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Abstract: An excitation energy transfer in a bulk heterojunction based on freestanding silicon
nanocrystals (Si-NCs) and conjugated polymers {poly(3-hexylthiophene) (P3HT), poly[2-
methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV)} is demonstrated. The
electrochemical etching process is employed for fabrication of freestanding and polymer sol-
uble Si-NCs. Formation of a bulk heterojunction is confirmed by a difference in a work func-
tion of both polymers and an ionization potential of the NCs. An annealing step significantly
influences the polymer chain conformation and electronic interaction between the polymer
and the NC, which improves the exciton energy migration. The presence of the Si-NCs in
polymers suppresses the relative intensity of vibronic peaks, resulting in a red-shift of the
blend photoluminescence (PL) spectra. This phenomenon is attributed to a temperature-de-
pendent migration process of singlet exciton and Dexter excitation energy transfer from the
polymer to the NC. Compared to MEH-PPV polymer, a lamella-type stacking structure of the
P3HT and an abridged PL spectra overlap with NCs decreases an excitation energy transfer
rate. At the same time, an improvement in photocurrent generation is recorded when Si-NCs
are embedded in P3HT polymer. After Dexter-like excitonic energy transfer, the PL emission
of both blends is controlled through a quantum confinement effect and electron-hole recom-
bination in Si-NCs.

Keywords: excitation energy transfer; conjugated polymers; photoconductivity; photo-
luminescence; silicon nanocrystals.

INTRODUCTION

Although the early proof-of-principle work on organic photovoltaics in the mid-1980s was demon-
strated, the organic photovoltaic devices are still in a comparatively early stage of development [1].
Meanwhile, poly(phenylene vinylene) (PPV) and poly(thiophene) derivatives, as electron-donating con-
jugated polymers, have been widely investigated [2,3]. Due to the better chemical stability, higher car-
rier mobility, and lower optical bandgap [4,5], better photovoltaic performances have been obtained in
poly(thiophene) rather than in PPV derivatives [6]. The importance of silicon in the photovoltaics in-
dustry has led to the design and investigation of many kinds of hybrid Si/conjugated-polymer-based de-
vices [7,8]. In order to improve a device performance, tuning of the interaction between bulk silicon and
polymers by solvent and/or by temperature annealing treatments has been widely reported in the liter-
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ature [9,10]. However, existing polymer-based solar cells so far do not convert solar energy into elec-
tricity as efficiently as they could and an improvement in conversion efficiency is needed [6,11-13].
One way to improve device efficiency is blending of the polymer with a second nanocomposite struc-
ture [14-17]. A donor—acceptor bulk heterojunction using semiconducting polymers and fullerene is
currently the most commonly used approach [18], and an improved photovoltaic performance is mostly
attributed to the great electron acceptability of the fullerene [1,6].

In order to improve the photovoltaic performance, it is crucial to understand the various loss
mechanisms so that these may be overcome by a better material design. In general, for a donor—accep-
tor bulk heterojunction to be a feasible system, at least two important conditions must be fulfilled: (i)
electronic transport efficiency must be increased by balancing carrier distribution and minimizing loss
through the charge trapping and recombination [19-22], and (ii) optical absorption must overlap as
much of the solar spectrum as possible [23,24]. In order to enable more productive solar energy con-
version, the semiconductor nanocrystals (quantum dots) are being extensively explored [20,25-27].
However, freestanding silicon nanocrystals (Si-NCs) [27] offer an improvement in several of key as-
pects: First of all, the electron affinity of silicon (3.9 eV) is larger than fullerene (2.6 eV), which may
increase the probability of charge separation [27]. Then, the spectral absorption coverage can be sim-
ply adjusted since in the quantum regime (i.e., Si-NC size smaller than 10 nm) Si-NCs tunable broad
band absorption [28]. After that, an excited-state lifetime is rather long, thus increasing the probability
of photoexcited excitons being swept away by the inbuilt electric field. Next, the minority carrier multi-
plication discovered in Si-NCs [29] can significantly boost the photocurrent generations, and finally,
nontoxicity for the environment [30] might bring considerable benefit for sustainable hybrid solar cell
development. It is assumed that a combination of those properties makes freestanding Si-NCs an at-
tractive material and optically active component when blended with conjugated polymers [27].

In this paper, the optoelectronic properties of two optically active components based on blending
Si-NCs with conjugated polymers {poly(3-hexylthiophene) (P3HT) and poly[2-methoxy-5-(2-ethyl-
hexyloxy)-1,4-phenylene vinylene] (MEH-PPV)} are shown. Blending of Si-NCs with chosen poly-
mers leads to formation of a bulk heterojunction. A larger ratio between photo- and dark-conductivity
is observed in the case of a lamella-type stacking P3HT polymer-based blend. Contrary to pure poly-
mer films, the presence of Si-NCs in both polymers leads to a red-shift of PL emission spectra as a re-
sult of the Dexter excitation energy transfer from the polymer to the NC.

EXPERIMENTAL

As described elsewhere [31], the freestanding Si-NCs in this work were fabricated by electrochemical
etching of crystalline Si wafers and harvested by mechanical scratching. Namely, phosphorus-doped
wafers with a resistivity of 0.5-2 Q-cm (n-type, <100>, P concentration ~2 x 101® cm=3) were used.
The wafers were electrochemically etched in a mixture of hydrofluoric acid with pure ethanol
(HF:C,HsOH = 1:4) at a current density at 1.6 mA/cm?. Etching time was 90 min, and a halogen lamp
illuminated a Si substrate during the electrochemical etching. Since the Si-NC powder is obtained by
mechanical pulverization of porous Si thin films [31], large micrograins are also present in the powder.
The largest micrograins can be eliminated by sedimentation and filtration [31,32]. In our case, the
largest micrograins were eliminated by sedimentation of the powder in ethanol solution for 30 min.
Then, a supernatant colloidal solution was dried and Si-NC powder were used for fabication of the
blends. The scanning electron microscopy (SEM) observations show that the Si-NC powder even after
sedimentation contains Si-NC grains (clusters) of several um (see Fig. 1a). Systematic studies of high-
resolution transmission electron microscopy (HR-TEM) [31] and single quantum dot spectroscopy [32]
observations showed that such a powder contains both single Si-NCs and Si-NC micrograins. Si-NC
micrograins consist of many NCs (ranging from about 2 to 6 nm) interconnected and kept together by
amorphous tissue, e.g., SiO [31,32]. In this work, we have used micro-Raman and photoluminescence
(PL) spectroscopy to check the presence of the Si-NCs in the powder. Corresponding Raman spectra of
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Fig. 1 (a) SEM image of Si-NC powder prepared by electrochemical etching dispersed on quartz substrate. (b) Red

curve represents corresponding Raman spectrum of Si-NC powder dispersed on quartz substrate. Black symbol line
shows a spectrum of a Si wafer used for fabrication of Si-NCs and is shown for comparision.

dispersed Si-NC powder on a quartz substrate is shown in Fig. 1b (red line). Compared to that of crys-
talline Si (black symbol line) the spectrum of the Si-NC powder exhibits a peak shift maxima of about
~11 cm™! and spectra broadening with peak widths of ~22 cm™!. According to ref. [33], the correspon-
ding Si-NC size of about ~3 nm on average was evaluated.

Then, both commercially available (Aldrich) polymers P3HT and MEH-PPV were dissolved in
chlorobenzene. The blends were prepared by dissolving 10 mg of polymer in 10 g of chlorobenzene.
The 400 mg of polymer solution and 2 mg of Si-NC were mixed to make the films. For the photo-
conductivity measurements, 300-nm thin films were spun cast on a Si substrate and on a glass covered
by interdigitated platinum contact (20 fingers, with a length of 6 mm and a width of 200 pm). With the
same conditions, another set of samples with pure polymers (MEH-PPV, P3HT) was fabricated for com-
parison. For all cases, the samples were annealed at 415 K for 30 min in a vacuum.

The conductivity and the PL. measurements were conducted in air or vacuum atmosphere, re-
spectively. A voltage from a regulated DC power supply was applied, and the resulting current was
measured with an amperometer (Sub Femtoamp, KEITHLEY 6430). For photoconductivity measure-
ment, a white light of 1.5 AM was used. To measure temperature-dependent PL, the samples were
placed in He-cooled cryostat where the temperature varied from 4 to 300 K. An excitation was con-
ducted by a HeCd laser with a wavelength of 325 nm (3.82 eV).

RESULTS AND DISCUSSION
Si-NC/polymer bulk heterojunction

Figure 2 shows room-temperature PL spectra of Si-NCs (red line) and pure-conjugated polymer (P3HT,
black line; MEH-PPV, blue line) films. A significant broad red-luminescent band from freestanding
Si-NCs is recorded. It is well known that when the Si grain size decreases to the nanoscale range
(<10 nm), at which quantum confinement effect begins to be dominant, visible PL appears at room tem-
perature [34,35]. It is reported that there are mainly two PL emission bands in Si nanostructures with
quantum confinement size.

1) A PL band that shows a slow decay (Uus to ms) [36] where the confinement effect causes an en-
largement of the bandgap and enhancement of PL efficiency. This band is mostly located in the
red part of the spectral region (600-900 nm) [37]. We assume that the observed broad PL spec-
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trum in the spectral band from 550 to 800 nm (red line, Fig. 2) with maxima at 650 nm (Fig. 2,
red line) is similar in origin [38,39]. Then the broad spectrum results from the quantum confine-
ment effect in nanocrystals with large size distribution with an average of 3 nm [31,38,39], which
also corroborates quite well with the average size estimated from the micro-Raman analysis
(Fig. 1b).

ii) A fast nanosecond blue—green PL band originating predominantly from rapidly oxidized Si
nanostructures [34,35,40,41] is not observed in our samples at room temperature (300 K). This is
most likely due to NC relaxation in an organic-based suspension during the fabrication process
when NCs were cleaned and dispersed in ethanol after electrochemical etching. A termination of
free Si bonds by OH groups occurred [42], which most likely inhibited the rapid oxidation of the
NC surface [41].

MEH-PPV Si-ncs  P3HT
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Fig. 2 PL spectra measured at room temperature (300 K). Blue line recorded for pure P3HT polymer and black line

for MEH-PPV polymer film. The red line represents PL from Si-NC powder. The polymer films were annealed at
415 K in vacuum. All samples are excited at 325 nm wavelength.

Indeed, as the MEH-PPV polymer emits in the spectral region from 530 to 800 nm (blue line,
Fig. 2) and P3HT polymer from 600 to 850 nm (black line) a significant portion of the spectra which
overlaps with NCs can be observed. In the case of MEH-PPV polymer, three typical PL sub-bands cor-
related to zero-phonon transition (~600 nm) and two phonon replicas (670 and 740 nm) are observed
[43]. Contrary to that, the PL spectrum of the pure P3HT film does not show any particular sub-band
structures. A broad PL spectrum with maximum at 730 nm is measured at room temperature (Fig. 2,
black line). The wavelength of PL. maxima is commonly used to estimate a degree of conjugation in the
polymers [44,45]. An increase in the degree of conjugation in P3HT polymer causes a red-shift
(~100 nm) of the PL spectrum. Then the PL intensity is determined by the number of excitons that
undergo radiative recombination. A pronounced red-shift can be explained by preferential emission
from the most extensively conjugated segments in the P3HT polymer [46].

To add to those peculiar PL properties, both polymers are good hole conductors [1]. Particularly,
electronic interactions and the device performance appear to be highly affected by thermal annealing
[47,48]. One can expect similar effects when Si-NCs are blended with conjugated polymers. An influ-
ence of the annealing treatment on pure and blends is summarized in Fig. 3. An improvement in trans-
port properties of the films is recorded after an annealing step. Black lines (symbol lines) represent a
dark conductivity and red (green) line conductivity of the films under AM 1.5 illumination. However,
even after annealing, the charge separation and photocurrent generation in pure polymers did not occur
(Fig 3a). This is changed when the Si-NCs are added in the polymers. Then, generation of the photo-
current is observed. Figures 3b,c plot typical I-V characteristics of the Si-NC/MEH-PPV and
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Fig. 3 (a) I-V characteristics for pure P3HT polymer film before and after annealing at 415 K are shown. (b) and
(c) I-V characteristics for Si-NC/MEH-PPV and Si-NC/P3HTpolymer blend before and after annealing step in
vacuum are plotted, respectively. Black lines/(black symbol lines) are measured in dark and red/(green) lines under
AM 1.5 illumination, respectively.

Si-NC/P3HT blend before and after annealing in vacuum. It is observed that not only an increase in a
dark conductivity but also an increase in generation of photocurrent occurred. Green lines represent
photoconductivity before and red lines after the annealing step, respectively.
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It is well known that an annealing step modifies the morphology of the polymer [40]. It is ex-
pected that an improvement of the blend morphology then considerably facilitates a charge conduction
within the film. Indeed, the thermal treatment is expected to crucially affect the interface between
Si-NC and polymer. As the NC decreases in size, its surface starts to play a dominant role over the bulk
characteristics. Therefore, compared to the bulk Si an improvement in an interface adhesion could be
more important and beneficial for blend performance. The annealing makes the polymer chains mobile,
which enhances the adhesion of the interface by promoting Si—C covalent bond formation. Thus, mak-
ing the effective area for electron injection larger and more current can be generated from an
un-annealed one. Both polymers have similar band structures. The highest occupied molecular orbital
(HOMO) is at the same level (~5 eV), and the lowest unoccupied molecular orbital (LUMO) level is at
~2.9 eV [27,49]. On the other hand, the Si-NCs have a large bandgap (~2 eV, Fig. 1) and work function
around —4.1 eV. The resulting electronic interaction of NC with the polymer leads to the bulk hetero-
junction formation [27]. A difference in work function and ionization potentially results in an electron-
hole separation and photocurrent generation under illumination (AM 1.5). Bulk heterojunction sepa-
rates excitons by sweeping the holes into polymer and the electrons into NC. Due to the interfacial layer
formed by interaction between the polymer and NC, a lowering of the effective injection barrier [50] is
expected. In addition, it has been recently pointed out that the annealing process may lead to a more
spatial exciton separation [51]. All together when acting at the same time this facilitates the exciton dis-
sociation into free charge carriers and photocurrent generation in Si-NC/MEH-PPV,P3HT-based blends.

Figure 4a represents I-V for Si-NC/MEH-PPV, and Fig. 4b shows I-V of Si-NC/P3HT blend after
annealing. One can observe that an electronic interaction between the NC and both polymers results in
the generation of the photocurrent under illumination. It is observed that the photo-response is more im-
portant when the NCs are embedded in P3HT polymer matrix (Fig. 4b). The reasons for this are multi-
ple. It is believed that the most important factor is the polymer structure. Figure 4 compares the chem-
ical structure of (a) MEH-PPV and (b) P3HT polymer. On one side, the MEH-PPV derivative contains
the side group (OR) onto the main chain (Fig. 5a), which facilitates its dissolution in solvent. A rela-
tively weak 600-nm band PL intensity (Fig. 2, blue line) indicates that the polymer aggregation in
chlorobenzene is quite low [43], and sufficiently high dissolution is achieved during the blending
process. On the other hand, the P3HT lamella-type stacking of the side chains and thiophene rings
(Fig. 5b) leads to a strong interchain interaction [52], which is apparently different from those of the
MEH-PPV derivative. In this case, the blend phase separation is increased [53]. Then, it gives rise to
larger, regular domain formation, which improves the transport properties through the blend [54]. As
previously demonstrated by Quist et al. [55], blend morphology and domain sizes are critical for trans-
port and device performance. Similar mechanisms are likely to affect the P3HT-based blend properties.
Namely, larger regular domains by reducing the exciton recombination through an improvement of ex-
citon diffusion while exciton dissociation should not be affected [55]. This then may lead to an increase
of the photocurrent generation. Since charge carriers are not confined by the energy offsets of the poly-
mer, an increase in a delocalization of the charge carriers can be expected [53]. Despite an exciton dis-
sociation, an efficient charge transport in polymer blend is a serious limitation. It is well known that the
P3HT also possesses higher (hole) mobility of (0.1 cm? V1 s71) [56,57]. The lamella stacking of the
side chains and thiophene rings (Fig. 5b), in addition, facilitates overall charge transport within
Si-NC/P3HT blend. On the other hand, more than 5 times PL emission intensity decreased in the
P3HT-based blend, which indicates that a delocalization of the charge carriers is decreased. Compared
to the Si-NC/MEH-PPV film, this suggests that the photocurrent generation is less affected by the gen-
eration of free charge carriers [53].
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Fig. 4 I-V curves for Si-NC/polymer blends containing of Si-NCs after annealing at 415 K. Plot (a) shows the I-V

characteristics of MEH-PPV and (b) of P3HT polymer-based blend, respectively. Black lines are measured in dark
and red lines under AM 1.5 illumination.
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Fig. 5 Chemical structure of (a) MEH-PPV and (b) P3HT molecule.
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Temperature-dependent PL

In order to understand the blends emission origins, let’s first investigate a temperature-dependent PL of
pure polymer films only. Figure 6a represents the PL spectra obtained from pure MEH-PPV polymer
film and Fig. 6b from pure P3HT film at few selected temperatures. It has to be noted that the P3HT
films showed lower PL intensity (~2 times) compared to MEH-PPV films. Furthermore, we observe a
vibronic progression in the PL emission as a function of the temperature, which results in a blue-shift
of the emission bands. The progression is rather similar for both polymers. Figure 6¢ summarizes the
PL maxima peak shift as a function of temperature. In the case of the MEH-PPV film, two emission
maximum peaks are plotted. Namely, PL vibronic peak corresponding to a zero-phonon transition
(squares) and phonon-replica (triangles), respectively. The shift for both polymers reaches about 30 nm
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Fig. 6 (a) PL spectra measured for (a) pure MEH-PPV polymer and (b) P3HT polymer film under excitation at
325 nm. The PL spectra taken at various temperatures are shown. (c) Summary of PL maxima peak shift as a
function of the temperature for pure P3HT (circles) and MEH-PPV films is shown, respectively. The squares
correspond to zero-phonon transition and triangles represent phonon-replica of PL. maxima peaks in MEH-PPV
polymer film.
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in a temperature range from 4 to 300 K. The blue-shift indicates that in both polymers a coupling of the
backbone carbon—carbon stretch vibration to electronic transitions occurred. Nevertheless, in the case
of the MEH-PPV polymer two vibronic peaks not only do a blue-shift, but the relative peak intensities
vary as well as a function of the temperature. The relative strength of the 600-nm peak decreases com-
pared to the 670-nm band (Fig. 6a). This behavior in the shape of the PL spectrum has been reported
previously and interpreted in terms of a decreased Huang—Rhys factor for high-frequency modes at low
temperature [58,59]. A decrease of the Huang—Rhys factor results in an increase of conjugation and ex-
citon delocalization, which is most likely made by the freezing of molecular torsions and other low-fre-
quency emission modes.

The PL spectral features of the polymers are changed when blended with Si-NCs. Figure 7a rep-
resents PL spectra of the Si-NC/MEH-PPV polymer blend taken at 4, 50, and 300 K. The NC’s PL em-
bedded in P3HT polymer is taken at the same temperatures, shown in Fig. 7b for comparison. Contrary
to the pure-polymer films, both blends show one red-shifted emission band located between 500 and
800 nm. In the presence of NCs, the quenching of PL intensity by more than 2 times is observed for
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Fig. 7 PL spectra measured for Si-NCs in (a) MEH-PPV and (b) P3HT polymer blend under excitation at 325 nm
at a few selected temperatures. (c) Corresponding PL maxima peak shift taken at various temperatures for Si-NCs

blended in MEH-PPV (squares) and P3HT (circles) polymer, respectively. The peak shift maxima of freestanding
Si-NCs only (triangles) is shown for comparison.
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both polymers. An increase in PL intensity (~5 times) in the case of the MEH-PPV blending (Fig. 7a)
is due to several aspects that act at the same time. First of all, it is assumed that a lower PL intensity of
pure P3HT film itself and more efficient exciton dissociation results in more important (~5 times) PL
intensity quenching when Si-NCs are blended in P3HT polymer (Fig. 7b). In addition, the NC getting
relaxed in a colloidal suspension and consequently the Si=O bonds, are replaced by ordinary Si—O-Si
or Si—OH bonds. Then, as mentioned above, the carbon chains of polymer may take part in a passiva-
tion of the surface bonds of NCs as well [42]. Particularly in MEH-PPV polymer, the OR group
(Fig. 5a) is easily soluble. After that occurrence, higher PL emission can be explained by an increased
NC surface passivation. The traps become uneffective, and a radiative recombination of electron-hole
pairs in the core of the NC is less affected. At the same time the generation of photocurrent is smaller,
it is expected that exciplex emission is less affected and higher emission efficiency is observed in Si-
NC/MEH-PPV blends.

It should be noted that embedding Si-NCs in both polymers changes the PL characteristics.
Contrary to pure polymer films, red-shift of the PL band as a function of the temperature is observed
(Fig. 6). Within the blends, the PL emission of the short wavelengths exhibits different temperature de-
pendence to that of the long wavelengths. The PL behavior of both blends is rather similar to as-pre-
pared freestanding Si-NCs (Fig. 7, triangles). However, compared to them the PL spectra are shifted and
placed in a longer-wavelength spectral region. This effect is more important in the case of the
P3HT-based blend and a red-shift reaching a value of about 70 nm. The summary of temperature-de-
pendent PL. maximum peaks shift is shown in Fig. 7c. It has to be noted that very similar PL behavior
as a function of the temperature was previously observed for Si-NCs with quantum confinement size
effect prepared by other techniques [60,61]. Therefore, the same arguments could be used here to ex-
plain our results. Due to the state filling effect, an increase in temperature decreases more strongly the
emission intensity on the short wavelength side than that on the longer ones [60]. The filling effect in
blended and freestanding Si-NCs leads then to a ~40-nm red-shift of PL spectrum maxima in tempera-
ture range from 4 to 300 K.

Excitation energy transfer

The characteristics described above suggest that the PL of embedded nanocrystals in a polymer is
clearly connected with quantum confinement size effects in Si-NCs. The blending of a few types of NCs
in an organic matrix and the energy transfer has been investigated both theoretically and experimentally
[16]. As reported elsewhere, the Forster resonance energy transfer process is one of the most important
mechanisms at the nanoscale for transportation of excitation energy [63,64]. When nanocrystals are
capped by an organic layer (ligands) the excitation transfer is dominated by the Forster mechanism, then
the transfer is through space [65] and attributed to a dipole—dipole coupling process [66,67]. However,
in our case, during the preparation process the Si-NC surface is not functionalized by any surfactant
(i.e., ligands), which limits dipole—dipole coupling [65]. In addition, a dielectric constant in Si-NCs
(~3 nm) is strongly confined due to quantum confinement size effects, which leads to an increased
Forster transfer time from the polymer to the NC [68]. Contrary to that, when the NC does not contain
any ligand groups and acceptor—donor pairs are in close distance, the excitation transfer is dominated
by the Dexter mechanism, which is a charge exchange process [49,69]. In the Dexter mechanism, the
spectral overlap is independent of the oscillator strength of the transitions and is efficient at very small
distances [70]. An energy transfer by this mechanism requires close proximity (<10 A) of the donor and
acceptors in order to allow overlap of their wave functions [70]. We assume that in our case the donor
and acceptors are in direct contact or at least in van der Waals contact. Hence, one can expect that the
Dexter energy transfer may play a major role in excitation energy transfer [69,71].

The Dexter energy transfer rate (Rp) between a donor—acceptor pair at a distance (d) can be writ-
ten as follows:
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where Pp(E) is donor emission and A , (E) is acceptor absorption, respectively. The integral of the prod-
ucts is the energy conservation requirement. The ¥?2 is the exchange integral and can be expressed as
follows in an asymptotic form:

y2=c? exp[—ﬁ) (2)
Hy

where C is a constant with the dimension of energy and i is the Bohr radius; in the case of Si-NCs is
approximately tg = 10 nm and, in general, measures the spatial extent of the acceptor (NC) wave func-
tion.

As can be seen from Fig. 2a, considerable overlap between the emission of both polymers and
Si-NCs is detected. A larger overlap is observed in the case of the MEH-PPV film (blue line) located,
in addition, at the higher-energy spectral region. Then the exciton emission situated at lower wave-
lengths transfers higher excitation energies into smaller Si-NCs in diameter. Those energies are then ac-
cessible for transition into Si-NCs with a wider energy bandgap, which has more efficient emission rates
[32]. As aresult, a stronger emission in Si-NC/MEH-PPV compared to P3HT film is recorded (Fig. 7a).
In Fig. 8, an energy band diagram for our system is proposed. The emission peak that corresponds to
the lowest excited exciton energy of both polymers is around 2 eV [28,54]. Contrary to that, the exact
position of ionization potential for Si-NCs is not known yet. Here we assume that the potential position
does not vary significantly from a bulk Si (—4 eV) [27]. The lowest exciton energy of the as-prepared
Si-NCs, evaluated from PL and Raman spectroscopy, is approximately ~2 eV (energy gap in the bulk
silicon is 1.1 eV). A difference in a work function of the polymer and ionization potential of the NCs
results in a band offset. If the anisotropy is included in Si-NCs as well as the dipole—dipole coupling,
then it becomes easier to find a specific exciton lower energy state in the Si-NCs. When the anisotropy
of the band structure is introduced, the NC’s energy levels are shifted. The states become denser due to
the degeneration splitting, and many optically forbidden transitions are then accessible [72]. Therefore,
one may consider several states around 2 eV that appear with an inclusion of the anisotropy in the band
structure of the Si-NC. Forbidden transitions around the conduction and valence bands for Si-nc are in-
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Fig. 8 Proposed energy level diagram of Si-NCs conjugated polymer-based blends. Value for ionization energy of
Si-NCs is taken from the PL measurements with respect to the characteristics of the bulk Si. Levels of HOMOs and
LUMOs are taken from the literature (see text).
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dicated in Fig. 8 by the red color. Although it has been reported for other types of the NCs that this tran-
sition is optically forbidden [73] it can, however, be involved in the Dexter energy transfer [69,71]. In
eq. 1, the P(E) and A , (E) terms involve forbidden transitions, which results in a decrease of the NC’s
effective gap (Egeff“ﬁ"e, Fig. 8). Consequently it becomes easier for the excitation energy to find a spe-
cific lower exciton state in Si-NCs. This leads to a red-shift in PL spectra of the blended Si-NCs (Fig. 7).
As the degree of the PL emission overlapping is smaller for P3HT polymer, the value of R integral is
smaller as well. After exciton transfer, the radiative recombination is possible in Si-NCs with larger
diameter (i.e., lower-energy bandgap) at less efficient emission rates.

Furthermore, in our studied Si-NCs with sizes of 3 nm on average and wide optical gap ~2 eV,
both the hole and electrons are strongly spatially confined. Therefore, the dielectric constant of the NCs
has to be considered in strong confinement regime as well [72]. If the dielectric constant is strongly con-
fined, then the distance from the polymer to the NC is reduced. In fact, the dielectric constant reduces
the screening effect. This leads to an increase in the Forster transfer time from the polymer to NC. An
effective interaction center of the dipole in the NC increases as a function of the size [69]. However, in
the case of weak confinement (Si-NC diameter > 8 nm), since the exciton can move around the NC, one
can argue that the energy transfer between the NCs and the P3HT polymer can be described both terms:
(i) by phase-coherent strong coupling and (ii) phase-incoherent weak coupling through the resonant
dipole—dipole interaction [74—77]. Or, in other words, the excitation energy is transferred to the larger
sized Si-NCs by the Forster-like transfer. If the P3HT polymer-based blend is viewed as an inhomo-
geneous collection of varying-length chain segments. Then, after a photon excites a chain segment ex-
citon executes a random walk through the density of states via the Forster energy transfer. The excita-
tion energy transfer duration is, until it interacts with the larger-sized NC (>8 nm) and the Forster
mechanism cannot be completely ruled out. However, in our case, the temperature-dependent PL indi-
cates that most of the exciton transfer goes into the Si-NCs with an optical bandgap around 720 nm
(1.7 eV) corresponding to a size of about ~4 nm on average. On this scale, the electrons and holes are
still confined and the dipole—dipole coupling with the polymer is limited. Therefore, it is assumed that
similarly to the Si-NC/MEH-PPV blend, the Dexter-like mechanism plays a major role for the excita-
tion energy transfer in the Si-NC/P3HT blend. The Si-NC/MEH-PPV polymer blend luminescence
properties brings to mind many novel optolectronic applications (e.g., organic light-emitting diode), the
red-shifted PL and decreased emission rate from Si-NCs embedded in P3HT polymer are more favor-
able for construction of the photovoltaic devices. As demonstrated in Fig. 5b, contrary to MEH-PPV
polymer, a higher delocalization of the carriers in lamella-like P3HT polymer limits a back recombina-
tion of the electrons transferred in Si-NCs and holes in the polymer and increases the photocurrent gen-
eration.

CONCLUSIONS

Photoelectric properties of Si-NCs blended with P3HT and MEH-PPV conjugated polymer were in-
vestigated. An improvement in a photo-conductivity response is demonstrated when NCs are blended
within both the polymers at ambient temperature and atmosphere. The occurrence of interaction be-
tween the electronic ground states of Si-NCs and both polymers establishes a bulk heterojunction. An
off-set between the polymer work function and NC ionization potential led to a dissociation of the ex-
citons. The electrons are swept into the conduction band of the Si-NC, while the holes are transferred
into the polymer. An exciton emission reduction combines with an increase of the transport properties,
thus improving the photo-response in the lamella-structured P3HT-based blend. An addition of NCs in
both polymers affects the vibrational relaxation and changes the profile of the PL emission of the blend.
Dexter mechanism is responsible for the excitation energy transfer to the Si-NCs with a quantum con-
finement size effect. The excitation-transfer energy from the polymer to a NC leads to a red-shift of the
blends PL emission. A decreased energy transfer rate is observed for the P3HT-based blend due to the
smaller overlap between the emission spectra with NCs and in addition places it in the low-energy re-
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gion. It is assumed that after the Dexter-like energy transfer of the PL band can be attributed mainly to
zero-phonon electron-hole recombination in Si-NCs due to a strong enhancement of the quantum con-
finement effect. It is believed that conjugated polymers blended with Si-NCs with quantum confinement
effects have potential for the development of environmentally compatible and low-cost photovoltaic de-

vices.
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