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Outlook

Look up to the Universe and ponder its mysteries,

but bow down to the heart where the true wisdom is...

Gideon Koekoek

The research and results discussed in this thesis is mainly focussed on the opti-

cal characterization of Si NCs, with the potential perspective for their application

in the photovoltaic �eld, where their implementation could facilitate considerable

enhancement of the conversion e�ciency, without drastically altering the con�gura-

tion of current solar cell devices. This possible increase is based on speci�c quantum

con�nement related characteristics which renders Si NCs more attractive than bulk

materials, and in some cases also than semiconductor NCs of di�erent materials.



90

7.1 Future photovoltaics

The conversion e�ciency of the ��rst generation� wafer-based photovoltaic devices

is strongly limited by the mismatch between the broad band of the photon energies

available in the solar spectrum and the optimum conversion energy range determined

by the physical parameters of the active material. One way to overcome this hurdle is

to use multi-junction tandem con�gurations, which can reach e�ciencies of ∼ 45%.

However, the practical application of almost all of these is hampered by factors as

high cost, fast degradation, complex and expensive manufacturing procedure and

toxicity. The latter issue is especially important in view of the recent regulations

concerning use of hazardous materials and health restrictions.

Presently, the majority of photovoltaic devices are Si-based, with the highest e�-

ciency reaching toward 28%, close to the theoretical limit of ∼ 31% [154]. Silicon

has very advantageous properties, such as the appropriate bandgap energy, non-

toxic nature, large abundance (∼ 1/3 of the Earth crust is Si) and superior stability.

However, while Si-based solar cells feature very good conversion e�ciency in the

visible, considerable losses appear for photons in the UV (by heat generation) and

in the (N)IR, where all the photons escape the absorption. A possible remedy to this

problem can be found by implementation of Si NCs into existing Si-based solar cell

con�gurations. In general, NCs o�er some major advantages, such as band structure

tuning, reduction of carrier cooling by electron-phonon scattering, and enhancement

of surface-related e�ects, all of which are relevant for energy transfer and/or carrier

recombination mechanisms and could in�uence the conversion e�ciency.

7.1.1 Spectral conversion

At nanometer size, the energy structure of materials can be manipulated through

quantum con�nement. It is well known that in case of Si NCs the excitonic emission

is blue-shifted for smaller sizes and increases in intensity [14, 48, 110]. These e�ects

re�ect the widening of the indirect bandgap and the enhancement in the radiative

recombination rate of electron-hole pairs, as the momentum conservation is gradually

relaxed due to Heisenberg's uncertainty principle. Figure 7.1 displays emission from

Si NCs of di�erent diameters between 2.5 and 5.5 nm, dispersed in an SiO2-matrix

(red curves). The PL maxima shift from lPL ≈ 750 nm (light red) for the smallest

NCs to lPL ≈ 990 nm (dark red), while the width of the PL bands re�ects the NC

size distribution. To demonstrate the suitability of Si NCs for photovoltaics, the

conversion e�ciency of a conventional Si-based solar cell is also displayed in Figure
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7.1 (blue curve, ranging from 400 � 1200 nm). Evidently, the emission of the Si NCs

overlaps very well with the maximum energy-conversion range of a Si-based solar

device.

Figure 7.1: The normalized PL spectra of Si NCs embedded in an SiO2-matrix for
di�erent average diameters of NCs (right axis). The emission of these sizes of Si NCs
covers the best conversion range of the solar spectrum. The blue curve represents
the conversion e�ciency characteristics of a conventional Si solar cell (left axis).

7.2 Carrier multiplication

In addition to spectral conversion, Si NCs exhibit a unique CM process [128] (see

Chapter 1, Section 1.2.1). The generation of multiple excitons on absorption of a

single (high-energy) photon can increase the conversion e�ciency of a solar device by

using energy that is normally lost to heat, and so is very attractive for photovoltaics.

The spatially separated variation of the �conventional� MEG was investigated in a

PL experiment, where we determined the absolute QE � the ratio between the

number of absorbed and emitted photons � as a function of the energy of the

incident photons. As can be seen in Fig. 7.2(a), the QE has a constant value up to

a certain threshold, after which it increases. The threshold energy can be as low as

roughly twice the NC optical bandgap (Egap). The formation of two and then three

excitons per absorption of a single high-energy photon causes the step-like behavior,

which has been theoretically modeled in the past but until now observed only for

carbon nanotubes [155].

We carried out femtosecond IA experiments to further investigate the increased

carrier generation rate responsible for the QE enhancement [47, 111] and to gain

insights into the mechanism behind the CM process (see Chapter 5 for more details).

Figure 7.2(b) shows the IA traces of 3 nm-sized NCs for above (black) and below

(red) CM-threshold excitations, in a 1 ns time window. The two traces show striking

similarity (most evident when normalized: see the red dashed line), with no evidence
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Figure 7.2: a) The PL QE vs. excitation photon for the sample with Si NCs em-
bedded in an SiO2-matrix. After a plateau (with value 6.5%), the QE increases for
photon energies exceeding Eexc > 2Egap to a value of 13%. For even higher energies,
the QE grows again until it reaches about three times its initial value. The black
dotted line is a guide to the eye. (Data have been extracted from Ref. [46]). (b)
IA traces for a solid-state sample with Si NCs with an average diameter of dNC
≈ 3 nm. The IA transient obtained for the high photon energy (Eexc > 2Egap,
black) has about double the intensity of the low photon energy excitation transient
(red). Normalizing the red trace on top of the black reveals great similarity be-
tween the dynamics for both excitations (red dashed line). The inset shows that
within the time resolution of the experiment (τres ≈ 100 fs), the build-up of the
IA signal for both excitation conditions is identical. c) A comparison of the carrier
generation e�ciency vs. excitation photon energy (normalized for the NC bandgap
Egap) for emission results (red triangles) with those obtained with TIA technique
(black squares). The dashed lines are a guide to the eye. Data have been extracted
from [47].

of Auger interaction of multiple carriers within the same NC. The di�erence is found

in the amplitude of the IA signal (about a factor 2), when scaled for the same number

of absorbed photons. Since IA intensity depends on the concentration of generated

carriers, we conclude that for the high-energy excitation (Eexc > 2Egap, where Eexc is

the excitation energy and Egap is the size of the bandgap), more excitons are created

per photon than in the low-energy range Eexc < 2Egap. Combined with the absence

of Auger-related components for the above CM-threshold pumping, this indicates

that the multiple excitons are separated into di�erent NCs before they can interact.

The CM mechanism must be very fast and e�cient, since no di�erence can be

found in the buildup characteristics of the IA signals obtained for the two excitation

conditions: see the inset to Fig. 7.2(b). As demonstrated in Fig. 7.2(c), the photon

excitation energy dependent CM e�ciency found with the IA experimental approach

obtained on a similar sample was in good agreement with that determined from the

time-integrated PL spectroscopy.
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The microscopic mechanism behind this process is not yet known, but is likely to

precede either via �instantaneous� re-distribution of the incoming photon energy

over two or more NCs mediated by an energy level which energetically couples

neighboring NCs (Fig. 7.3(a)), or by initial creation of a hot carrier in a single

NC after which energy is transferred to an adjacent NC (Fig. 7.3(b)). The carrier

dynamics shown in the inset of Fig. 7.2(b) obtained for below (red) and above

(black) CM-threshold indicate that since the IA signal is practically identical �

both in build-up and decay � the process of impact excitation by a hot carrier,

converting its excess energy into generation of an additional e-h pair, has to occur

at a femtosecond timescale.

Figure 7.3: CM with Si NCs. a) A schematic illustration of the simultaneous exci-
tation of two separate NCs by a high energy photon. In this picture, the excitation
precedes via a �virtual� state, energetically coupling two (or more) NCs. The two
NCs both attain the excited state and are able to emit a photon. b) Another sce-
nario is the ultrafast energy transfer to an adjacent NC after the absorption of a
high-energy photon, by which a (single) hot carrier is created.

In order to demonstrate the possible enhancement in conversion e�ciency of pho-

tovoltaic applications by implementation of Si NCs, the contribution of the CM

process has been estimated for an ideal (�zero-losses�) scenario based on the PL QY

experimental results. This is demonstrated in Fig. 7.4(b), where the solar spectrum

as received by a Si-based solar cell on the Earth surface (left panel), and under

extraterrestrial conditions (right panel) is shown (white spectra). The possible con-

tribution of the incorporated Si NCs is estimated to be about 8% in the former case

and ∼ 15% for the latter (indicated by the red areas), respectively. This poten-
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tial increase arises from substantial lowering of the CM-threshold in comparison to

bulk Si, where the phenomenom occurs on the edge of the solar spectrum and with

marginal e�ciency. The increase of this e�ciency in case of Si NCs is considerable,

illustrated by the enhancement of ∼ 100% of the initial value of the emission QE

every time the photon energy exceeds a multiple of the NC bandgap value [46].

Figure 7.4: The solar spectra a received by a Si-based solar cell (in white), corrected
for the energy per photon. In addition, the possible enhancement by Si NCs (in red)
is modeled (based on the PL QE experiments presented in Ref. [46]) for conditions
on Earth (left panel) and in extraterrestrial case (right panel).

7.3 Photon pasting

In addition to the above described �photon cutting� process, Si NCs could also o�er

the possibility to enhance conversion e�ciency by utilizing the low-energy photons

in the (N)IR regime of the solar spectrum, which are lost in a conventional Si-

based solar cell. The absorption cross section for these photons is either zero (for

�sub-bandgap� energies) or very low (for energies just above the bandgap) as a con-

sequence of the indirect bandgap structure. Nevertheless, these photons could be

captured via non-linear (IA) absorption by free carriers in the bands. It has been

found that in case of Si NCs this process is signi�cantly enhanced compared to bulk

Si, with the absorption cross sections being factor 10 � 100 larger. Figure 7.5(a)

demonstrates the theoretically modeled (black solid line) and experimentally ob-

tained (black dashed line) IA cross section as function of probing photon energy for

Si NCs with average diameter of dNC = 5 nm under (pulsed) excitation with Eexc =

3.5 eV (see Chapter 4, Section 4.1). In the visible regime, the experimental results

are rather consistent with the modeled values. In the low-photon energy regime

however, the experimental values are signi�cantly higher than the theoretical simu-

lations. Figure 7.5(b) schematically illustrates possible scenarios for the non-linear
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photon absorption of low-energy photons: the absorption of a photon in the visible

regime is followed by (or proceeds simultaneously with) absorption of a low-energy

photon (or photons) with energy smaller than the Si NC bandgap. Theoretically,

when their combined energy exceeds twice the NC bandgap, the possibility of the

earlier discussed �photon cutting� process could arise, with an energy transfer to a

neighboring NC. Another scenario is the sequential absorption of a high- and (a)

low-energy photon(s) by which hot carriers are created; these carriers could then

be trapped at defects at the surface of the NC. The identi�cation of such a defect

center is shown in Fig. 7.5(c) for the sample with average NC diameter of dNC =

2.5 nm, where the spectral pro�le for the PL dynamics in the visible is illustrated

during (picosecond UV) excitation pulse. The spectral pro�le reveals two major

contributions: next to the conventional excitonic emission centered around λPL ≈
750 nm (EPL ≈ 1.65 eV and microsecond decay), another PL band around λPL ≈
420 nm (EPL ≈ 2.95 eV) and with nanosecond decay can be observed [110]. Since

this emission is defect-related, its spectral position is (practically) independent on

NC size. Potentially, this would allow for optimization of the absorption of speci�c

IR photons by tuning the NC size for the optimal bandgap energy (right panel Fig.

7.5(b).

Currently, the possible scenarios for incorporation of QDs or NCs in photovoltaic

devices are explosively developing. Recently, it has been shown that for a PbSe-

QDs-based solar cell, the external photocurrent QE can exceed 100% by means of

more e�cient CM [156]. In this case, the CM occurs in one and the same QD

and following that event the carriers are extracted. Since the quantum con�nement

induces enhancement of Coulombic interaction between carriers, the lifetime of the

generated multiple carriers is extremely short (on the picosecond time scale), render-

ing the extraction of carriers very challenging. In case of Si NCs, where the multiple

carriers are created in separate (neighboring) NCs, the carrier-carrier (Auger) inter-

action is suppressed and the lifetime of the carriers is governed by their radiative

recombination, being of the order of 10 � 100 ms. This is directly evidenced by the

lack of Auger-related components in the carrier dynamics recorded for high photon

energy excitation � see Fig. 7.2(b). The long lifetime opens prospects for an easier

and e�cient extraction of carriers. In this scenario, the trapping of hot carriers at

the �420 nm-defect� o�ers a possibility of draining carriers with a large excess en-

ergy prior to cooling, opening a potential route toward the so-called hot carrier solar

cells (see the lower part of Fig. 7.6). In addition, as mentioned before: Si NCs can

shift energies of those photons within the solar spectrum which cannot be optimally

converted in the current Si-based devices to the appropriate range and in this way
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Figure 7.5: a) Theoretical modeling (black solid curve) and experimentally obtained
(black dashed line) IA cross sections for Si NCs with the average diameter of dNC =
5 nm for photon energies between Edet = 0.5 � 2.5 eV upon (pulsed) excitation with
Eexc = 3.5 eV. The experimental results coincide with the theoretical simulations
for the visible regime, but are about a factor 5 � 10 higher in the low photon energy
regime. b) Schematic illustrations of the sequential absorption of multiple photons
of high and low energy. Top panel: when combined energy is su�cient (i.e. Eexc >
2Egap) a neighboring NC can be excited and the energy is distributed over more NCs
by means of the SSQC process. Another scenario is the creation of a hot carrier by
the absorption of multiple �small� photons, which then get trapped at a defect level
at the surface of the NC. Recombination of carriers from this defect center results in
an emission centered at ∼ 420 nm. Lower panel: NCs with di�erent bandgap sizes
(but with the �xed 420 nm-defect) could be used for the absorption of IR photons
and trapping of the created hot carriers. c) The spectral pro�le of the PL dynamics
constructed for t = 0 (i.e. during excitation pulse) for Si NCs with the average
diameter of dNC = 2.5 nm upon excitation with a 2 ps pulsed laser operating at
Eexc = 3.8 eV. The spectrum consists of two major contributions centered at ∼ 750
nm (red dashed line) and ∼ 420 nm (blue dashed line), respectively. The former is
related to band-to-band recombination of excitons, whereas the latter is related to
recombination of hot carriers trapped at a defect level at the surface of the Si NC.

overcome the signi�cant e�ciency losses (see upper part Fig. 7.6). Therefore, by

channeling the incoming photons into two streams � the high energy stream at 420

nm (defects), and the low-energy stream at the bandgap energy (NIR) � an ulti-

mate spectral shaper could be developed. By material and process optimization, the

relative importance of these two channels could be tuned; in a practical photovoltaic

device, these two streams could be fed into separately optimized convertors.

Conclusions

Due to their conversion and �photon cutting� capacities Si NCs emerge as promising

candidates for di�erent photovoltaic scenarios of 3rd generation solar cells. Theoret-

ically, the CM process itself could enhance the conversion e�ency of a conventional
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Figure 7.6: Spectral shaping with Si NCs. On the high-photon energy part of
the solar spectrum, Si NCs can e�ciently convert photons by SSQC with ∼100%
e�ciency. For photons with an energy slightly smaller than twice the bandgap, but
which generate carriers with large excess energy, the trapping of hot carriers can
lead to recombination via the 420 nm-line. In the visible regime, photons can be
shifted to the optimal range for a maximum conversion. For the low energy range,
Si NCs can be excited by multiple photons (also in combination with a photon of a
higher energy) by which a hot carrier is created.

solar cell to ∼ 45% [157]. Further, the possibility for harvesting photons in the NIR

regime could potentially enhance this even more. Ideally, a Si NC coating layer could

be added (as depicted in Fig. 7.6), by incorporation of these Si NCs in currently

available solar cell preparation techniques, with low additional costs. Current and

future research urgently needs to verify the feasibility of these attractive prospects!


