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Abstract: We propose and demonstrate semiconductor nanocrystal based
photovoltaic scintillators integrated on solar cells to enhance photovoltaic
device parameters including spectral responsivity, open circuit voltage,
short circuit current, fill factor, and solar conversion efficiency in the
ultraviolet. Hybridizing (CdSe)ZnS core-shell quantum dots of 2.4 nm in
diameter on multi-crystalline Si solar cells for the first time, we show that
the solar conversion efficiency is enhanced 2 folds under white light
illumination similar to the solar spectrum. Such nanocrystal scintillators
provide the ability to extend the photovoltaic activity towards UV.
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1. Introduction

Silicon is one of the most abundant elements in the earth’s crust and is currently the most
predominantly used material in microelectronics. Today silicon based microelectronic
technology (e.g., complimentary metal oxide semiconductor—CMOS and silicon on
insulator—SOl) offers the ability to fabricate chips with sub-micrometer features in large
volumes. In optoelectronics, silicon is also widely used, especially in imaging (e.g., charged
coupled devices—CCDs in the visible). Similarly, silicon finds wide-scale use in
photovoltaics (PV) in optoelectronics. About 95% of the PV market is presently dominated by
Si based solar cells[1]. To date there has been a considerable amount of research work on the
use of silicon in photovoltaic devices in the literature, especially for improving solar
conversion efficiency [2, 3]. Presently, although silicon is used commonly in the PV industry,
it is subject to fundamental constraints due to its intrinsic material properties that limit its
solar conversion efficiency and related photovoltaic device parameters (including open circuit
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voltage, short circuit current, and fill factor). Such one important limitation is its very low
responsivity in the ultraviolet (UV) range [4, 5]. Silicon devices typically exhibit two orders
of magnitude weaker responsivity in the ultraviolet than that in the visible. This ssemsfrom its
very high absorption coefficient and the resulting very short absorption length in the UV.
Consequently, it becomes very difficult to collect the photogenerated carriers across silicon
devices and thus to generate electrical energy under UV illumination. A variety of approaches
have been investigated to enhance the responsivity of silicon in UV, e.g., by using shallower
junctions in avalanche photodiode architecture [6].

However, the UV part of the solar spectrum (below 400 nm) is crucial because UV makes
about 7% of the entire solar spectrum on the earth (after passing through the ozone layer) and
12% in space [7, 8]. Therefore, it is critica to make use of UV spectrum in solar energy
conversion both for the roof-top PV power generation on earth and the satellite applicationsin
space. Since silicon itself is not capable of using the UV part of the solar spectrum for solar
energy conversion, in this work we propose and demonstrate semiconductor nanocrystal based
photovoltaic scintillators integrated on solar cells made of Si to extend their responsivity to
the ultraviolet spectral range. In this paper for the first time, we present the concept, design,
fabrication, and experimental characterization of such photovoltaic nanocrystal scintillators
hybridized on S solar cells to substantially enhance their photovoltaic device parameters
including spectral responsivity, open circuit voltage, short circuit current, fill factor, and solar
conversion efficiency. Hybridizing (CdSe)ZnS core-shell nanocrystals (of 2.4 nm in diameter
with a +5% size distribution) on multi-crystalline S solar cells, we show that the solar
conversion efficiency is doubled under white light illumination similar to the solar spectrum
on the earth. Such nanocrystal photovoltaic scintillators increase the efficiency of the existing
visible photovoltaic devices (e.g., S solar cells) for use in the solar applications where UV
illumination is available (e.g., on earth and in space); this is the added value provided in this
hybrid approach.

Nanocrystals find various potential high-technology applications. To date there has been a
significant amount of research effort for the synthesis and characterization of such nanocrystal
guantum dots [9-13]. Also, the use of nanocrystals in optoelectronic devices is extensively
investigated [ 14-27], owing to their distinctive optical characteristics. Their interesting optical
features primarily come from their three dimensional quantum confinement especially as their
radii get smaller than the bulk exciton Bohr radius. For example, in nanocrystals, it is possible
to fine-tune the optical emission and absorption spectra using the size effect [9], while
obtaining relatively narrow emission linewidth with the synthesis of mono-disperse
nanocrystals and high quantum efficiencies with the synthesis of the passivating outmost shell
layer [10-12]. Among such optoelectronic device applications are nanocrystal LEDs [18-20],
hybrid white light sources [17-20], plasmon coupled nanocrystal emitters [21-23],
photodetectors [24], optical memories [25], and solar cells [26-29]. Here, yet as another
optoelectronic device application for the nanocrystals, we present a proof-of-concept
demonstration of photovoltaic scintillators incorporating high-density nanocrystals for
extending the photovoltaic activity to the UV.

Previoudly, there have been different studies for the demonstration of solar cells using
nanocrystals [26-29]. For example, in [26], nanocrystal embedded solar cells have been
successfully demonstrated, where the nanocrystals were used as the active material to absorb
the incident light and to collect the photogenerated carriers. In these solar cells made of
nanocrystals, the multiple exciton generation and the resulting enhancement of solar cell
efficiency were also observed. Furthermore, in [27], a hybrid nanorod-polymer solar cell has
been demonstrated, with its external quantum efficiency studied as a function of the
nanoparticle size. Different from the previous literature, in this work we focus on the
enhancement of the photovoltaic performance for already fabricated S solar cells by
functionalizing them with the nanocrystal scintillators on the top. Such photovoltaic
nanocrystal scintillators hybridized on Si solar cells lead to as high as 2-fold enhancement in
the solar conversion efficiency, reported for the first time in the literature to the best of our
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knowledge. The use of these photovoltaic nanocrystal scintillators is particularly interesting to
leverage today’ s advanced Si solar cell technology for enabling operation inthe UV.

In our previous work, we developed scintillators using nanocrystals for S based
photodetectors and CCD cameras to enhance their responsivity and to improve detection and
imaging characterigtics in the UV [30]. For enhanced operation in the UV, we demonstrated
the optical imaging of UV spots on CCD cameras hybridized with nanocrystals, which is not
possible by using bare CCD cameras. Unlike our previous work, in thisletter for the first time,
developing nanocrystal scintillators for S solar cells, we study and demonstrate the
nanocrystal hybridization for the enhancement of those device parameters specific only to the
solar cells such as the solar conversion efficiency, the open circuit voltage, the short circuit
current, and the fill factor.

2. Concept of photovoltaic nanocrystal scintillators

The concept of our nanocrystal scintillator for silicon relies on making use of the high
absorption levels of the nanocrystals in the UV (typically 10,000s cm™) and of the Si solar
cells in the visible (in the range of 10,000 cm™, also in [31]). The operating principle of our
nanocrystal scintillator is based in particular on the reduced overlap of the optical absorption
and emission spectra of the nanocrystals, mitigating the level of re-absorption. Figure 1 shows
the photoluminescence and optical absorption spectra of our (CdSe)ZnS core-shell
nanocrystals. The photoluminescence spectrum is measured using a He-Cd laser pump (at 325
nm) and the absorption spectrum is taken using a UV-VIS spectrometer, both a room
temperature. These (CdSe)ZnS core-shell nanocrystals, which feature a quantum efficiency of
about 15-30%, are 2.4 nm in diameter (with a size distribution of +5%) and have a
corresponding peak emission wavelength of 548 nm. As observed in Fig. 2, the overlap
between the emission and absorption spectra of these nanocrystals is very small, as one of the
common features of nanocrystals in general. (Also, note that the optical absorption given in
Fig. 2 shows a dip around 250 nm, which comes from the measurement setup
(spectrophotometer). Indeed the optical absorption keeps increasing at these wavelengths,
too.)

In operation, the incident UV photons are first strongly absorbed by the scintillator
nanocrystals, generating electron-hole pairs in the nanocrystals. These photogenerated carriers
then relax to lower energy states (e.g., through phonon interactions) and recombine radiatively
at alower photon energy with high enough quantum efficiency. Most of these photons that are
emitted at longer wavelengths (in the visible around 548 nm by our (CdSe)ZnS nanocrystals)
are not absorbed again by the nanocrystals themselves and thus arrive at the active surface of
the integrating Si solar cell platform. As aresult, these photons are then strongly absorbed by
the S solar cell to contribute to the solar energy conversion. Therefore, the hybridized
nanocrystals on the S solar cell allows the incident UV photons effectively to be converted to
visible photons (basically for wavelength up-conversion) to generate electrical energy at the
S photovoltaic platform where the UV photons were otherwise unused. Here the use of
nanocrystals in our scintillators also provides an additional advantage to tune their emission
wavelength conveniently to match the PV response of the S solar cell as necessary.

These green-emitting nanocrystals are carefully chosen to have their emission wavelength
to fall within the high-responsivity spectral range of the silicon solar cell, while maintaining
their high quantum efficiency. Our nanocrystals initially kept in the toluene are mixed with
acetone to centrifuge (for 5 min at 13,500 rpm) for the phase separation of the nanocrystals
from the toluene solvent. These nanocrystals are then mixed with poly methyl methacrylate
(PMMA) to obtain a high nanocrystal concentration (15 pug/nmoal). The reasons for blending
nanocrystals in a very small amount of polymeric solution include obtaining a high film
quality and a sharp edge in the optical absorption spectra of the resulting nanocrystal-polymer
thin film. To fabricate our samples, we use standard fabrication techniques similar to those
developed and described in our previous optoelectronics device work [17-20, 32-35]. We
prepare the nanocrystal-polymer films on our samples on the hot plate (at 50 °C) to achieve
uniform films. The nanocrystals are prepared in varying amounts hybridized on the top of Si
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solar cells to demonstrate the change in solar cell parameters as a function of the incorporated
nanocrystal amount.
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Fig. 1. Photoluminescence and absorption spectra of our green nanocrystalsin thin film.

3. Experimental demonstration of photovoltaic nanocrystal scintillators

We experimentally study and demonstrate the enhancement in the spectral responsivity of our
multi-crystalline silicon solar cells with the use of our nanocrystal scintillatorsin the UV. We
perform this optical characterization by measuring the photocurrent from the S solar cell
before and after the hybridization of the nanocrystal scintillator on the top with an optica
chopper/lock-in amplifier setup at room temperature. We obtain the responsivity of the solar
cell from the measured photocurrent as a function of the wavelength of the incident optical
beam coming from the monochromator. We observe that the responsivity of the bare Si solar
cell isinitialy very low (sub-mA/W) in the UV regime, especially below 320 nm. With the
use of the nanocrystal scintillator, we obtain significant improvement in the spectral
responsivity of the solar cell between the optical wavelengths of 220 nm and 320 nm. Figure 2
shows the resulting enhancement factor of the silicon solar cell because of the nanocrystal
scintillator hybridization (using 11.25 nmol nanocrystals), reaching a maximum of 10.3-folds
at 292 nm. The inset also depicts the spectral responsivity of the silicon cell in the UV region
before and after the nanocrystal hybridization; the responsivity of the nanocrystal hybridized
solar cell is considerably enhanced reaching mA/W levels.

In the spectral responsivity experiment, this enhancement arises due to the absorption and
emission properties of the nanocrystal quantum dots. The incident UV light, which cannot be
used for wavelengths < 320 nm directly by the silicon solar cell, is converted to the visible (at
the emission wavelength of the scintillator nanocrystals around 548 nm), which is then used
for the solar conversion by the silicon solar cell. These experimental results are in good
agreement with the expected responsivity behavior of the S solar cell across UV-visible and
the expected behavior of our scintillators for Si. However, in this experimental setup, the
limited optical power available from the monochromator limits the maximum amount of
nanocrystals used to hybridize on the top of S solar cells, in turn limiting the resulting
enhancement factor measurable in this setup. Slightly larger enhancement factors can be
obtained up to a certain level with the hybridization of more scintillator nanocrystals;
however, after a certain point, the hybridization of additional nanocrystals introduces
diminishing differential enhancement, as demonstrated in the |V characterization setup under
white illumination. Nevertheless, this responsivity characterization experimentally proves that
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nanocrystal scintillator improves the spectral responsivity in the UV range, leading to the
overall improvement of the solar cell performance under white light illumination.

24 — bare solar cell
10 1 1.8 1 —NC hybridized solar cell

responsivity (mA/W)

enhancement factor

3 220 240 260 280 300 320

220 320 420 520 620
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Fig. 2. The enhancement factor of the spectral responsivity of the Si solar cell hybridized with
nanocrystals with respect to the bare Si solar cell. Also in the inset is shown the spectral
responsivity of the silicon solar cell inthe UV with and without the nanocrystal scintillator.

Figure 3(a) shows the current-voltage (1V) characterization of the nanocrystal hybridized
S solar cell under white light illumination, parameterized with respect to the amount of
hybridized nanocrystals. Here we use the same green-emitting (CdSe)ZnS nanocrystals for
each IV characterization, but vary the amount of hybridized nancrystals for each IV
measurement, increasing from a starting total amount of 7.78 nmol (corresponding to a cross-
sectional density of 3.42 nmol/cm® and reaching a final total amount of 152.10 nmol
(corresponding to a cross-sectional density of 67.60 nmol/cm?). The illumination conditions
are al identical in these IV measurements. In this experiment, as the number of nanocrystals
hybridized on the solar cell is increased, we observe that the IV curve shifts downwards,
indicating that the photocurrent level is increased, given the same input optical beam. The
responsivity of the hybridized device seems more or less constant between 240 nm and 280
nm, although the optical absorption of the nanocrystal does not remain constant in this region.
In this IV characterization, a xenon light source is deliberately used as the white light
illumination source to characterize our solar cells, as also used in Ref. [26], because the UV
content provided by this Xe lamp (Newport Corp.) is 7.3% of its full spectrum [36], which is
similar to the UV content of the solar spectrum arriving on the earth ground [7]. Here it is
worth noting that although the solar simulators are known to be the best in simulating the
solar spectrum and its conditions in the visible, they are not apt for characterization in the UV
(dueto their typical UV content of 3% or less[36]). On the other hand, there are the UV solar
simulators specifically designed for UV characterization; but, then these sources are too rich
in UV (with a UV content of 35% or more [36]). Therefore, in this work, this Xe lamp serves
as one of the best candidates to characterize our solar cells in UV for a solar-like
characterization.
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Fig. 3. (8) IV characteristics of the solar cell parameterized with respect to the amount of
hybridized nanocrystals under Xe white light illumination and (b) IV characteristics of the solar
cell zoomed in the 4th quadrant parameterized with respect to the amount of hybridized
nanocrystals.

Figure 3 (b) focuses on the IV curves of the solar cells in the 4™ quadrant to clearly show
the shift of the IV curves with the increasing nanocrystal amount. Here as the number of
nanocrystalsis increased, we observe that the open circuit voltage and the short circuit current
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of the solar cell correspondingly increase. This incremental enhancement of the open circuit
voltage and the short circuit current with the increments of the hybridized nanocrystals comes
from the increasing level of photoemission in the visible. By doing so, more of the otherwise
unused UV part of the solar spectrum is converted to the electrical energy, effectively
increasing the open circuit voltage and the short circuit current—thus, the fill factor and the
solar conversion efficiency. Table 1 summarizes the change of these solar cell parameters.

Table 1. Solar cell parameters change as a function of the nanocrystal amount hybridized on the solar cell.

Amount of nanocrystals (hmol) None 7.78| 23.40| 46.80| 77.85| 117.00| 152.10
(1XV)max (AXV)( x107%) 2.38 2.82 3.35 3.96 4.26 4.44 5.01
I sc XVoe (AXV) (x10°%) 8.67 | 10.09| 11.47| 12.72| 13.35 13.46 14.60
Fill factor (x10?) 27.45| 2795| 29.21| 31.14| 31091 32.97 34.40
Relative solar conversion efficiency 2.38 2.82 3.35 3.96 4.60 4.44 5.01
Enhancement factor 1.00 1.18 1.40 1.66 1.79 1.87 2.11
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Fig. 4. Evolution of (a) short circuit current, (b) open circuit voltage, (c) fill factor, (d) relative
solar conversion efficiency, and (€) enhancement factor as a function of the increasing amount
of nanocrystals, (a)-(€) in order from the top to the bottom of the figure.
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Figures 4(a)—4(e) show evolution of the short circuit current, open circuit voltage, fill
factor, relative solar conversion efficiency, and enhancement factor of the solar conversion
efficiency as a function of the increasing nanocrystal amount hybridized on the solar cell
under Xe white light illumination. When the amount of the nanocrystalsisincreased to 152.10
nmol, we observe that a maximum enhancement factor of 2.1-folds is achieved with respect to
the bare Si solar cell. As the amount of the hybridized nanocrystals is increased more and
more, after a certain point we observe that the fitted curve of the enhancement factor
converges to a maximum level and we have a diminishing differential enhancement in solar
conversion efficiency (see Fig. 4(e)). Although these results are experimentally completely
reproducible, some characteristics of the solar cell parameters enhancing incrementaly as a
function of the nanocrystal amount such as the uneven changes in certain parameters and the
incremental  enhancement levels are not fully understood. Additional experimenta
characterization and theoretical modeling is in progress to further understand the scintillation
process, the enhancement levels, and the optimization possibilities.

4. Conclusion

In conclusion, for the first time, we reported on a proof-of-concept demonstration of
semiconductor nanocrystal based photovoltaic scintillators integrated on solar cells for the
enhancement of photovoltaic device parameters including spectral responsivity, open circuit
voltage, short circuit current, fill factor, and solar conversion efficiency. Hybridizing
(CdSe)ZnS core-shell nanocrystals of 2.4 nm in diameter with a £5% size distribution on
multi-crystalline S based solar cells, we showed that the spectral responsivity was increased
by 10.3 timesin the UV range and the solar conversion efficiency was enhanced by 2.1 times
under white light illummination similar to the solar spectrum. These experimental results are
thought to indicate that such nanocrystal scintillators hold great promise for extending the
responsivity of photovoltaic devices towards the ultraviolet region, possibly also presenting
commercial value.
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