si nanocrys-
tals>’ have been reported so far. It is significative for further
comprehensive investigation of MEG in Si QDs and its
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applications. The present work involves MEG in Si QDs and
its application in optoelectronic devices. A simple yet effec-
tive statistical model, based on Fermi statistical theory®® and
impact ionization mechanism,'* has been proposed to inves-
tigate the effects of MEG in semiconductor QDs. We have
shown that, in contrast to the limited improvement in power
conversion efficiency of single stage solar cells, MEG in Si
QDs is likely prospective for its application in ultraviolet
detectors due to the high internal quantum efficiency under
short incident light.

A great number of experimental®’=? and theoretical
studies®>° have been done to clarify the quantum confine-
ment effects in Si nanocrystals. However, no consensus has
been achieved on the formula of E, vs diameter of silicon
nanocrystals due partly to the variety and complexity of the
samples studied. It seems to be of prime importance to per-
form reliable but simple determination of the size depend-
ence of E, By fitting of experimental and theoretical
data®-3¢ (as shown in Fig. 1), an empirical formula has been
established that represents the relationship between E, (eV)
and diameter d (nm) of Si nanocrystals, which can be
expressed as,

Ref. 29, exp. for nc-Si
Ref. 30, exp. for nc-Si
Ref. 31, exp. for nc-Si embedded in SiN film
Ref. 32, photoelectron data

Ref. 32, pseudopotential calculation b
Ref. 33, cal. for Si spherical clusters

Ref. 34, cal. for porous Si by LCAO

Ref. 35, cal. nc-Si using LCAO E
Ref. 36, direct calculation for Si spheres
— =1.15+3.98/d"-0.19/d

i
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FIG. 1. (Color online) Bandgap energy E, of silicon nanocrystals as a func-
tion of crystal size d.
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The fitted value 1.15eV is the bulk band gap of Si and agrees
very well with that reported in the literature.>”*® Equation (1)
reveals the spatial localization of the electron and hole fol-
lowing approximately a d~'° law. This finding is in agree-
ment with results of d '°° and d~'?7 law®>® but differs
from the result of effective mass approximation which
expects a d 2 law.>® The lower exponent 1.36 shows that the
exact nature of the bands,>>>° possible surface effects and
structural changes3 ? have to be taken into account. Equation (1)
also indicates the size dependent Coulomb attraction increas-
ing as d~'. We have depicted the calculated size dependent
E, of Si QDs as solid curve in Fig. 1. Obviously, it agrees
very well with most of the experimental and theoretical data.
Therefore, Eq. (1) should also well describe for the plasma-
synthesized Si QDs that have been used in Ref. 25, on which
our model is optimized below.

In semiconductor QDs of the band gap E,, the absorp-
tion of a single photon of high-energy hv>nE, (h is the
Planck constant and v photon frequency) may generate m
(m < n) electron-hole pairs due to impact ionization."* In this
process, the incident photon energy is released into the
energy relaxation volume Q (a volume within which
electron-hole pairs are generated) of QDs for an ultra-short
time s amount to 50-200 fs,*” leading to a statistical equilib-
rium final state with 2m particles. On the other hand, crystal
momentum need not be conserved because momentum is not
a good quantum number for three-dimensionally confined
carriers. This multiple exciton generation process is similar
to that of multiple elementary particles formation Fermi
dealt with®® and it has been demonstrated recently that the
statistical method can be used to explore MEG in semicon-
ductor QDs.*' According to Fermi statistical theory,”® the
statistical weight w(2m) can be expressed as,

(m:;m;)Sm/ZQMz (/’IV o mEg

23mn3mh6m (3m _ 1)] ’

)Sm—l

o(2m) =2 x (2)

where the electron spin has been taken into account with
h=h/2m and m;‘l’p the effective masses of electron and hole,
respectively.

The maximum number of electron-hole pairs M is equal
to [hv/E,], where the square bracket denotes the integer part
of hv/E,, and the statistical average number of electron-hole
pairs (Nex.) can be calculated by,

M=

mao(2m)

<Nexc> == (3)

®(2m)

M=

m=1

Since the MEG efficiency /g is the inner quantum efficiency
in semiconductor materials which is usually defined as the
average number of electron-hole pairs created by the absorp-
tion of a single photon,*? it can be expressed as,

Iog = (Nexc) x 100%. )
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FIG. 2. (Color online) MEG efficiency Iog in Si QDs as a function of inci-
dent photon energy Ep. Red diamonds and black squares are experimental
MEG efficiencies for 3.8 and 9.5nm Si QDs, respectively, taken from
Ref. 25. Curves are the calculated MEG efficiency from our model, see text
for details.

It should be noted that the optical selection rules have not
been included in the proposed statistical model due to the
non-conservation of the crystal momentum in low-
dimensional materials. The model is therefore unsuitable for
bulk Si.

For justifying the proposed statistical model, we first
perform the theoretical calculation of MEG efficiency /og
for Si QDs with average diameters of 3.8 and 9.5 nm to make
a direct comparison with the reported experimental MEG ef-
ficiency.”> A log normal distribution size of Si QDs with a
standard deviation of 15% has also been taken into account
in the calculation, together with m;=0.90 m, and
m; =0.286 my (my is the electron vacuum mass).>” As shown
in Fig. 2, the calculated MEG efficiency /g at a characteris-
tic time tg =50 fs are found to agree basically with the ex-
perimental data of 3.8 and 9.5nm Si QDs under different
incident photon energies Ep. However, it is clear that the ex-
perimental MEG efficiencies in the 9.5 nm Si QDs are much
larger than the theoretical results at high incident photon
energies (Ep > 3.3 E,).

As we know, g describes the characteristic time for the
incident photon energy released into QDs, and should

Tog (%)
340.0
-

300.0
260.0

. 220.0

180.0

. 140.0

50 80 110 140 170 200
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FIG. 3. (Color online) Calculated MEG efficiency /g for Si QDs as a func-
tion of diameter d and characteristic time #s. Incident photon energy Ep fixed
at five times of E,.




071111-3 W. A.Suand W. Z. Shen

depend on the photon energy Ep. Fig. 3 presents the detailed
calculation of the MEG efficiency I as functions of g and
d. For a given incident photon energy, the MEG efficiency
IqE has demonstrated to be strongly depend on g for large
(>6.0nm) Si QDs, while it is almost independent of tg for
small dots. We have employed another characteristic time
ts=150 fs to re-calculate the MEG efficiency /og for the
9.5nm Si QDs (black dot curve in Fig. 2), where a better
agreement with the experimental data has been achieved at
high incident photon energies, but fails at low incident pho-
ton ones. This conflict reveals that the characteristic time fg
does depend on Ep.

Impact ionization process is similar to that of hot-electron
cooling in QDs (Ref. 43) since both are energy releasing pro-
cess through multiple particles generation, and the relaxation
time for the latter is found to have an exponential form.*®
Considering the spatial confinement for the generation of mul-
tiple electron-hole pairs in QDs through impact ionization, we
can therefore assume the relationship of the characteristic
time s in terms of normalized incident photon energy Ep/E,
as ts(Ep/Eg) =35.0 +3.0 x 10~ - exp[21.0(Ep/Ey) /"] fs. The
black dash curve in Fig. 2 is the calculated MEG efficiency
Iqg for the 9.5nm Si QDs with the photon energy-dependent
characteristic time fg(Ep/E,). It is clear that the calculated
MEG efficiency /g agrees well with the reported experimen-
tal data in Si QDs (Ref. 25) over a wide range of incident pho-
ton energies. We have also calculated the MEG efficiency /g
for the 3.8 nm Si QDs with t5(Ep/E,), and have found that the
result is identical to the calculation with tg =150 and 150 fs
(these three curves are actually identical in Fig. 2). This com-
parison demonstrates that the present statistical model with
the photon energy-dependent characteristic time is able to
explore the MEG effect in Si QDs.

We now employ the established reliable model to
explore the MEG efficiency in Si QDs. Fig. 4 shows the
determined dependence of the MEG efficiency Igg on d,
Ep/E, and t5(Ep/E,). It reveals that, for a given QD size, the
initially constant value of the MEG efficiency for the lower
incident photon energies is followed by an increase for larger
photon energies. This observation has been widely reported
in the experimental studies™'®'%4%#445 and can be easily

400
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100
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FIG. 4. (Color online) Calculated MEG efficiency /g for Si QDs as a func-
tion of diameter d and normalized incident photon energy Ep/E,,. Gray band
is the threshold energy Et for MEG in various Si QDs.
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understood in the light of the fact that an incident photon
with higher energy can generate more electron-hole pairs.
One can further observe a very specific common step-like
character of the MEG efficiency /g in the higher energy
range for larger Si QDs (d > ~3.0nm), which is also existed
in Fig. 2. The MEG efficiency “steps” coincide with the inte-
gral MEG efficiency /g, i.e., the generation of electron-hole
pairs multiplied by two and three. The occurrence of the
MEG efficiency “steps” in Si QDs is due to the fact that the
number of electron-hole pairs generated in a Si QD through
absorbing a photon must be integral. The step-like increase
in the MEG efficiency for larger incident photon energies
has been theoreticallyw’46 and experimentallym’27 reported
and seen as the most characteristic fingerprint of the MEG
process.

On the other hand, Fig. 4 also presents that, for a given
incident light Ep/E,, the MEG efficiency Igg in Si QDs
enhances rapidly and then reaches constant values in the
case of “steps” with the increase of dot size. This behavior
can be well understood from the effect of the quantum con-
finement in Si QDs. According to Kayanuma,*’ the quantum
confinement will be very strong in the range of less than 2
times the exciton Bohr radius ag (for Si, ag =4.9 nm), while
it becomes weak in the range of larger than 4ag. All Si QDs
we calculated have the quantum confinement effect which
leads to Coulomb interaction enhancement and final states
density discretization. It is well known that the MEG effect
depends on both the Coulomb interaction and the density of
final states.***® In QDs, the enhanced Coulomb interaction
would lead to higher MEG efficiency,”*’ while the density
of final states is reduced because of the discretization of the
states. The Coulomb attraction increases as d ' and the
energy of spatial localization, which origins from the discre-
tization of the states,so enhances as d~'*° for both electrons
and holes [see Eq. (1)]. The density of states in QDs with
small sizes reduce drastically with the radius, leading to the
dominance of the final states density discretization over the
Coulomb attraction, and therefore the MEG efficiency /g in
Si QDs increases rapidly with the dot size for small sizes.

In addition to the MEG efficiency, another important
characteristic is the MEG threshold energy Et, which is the
minimum photon energy hv/ necessary to achieve MEG in
QDs. We can numerically calculate the MEG threshold
energy Er by using Iop =Igg.o(d, hV/), where Igg o(d, ht/')
is the criterion for MEG occurring in Si QDs. The gray band
in Fig. 4 is a d-dependent Er, obtained by using the criterion
Iog.o(d, ') =101.0% at various fixed ds. It is clear that Et
depends significantly on the Si QD size, exhibiting first rapid
decrease and then slight increase in the examined diameter d
from 1.0 to 15.0nm with the minimum Et of 2.2 E, at
d=5.2nm. The calculated Et ranges from ~2.2 to 3.1 E,
and the value for 9.5nm Si QDs is ~2.3 E,,, which is in good
agreement with the reported result of 2.4 +0.1 E, in the
literature.*

We finally explore the potential application of MEG in
Si nanocrystals for optoelectronic devices. Fig. 5(a) shows
the calculated power conversion efficiency for a single stage
solar cells based on a single size Si QDs, for one without
MEG, for one with MEG obtained by the present reliable
model, and for one with ideal MEG (i.e., ideal “staircase”
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FIG. 5. (Color online) (a) Calculated power conversion efficiencies of sin-
gle stage Si QDs solar cells as a function of dots diameter d at solar spectra
AM1.5G, and (b) Dependence of the internal quantum efficiency on the Si
QD diameter d and incident light wavelength, both with the photon energy-
dependent characteristic time ts(Ep/E).

profiles for MEG quantum efficiency).’'>* All calculations
follow the detailed balance model of Shockley and
Queisser’> under 1-sun AM1.5G solar spectrum with the
cell temperature at 300 K. MEG is incorporated into the cal-
culations through the energy-dependent quantum efficiency
IoE (d, hv). We note that the power conversion efficiency
for single stage Si QDs solar cells first increases with d and
then almost unchanged. The power conversion efficiency can
be improved by the MEG effect only for large size Si QDs
(d > ~5.0nm) and the value for d > 10.0 nm is increased by
~1% although it can be enhanced by ~5% for the ideal
MEG case. As we know, the power conversion efficiency is
determined by the overlap of the solar photon flux spectrum
and the semiconductor material’s quantum efficiency. With
the increase of Si QD size, the energy band gap decreases,
resulting in the relatively larger overlap and therefore the
higher power conversion efficiency. The very small (up to
only 1%) improvement in the power conversion efficiency of
a single stage Si QDs solar cells by MEG is simply due to
the large energy band gap (>1.15eV) and high threshold
energy (Et ~ 2.2-3.1 E,) in Si QDs.

Though application of MEG in Si QDs is not very pro-
spective for solar cells, it is likely to provide significant ben-
efits for the property of ultraviolet detectors. Fig. 5(b)
illustrates the internal quantum efficiency of Si QDs detec-
tors under different incident light wavelengths. It demon-
strates that the internal quantum efficiency of Si QDs is
evident under ultraviolet incident light and the internal quan-
tum efficiency can be as high as 490% for Si QDs under
150 nm incident light. The significant benefit comes from the
fact that the spectral current responsivity and the ultimate
level of sensitivity for ultraviolet detectors have been solely
determined by the material’s quantum efficiency.”*

In summary, a simple and effective statistical model has
been proposed to explore the MEG effect in Si QDs. After
the demonstration of the present model through good agree-
ment with the experimental MEG data for colloidal Si QDs,
we have carried out a detailed investigation of the MEG effi-
ciency and threshold energy in various Si QDs with a photon
energy-dependent characteristic time fs(Ep/E,). We have

Appl. Phys. Lett. 100, 071111 (2012)

shown that the MEG effect in Si QDs can improve only
~1% of the power conversion efficiency for single stage so-
lar cells as a result of large energy band gap (>1.15eV) and
high threshold energy (Et~2.2-3.1 E,), however, MEG in
Si QDs is likely more prospective for its application in ultra-
violet detectors due to the high internal quantum efficiency
under short incident light.

This work was supported by the National Major Basic
Research Project of 2012CB934302 and the Natural Science
Foundation of China under contract 11074169.
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