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Abstract: Recently, in the solar energy society, several key technologies have been reported to meet a
grid parity, such as cost-efficient materials, simple processes, and designs. Among them, the assistive
plasmonic of metal nanoparticles (MNPs) integrating with the downshifting on luminescent materials
attracts much attention. Hereby, Si-based Schottky junction solar cells are fabricated and examined to
enhance the performance. CdSe/ZnS quantum dots (QDs) with different gold nanoparticles (Au NPs)
sizes were incorporated on a Si light absorbing layer. Due to the light scattering effect from plasmonic
resonance, the sole Au NPs layer results in the overall enhancement of Si solar cell’s efficiency in
the visible spectrum. However, the back-scattering and high reflectance of Au NPs lead to efficiency
loss in the UV region. Therefore, the QDs layer acting as a luminescent downshifter is deployed
for further efficiency enhancement. The QDs layer absorbs high-energy photons and re-emits lower
energy photons in 528 nm of wavelength. Such a downshift layer can enhance the overall efficiency
of Si solar cells due to poor intrinsic spectral response in the UV region. The optical properties of Au
NPs and CdSe QDs, along with the electrical properties of solar cells in combination with Au/QD
layers, are studied in depth. Moreover, the influence of Au NPs size on the solar cell performance has
been investigated. Upon decreasing the diameters of Au NPs, the blueshift of absorbance has been
observed, cooperating with QDs, which leads to the improvement of the quantum efficiency in the
broadband of the solar spectrum.

Keywords: plasmonic effect; downshifting; Schottky junction; Si-solar cell; Au NPs; CdSe/ZnS QDs

1. Introduction

Schottky junction solar cells have always been one of the most potential candidates for
light energy conversion technology. Due to an uncomplicated and economical fabrication
process, such as the direct deposition of a thin metal layer on a polycrystalline semiconduc-
tor wafer, the Schottky barrier has received high consideration from science society [1–3].
Unfortunately, this benefit concurrently turns into a drawback since the thickness of the thin
metal layer will negatively impact the light absorption of the semiconductor [4]. Thanks to
intense research efforts, several methods are issued to improve this matter [5–7]. Among
them, plasmonic nano-antenna, such as metal nanostructures (MNS), are proposed as
light harvesting for enhancing the overall performance of photonic devices [8–10]. The
optical field strengthening from the localized surface plasmon resonance (LSPR) existing
on the MNS could increase the photon absorbance into nearby materials. Besides, the solar
spectra region of the surface plasmon resonance wavelength (λSPR) is strongly dependent
on the size, shape, and concentration of MNS. Particularly, metal nanoparticles (MNPs)
become very attractive due to their flexibility, straightforward synthetic, and high-uniform
contribution [11,12]. Small sizes of MNPs (below 50 nm) are supposed to induce the in-
tensive near-field localization; then, generate the light scattering in the board area of solar
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spectra [13,14]. However, plasmon assistance of MNPs on the semiconductor wafer leads to
the external quantum efficiency (EQE) loss in the UV and near UV region that has already
been testified [15–18]. Additionally, quantum dots (QDs) luminescent layers are applied as
the other approach to enhance solar cell efficiency. These layers absorb photons in the UV
and near UV spectrum, then convert them into photons in the visible region to accumulate
more incident photons [19–21]. Moreover, the properties of QDs, such as downshifting and
anti-reflective, which facilitate the EQE enhancement of solar cells in the UV region, are
demonstrated by research articles [22–24].

In this study, both plasmonic and luminescent materials are employed for enhancing
the performance of silicon-based Schottky solar cells. CdSe/ZnS core/shell QDs and
controlled sizes of gold nanoparticles (Au NPs) have been deployed to investigate the effect
of hybrid structure on optoelectrical properties of the solar cell. This integration results in
elevated EQE for the entire solar spectrum, averagely of 10%. The increase in the solar cell
parameters, including the short circuit current (JSC), the fill factor (FF), and the efficiency
enhancement (η), are achieved of 20%, 8%, and 28%, respectively.

2. Materials and Methods

Reagents. CdSe/ZnS QDs were supplied from the FINE lab. Tetrachloroauric acid
trihydrate (HAuCl4.3H2O, 99.9+%), Oleylamine, and Sodium Hydroxide (NaOH) were
acquired from Sigma Aldrich. Octanethiol, cyclohexane, and ethanol were provided from
EMD Chemicals. Deionized water (Millipore Milli-Q grade) was handled in all experiments.

Synthesis of Au NPs-oil soluble. Au NPs with various sizes were synthesized by the
standard chemical reduction of HAuCl4, varying the volume of oleylamine [25]. Briefly,
3 mL of 1 wt.% HAuCl4 was added to 70 mL DI water and then heated to boiling point. A
quantity of 0.75 mL oleylamine was quickly added to the boiling solution under vigorous
stirring for 2 h and allowed to cool to room temperature. For transferring the solution from
water-soluble to oil-soluble, 30 mL cyclohexane was added to the above solution and stirred
until the solution changed to ruby red color. To control the pH condition at the ideal value,
1.5 mL of 2 M NaOH was injected quickly into the mixture and stirred for 30 min. The
solution was kept undisturbed at room temperature until it separated into two layers. The
upper layer, including Au NPs, was allowed to precipitate by adding EtOH and purified
by cyclohexane and EtOH once, then dispersed in 60 mL cyclohexane. For diverse Au NPs
sizes, the volume of oleylamine was varied at 0.75, 1.0 mL, and 1.25 mL (corresponding to
3 × 10−2, 4 × 10−2, and 6 × 10−2 M, respectively) at a fixed HAuCl4 concentration.

Fabrication of Si Schottky junction solar cells. For uncomplicated and reliable de-
vices, the solar cells were fabricated on a 525 µm single polished n-type 1–10 Ω-cm Si wafer.
For the back and front contact of the devices, 100 nm of titanium (Ti) and 5 nm of Au were
deposited at 0.2 Å/s by thermal evaporation, respectively. Ti layer works as back contact,
and Au film is responsible for the Schottky junction and oxidation barrier. Silver (Ag) front
contact was deposited with a thickness of 100 nm using the grid pattern. For examining the
effect of the Au/QDs layer on the devices, the synthesized Au NPs colloids and CdSe/ZnS
QDs were coated layer-by-layer on the surface of solar cells by the spin coater as described
in Figure 1.

Characterization. UV–Vis absorption spectrum was performed using an EMC-11-UV
spectrophotometer (ranging from 300 nm to 1000 nm). Transmission electron microscopy
(TEM) images were presented using TALOS F200X (S)TEM. PL spectra of samples were
measured by a FluoTime300/MicroTime100 PicaQuant spectrometer (PicoQuant, 12489
Berlin, Germany) equipped with a dichroic filter and a 405 nm laser as the excitation source.
For investigating the electrical properties of photovoltaic devices, the Keithley 4200-SCS
system and IPCE PEC-S20 system were applied.
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Figure 1. Schematic of device fabrication process.

3. Results and Discussions

An affordable and facile method for synthesizing different Au NPs is reported. The
particles can be dissolved with both non-polar and polar solvents due to the powder form
of the nanoparticles. TEM was carried out to investigate the size and morphology of the
prepared Au NPs, and the results are reported in Figure 2a–c. Au NPs are mostly spherical
and highly monodisperse; however, the smaller particle size shows the narrower size
distribution. In detail, Au NPs 1 with the oleylamine concentration at 3 × 10−2 M has the
largest average diameter of 24.8 ± 2.1 nm with a broad size distribution. Meanwhile, the
highest concentration of oleylamine at 6 × 10−2 M produces Au NPs 3 with the smallest
core particle size of 12.3 ± 0.6 nm. Additionally, the normalized absorption spectra of
Au NPs (Figure 3a) with the plasmon absorption peaks of 524 nm, 523 nm, and 521 nm,
in accordance with the Au NPs 1, Au NPs 2, and Au NPs 3. With increasing oleylamine
concentration, the slight blue shift of Au NPs plasmon peak (from 524 nm to 521 nm)
strongly confirms the particle size decrease. Thus, the particle diameters can be inferred
from the oleylamine concentration. In the formation of oleylamine capped Au NPs complex,
oleylamine plays a crucial role as both reducing and stabilizing agent [26]; as a result, the
particle size and distribution can be tunned by the concentration of oleylamine.

Figure 2. (a–c) TEM images of Au NPs. The insert shows the particle size distribution histogram of
Au NPs. (d) TEM images of CdSe/ZnS QDs-528 nm.
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Figure 3. (a) Normalized absorption spectra of Au NPs. (b) Absorption and emission spectra of
CdSe/ZnS QDs. (c) Absorption spectra of QDs-528 nm individually and QDs-Au NPs conjugates.

In term of QDs, the green CdSe/ZnS core/shell QDs was employed. TEM image
in Figure 2d indicates the narrow size distribution of QDs with an average diameter of
~3.6 nm. The absorption spectra and the PL emission spectra of QDs with the wavelength at
528 nm are presented in Figure 3b. The full width at half maximum (FWHM) is smaller than
35 nm. The quantum yield (QY) is about 85%, indicating high efficiency. The absorbance
peak of QDs located at the wavelength of 508 nm, corresponding to the energy bandgap of
2.180 eV [27]. In the solar radiation spectrum, photons around 520 nm have the highest
irradiance energy intensity that is useful for Silicon-based solar cells [28,29]. Compared to
other CdSe QDs, the green one has a greater band gap, leading to a lower recombination
rate in solar cells. Thus, CdSe/ZnS (green) is an potential candidate for enhancing PV
performance [30,31].

To investigate the dependence of the LSPR effect on Au NPs and QDs, the absorption
spectra of bare QDs and different Au NPs layers are measured, as shown in Figure 3c. With
the addition of Au NPs, the overall absorbance intensity has increased. The SPR peaks
and the accompanied FHWM are also obtained. The spectra peaks are located at 527 nm,
526 nm, and 523 nm. Correspondingly, the FWHM values are 68 nm, 80 nm, and 43 nm
for Au NPs 1, Au NPs 2, and Au NPs 3. The lowest FHWM of Au NPs 3 indicates highly
monodisperse particles. Besides, the variation in the absorbance intensity can be attributed
to the surface coverage of the particles on thin film. It was reported that the spin coating
Au NPs (<20 nm) gave the superior uniform shape and concentration on both glass and
silicon substrates.

To understand the effect of Au/QD layer on PV performance, thin layers of Au NPs 2
(with a diameter of 18.3 nm) and CdSe QDs are adopted on the front side of the Schottky-
based solar cell. Figure 4a displays the current density-voltage (J-V) characteristics of the
devices under light illuminating conditions. Overall, the performance of solar cells has
enhanced clearly after coating Au/QDs layer. After coating Au NPs layer, the considerable
increase in JSC from 14.86 mA/cm2 to 17.07 mA/cm2 and the slight growth in VOC from
0.36 V to 0.37 V are observed. These improvements can be attributed to the enhanced
IPCE (by 11%) in the wavelength segment ranging from 600 nm to 850 nm, presented in
Figure 4b. This IPCE increase is assigned to the magnified light scattering effect [8–10].
However, the sole Au integrated solar cell reduces IPCE for photons possessing energy
less than 2 eV, resulting from the back-scattering effect associated with Au NPs [15–18].
Meanwhile, the integration of cells with Au/QD layer further intensifies the JSC, from
14.86 mA/cm2 to 19.56 mA/cm2, which is strongly suggested by the elevated IPCE value
for broad spectrum. The hybrid Au/QDs structure overcomes the limit of sole embedded-
Au NPs by the downshifting effect of QDs. The embedded hybrid structure-based solar
cell provides an overall improved IPCE of 15% compared to bare Si-based solar cells.
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Figure 4. (a) Current density versus voltage curves. (b) Incident photon to current conversion
efficiency (IPCE) spectra of all devices. (c) Energy band diagram at the equilibrium condition.

The photogeneration and separation process in the solar cell are studied by the pro-
posed energy band diagram, as shown in Figure 4c. The work function of heavily doped
n-type silicon with the resistivity of 1–10 Ωcm is reported as ΦSi = 4.58 eV, and the bandgap
is about 1.11 eV [32,33]. The work function of Au and Ti (ΦAu & ΦTi) are 5.1 eV and 3.84 eV,
respectively [34]. The higher work function of Au compared to n-Si results in the formation
of built-in potential at the Au/n-Si interface. This built-in potential imposes the potential
barrier height to the free electrons inside n-Si that leads to the formation of the Schottky
junction. In addition, ΦTi is smaller than ΦSi so that the Ohmic contact forms between Ti
and n-Si. Under the light illuminating conditions, the -hole (e-h) pairs are generated by the
photon absorption process. This includes two simultaneously interacting light procedures
of Si, including direct light-source absorption and QDs induced light emission. The formed
electric field as Schottky interface immediately separates the photo generated e−/h+ pairs.
The separated carriers are swept away from the Au/Si junction under the drift mechanism
to selective contact (electron to Ti and hole to Au); therefore, the photo-induced power is
delivered to the external circuit. The enhanced performance of solar cells attributes to the
synergetic effects, consisting of plasmonic effect and QDs downshifting.

To optimize the impact of Au NPs incorporated with QDs on the devices, three differ-
ent sizes of prepared Au NPs were employed. The variation of photovoltaic parameters
including JSC, VOC, FF, and η is described in Figure 5. It is observed patently that the
smaller Au NPs diameter induced more enhancement in cell performance. In general, Au
NPs 3 with the smallest size of 13.2 nm has the greatest effect on the Si-based Schottky solar
cell performance. Specifically, FF and η increased up to 10% and 28%, respectively. The
series (RS) and shunt resistance (RSH) are extracted from the dark J-V profile of the devices,
presented by Figure 5c. After coating Au/QDs, the RS increased from 1.001 Ω to 1.766 Ω,
and the RSH decreased from 595 Ω to 548 Ω. The observed resistance variation is negligible;
therefore, the improved solar cell performance was primarily governed by the optical
effect of Au/QDs hybrid structures. The solar cell parameters with Au NPs 3 and QDs are
mentioned thoroughly in Table 1. As discussed, Au NPs 3 implies the most monodisperse
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spherical particles and the highest surface coverage on the substrate among three particle
sizes, thus contributing significantly to enhancing solar cell performance [35,36].

Figure 5. Variation of photovoltaic characteristics extracted for all devices with different diameters of
Au NPs (a) JSC and VOC. (b) Fill factor and Efficiency. (c) Series resistance and Shunt resistance.

Table 1. J–V characteristics of reference cell, Au NPs 1 cell, and Au NPs 1/QDs composite cell
measured under the artificial light.

Device Voc (V) Jsc (mA/cm2) FF (%) RS (Ω) RSH (Ω) η (%)

n-Si 0.383 15.535 42.493 1.101 595.854 2.528
n-Si/Au NPs 0.380 18.220 39.689 2.326 539.865 2.747

n-Si/Au NPs/QDs 0.387 19.299 46.791 1.766 548.481 3.495

By measuring the electrical properties of devices, the influence of Au NPs and QDs in
the cell’s performance is clarified. The increase in the broadband region between 600 nm
and 850 nm is considered to be attributed to the plasmonic effect of Au NPs [15,17]. As
mentioned, the significant absorbance in the UV range and the high photon emission
intensity at 528 nm are the well-assist factors for significantly increasing light absorption
in the Si layer, which contributes to the JSC enhancement [23]. Besides, QDs is also recog-
nized as its anti-reflective property so that the photon absorption can be increased, which
induce the improvement in the carrier concentration and the photoconductivity in the solar
cell [37–40].

4. Conclusions

In summary, we introduced a flexible methodology for enhancing solar cell perfor-
mance. By depositing Au NPs and CdSe/ZnS QDs layer-by-layer in Si-based Schottky
solar cells, a considerable increase in cell performance is observed. Besides, the effect of
different Au NPs diameters is explored. Without coating QDs layers on the cells, the small-
est diameter of controlled Au NPs sizes has given the highest efficiency enhancement, up
to 8%, corresponding with the photocurrent heightening of 14%. Moreover, the efficiency
depicts remarkable improvement by incorporating Au NPs with CdSe/ZnS layer on the
cells. In detail, the best cell’s performance at the smallest Au NPs attains 28% efficiency
enhancement. This can be explained by the downshifting of incident photons and the
anti-reflectance property of QDs. This facile method can be well-incorporated with Si-based
Schottky solar cells and other types of devices, such as dye-sensitized (DSSCs) and organic
solar cells.
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