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ABSTRACT

Metal nanoparticles attract the worldwide interest due to their interesting optical and electrical properties, which
allow their implementation as promising light scatters in solar cell devices. These nanoparticles exhibit localized
surface plasmon resonance (LSPR) characteristics, which are strongly dependent on both intrinsic and extrinsic
factors. Tuning the LSPR characteristics yields to interesting properties in terms of enhancement, localization and
guiding of the electromagnetic field on sub-wavelength scales. For that purpose, we investigate in this work the effect
of dielectric spacer layer (tin oxide) with different thickness on light reflection due to random self-assembled Ag-NPs.
A correlation between morphological properties, optical reflectance and electrical characteristics is established by
combining scanning electron microscopy, UV-Vis-NIR spectroscopy and current-voltage analyses. Our results show
that a dielectric layer with an appropriate thickness and refractive index is useful for reducing the amount of reflected
light and consequently the shifted photocurrent response for all wavelengths.
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Energy is an essential requirement for life nowadays, since it is indispensable for continued human
development and economic growth. The global energy market is dominated by fossil fuels such as oil, coal
and natural gas. These sources are unsustainable, exhaustible, cost-ineffective and environ- mentally
damaging. In fact, the combustion of fossil fuels will release a great deal of carbon dioxide (CO;), which
exacerbate global warming. Besides, the excessive use of such sources caused by the high demand on
energy will deplete them in few decades. Renewable alternative energy resources are free, inexhaustible
and widely available across the planet at low cost. Moreover, they have the potential to meet the future
energy demands with a minimal environmental impact [1]. Within the range of renewable energies,
Photovoltaic energy has already showed its achievement and wide- spread applications for solar energy
utilization. Photovoltaic technology provides an ecofriendly and sustainable energy route to convert light
energy, composed of photons, directly into electricity without any intermediate stage. To effectively
achieve this potential, it is crucial to realize high-



conversion efficiency for the solar cells. Nowadays, scientists devote their efforts to design solar devices
with high-conversion efficiency, large-scale implementation and low cost [2-4] but still did not
accomplish their effective goals. Nevertheless, the important development of photovoltaic market on a
global scale need an efficient improvement regarding materials to reduce their fabrica- tion high cost and
increases their conversion efficiency. One of the key factors that can boost the performance of solar cells is
the enhancement of light trapping into the photo-absorbing layer [5,6]. In recent years, nanoplasmonics
has emerged as one of the best solution to achieve this goal [7-12]. Noble metal nanostructures,
supported by surface plasmons resonance mechanism, showed the ability to concentrate and guide light
at the nanoscale. In fact, surface plasmons (SPs) are considered as the collective oscillations of conduction
electrons between the interface of metal nanoparticles (M-NPs) and a dielectric. Due to their evanescent
nature, SPs are capable of giving rise to particular interaction with light. When excited under an
electromagnetic wave sufficiently near the resonance frequency, an intense absorption and/or scattering
of light is gener- ated [13]. The increase of absorption is called also the near-field enhancement, because it
consists of the capacity to locally focus light around the surface of M-NPs by generating a near-field
enhance- ment [14]. Hence, in this situation, M-NPs can be described as nano-scale concentrators enabling
the collection of photons from an area much larger comparing to the physical particle size. The rest of field
can propagate further at high angles, inducing light trapping via scattering. This mechanism presents the
second mechanism of localized surface plasmon resonance (LSPR), which is the far- field enhancement. In
fact, M-NPs can scatter light and thus enable redirecting the initially incident light for privileged scattering
into the active area of solar cell [15]. Light can be coupled into the active layer of the solar cell, inducing an
enhancement in the photo-electric current. The resonant behavior of the M-NPs makes them a flexible and
an efficient tool to be integrated in solar cell devices and can be used to manipulate and enhance light
trapping, and thus to probably increase the conversion efficiency. The LSPR frequency, intensity and
width of the M-NPs can be tuned by changing their size, type, shape, distribution, dielectric spacer
between them and the semi-conduc- tor or their surrounding medium [16]. This leads to the modification
of the spectral profile of the absorbed power in the active area of the cell providing an improvement in the
photo-electric cur- rent. In particular, the effect of the underlying dielectric environment on LSPR
attracted a great deal of interest. Several reports showed that the resonance characteristics of M-NPs
depend on the sur- rounding medium. Beck et al. [17] have recently showed that the surface plasmon
resonance wave- length is red-shifted by increasing the under-layer refractive index, from 500 nm for self-
assembled particles on SiO, to 700 nm for particles on TiO,. Through this variation of the local dielectric
environment of plasmonic nanoparticles, the optical absorption in an underlying silicon wafer is increased
five-fold at 1100 nm and the external quantum efficiency of thin silicon-based solar cells is enhanced by a
factor of 2.3 at this wavelength. In addition to the refractive index, the dielec- tric layer thickness is as well
an essential factor that determines the surface plasmon effect. Nano- particles on an oxide spacer have
high driving field intensities, forming a larger normalized scattering cross section in the long wavelength
region [18,19]. In this work, we investigate the effect of dielectric spacer layer (Sn0,) with different
thickness on light reflection due to random self-assembled silver nanoparticles (Ag-NPs), indicating that a
dielectric layer with an appropriate thickness and refractive index is useful for reducing the amount of
reflected light and consequently the shifted photocurrent response for all wavelengths. These different
behaviors are determined by whether the dielectric layer is beyond the domain where the electric field of
silver plasmons takes effect, combined with the effect of geometrical optics. By measuring the optical and
electrical prop- erties of the solar cell device, the plasmonic behavior is determined when placed on full-
scale device.

Experimental

The process of cell fabrication of the self-assembled Ag-NPs/c-Si structure is carried out through several
consecutive steps. Mono-crystalline silicon produced by Czochralski, doped boron (B)

with the orientation (100) is used in this work. Prior to doping, silicon wafers were initially ultra-
sonicated sequentially at 40°C in acetone, isopropanol and deionized water for 10 min in order to remove
organic and inorganic impurities. The cleaning continues with an etching step for 3 min in diluted (5%)
hydrofluoric acid solution that results in flat silicon wafer surface. For achieving a p-n junction, p-type
silicon wafer is undergo to the new dopant phosphorus (P) atoms which can be diffused into the material
through concentration gradient. The process is performed by thermal physical vapor deposition system at



high temperature. Liquid phosphoryl chloride (POCI;) is trans- ported to silicon wafers via nitrogen
carrier gas in the furnace at 930°C. Oxygen flow (0,) is used to help the creation of n-type layer according
to the equations:

4POCl3 + 30, 2P20s + 6Cly (1) P,0s + Si SiO,(P) (2)

According to these two equations, the silicon surface phosphorus silicate glass is formed. During the
doping process, the formed n-layer takes place all over the surface including the front, back and edge sides
of the wafer. In this situation, there is a need to an edge and back isolation in order to prevent short circuit
and recombination of electron-hole which disable the cell operation. Metal contacts are created then in
front and back side of the p-n junction in order to allow the absorption of light and to better collect the
separated charges. In the back side, we deposited 500 nm of alumi- num by thermal evaporation, while for
the front side; silver of 300 nm is required. Then, samples are annealed in rapid thermal processing
furnace at 550°C during 15 min to ensure the metal diffu- sion. Tin oxide (Sn0O,) with different thicknesses
were evaporated by a thermal evaporator at low deposition rate (0.1 A/s). Samples with dielectric layer
thicknesses ranging from 20 to 152 nm pro- vided a dielectric environment for plasmonic nanoparticles.
After the deposition of Sn0,, a 15 nm of silver film were evaporated on all substrates followed by a
thermal annealing at 250°C during 1 h. Figure 1 shows a schematic 3D representation of the investigated
structure.

Total reflectance as a function of wavelength R(A) characterizations was performed using a Per- kin Elmer
(Lambda 950 UV-Vis-NIR) spectrophotometer equipped with an integrating sphere in the wavelength
range of 250-2500 nm (with 2 nm step). Samples were characterized by spectro- scopic ellipsometry
(GESSE Spectroscopic Ellipsometer) in order to determine the refractive index n and the extinction
coefficient k of Sn0, and Ag. Thicknesses of Sn0, and Ag are deter- mined using two techniques:
ellipsometry and profilometry. We obtained accordance between values determined directly by the
profilometer and those determined after ellipsometry analysis (with a precision of 1 nm). The
morphology of Ag-NPs was qualitatively and quantitatively ana- lyzed using a Field Emission Scanning
Electron Microscopy (FESEM, Zeiss ULTRA 55 model equipped with an In-Lens SE detector) and image
processing and analysis software (Image J) [20].

Ag: front contact ~ Ag-NPs

Figure 1. Schematic representation of the experimental design.

To electrically characterize samples, we used a solar simulator under standard conditions: (air mass 1.5
Global filter (AM1.5G), with intensity of 1000 W/m?) equipped with an integrated shutter. The external
voltage was supplied by an Agilent 3640A programmable DC power supplies and the current was
measured using a Keithly 2000. Another physical measurement that can be used to evaluate the
performance of the solar cell is the spectral response SR(A). We used an ASB-XE- 175 Xenon Fiber Optic
Source to generate illumination spectrum from UV to NIR (200 to 1180 nm). A monochromatic spectrum
was obtained from DK240 1/4 meter monochromator (offered by Spectral Products) modulated by a
chopper. A filter for the visible spectrum (from 400 to 700 nm) was used to avoid the UV and NIR
spectrum.

Results and discussion



The exploitation of the plasmonic effect in photovoltaic application can affect its performance by two
important ways: (i) near field (strong absorption near the surface of NPs) and (ii) far field (scat- tering
from NPs) enhancements, which both yield to enhance light trapping into the solar cell devices [13]. In
this work, scattering of incident light from MNPs into the underlying substrate is crucial to increase the
travelled optical path length of photons, leading to an enhancement in the performance of the solar cell.
For this purpose, we mainly focused on self-assembled Ag-NPs with relatively large size and well-
controlled distribution over the surface, which enable the high scattering phenomenon as we consider
that small nanoparticles are not convenient for our study. We showed in previous work [21] that a
thickness of 15 nm of silver thin film evaporated and annealed at 250°C during 1 h under argon flux gives
rise to large Ag-NPs with high surface coverage rate that can ensure the scattering phenomenon. However,
with the change of the under- lying layer of Ag-NPs from silicon to Sn0,, the morphology as well as the
optical response of the structure can be affected. In this section, optical and morphological properties of
self-assembled Ag- NPs in the presence of different thickness layer of Sn0, (20, 50, 79, 100 and 152 nm)
are discussed. Samples are fabricated at the same condition of evaporation and dewetting for optical and
electrical characterization.

Figure 2 shows the total reflectance of substrates with and without Ag-NPs separated from the silicon
active layers by oxide spacers with different thicknesses. The thickness of Sn0, varies from 20 to 152 nm.
We can see from samples data without Ag-NPs that peaks can be attributed to the interference between
the incident and scattered lights. Clearly, the reflectance spectrum red shifts with increasing dielectric
layer thickness, suggesting that the surface plasmon excitation is governed by silicon substrate when the
spacer layer is sufficiently thin (20 nm). On the other hand, when the Sn0O, thickness becomes larger, the
reflectance peak wavelength corresponding to the plasmon res- onance slightly changes. By increasing the
thickness of Sn0,, the resonance peak of the electron clouds inside the Ag-NPs shift to higher wavelength,
the reflection peak wavelength respect to the plasmon resonance increase either. The fact that when the
oxide layer is thicker, the effect of silicon substrate on the surface plasmon is negligibly small, owing the
essential contribution to the oxide.

It can be deduced that the reflectance in the short wavelength range is determined by the surface plasmon
rather than the spacer. Reflected light is only determined by the anti-reflection film at long wavelengths,
and the light scattering induced by the surface plasmon is negligible. When the oxide layer is very thin, the
effect of Si on the near-field enhancement dominates owing to the localization of the surface plasmon.
When the dielectric layer thickness is about 79 nm, the effect of SnO, is on the same order as the effect of

the silicon substrate, producing two resonance peaks.

Figure 3 regroups the reflectance spectra of varied Sn0, thickness in the presence of Ag-NPs, also one

sample coated only with Ag-NPs. The presence of Ag-NPs without an anti-reflection layer indicates the
presence of two resonance peaks: quadrupolar one located at 332 nm and dipolar one located at 536 nm.
The use of Sn0, as a spacer layer between Ag-NPs and silicon introduce a significant reduction in the

reflectance spectra, especially for thicknesses which not exceed 100 nm.
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Figure 2. Total reflectance of varied SnO; thickness with and without Ag-NPs.



It is well known that silicon is unable to transmit light in the UV-Vis region where surface plas- mon
resonance takes place. Hence, same steps of deposition and annealing conditions are per- formed on glass
substrates in order to extract information about transmitted light into the structure. For the transmittance
measurements, photons that are absorbed or back-scattered by par- ticles are not detected, leading to
well-defined minima in the spectra at the extinction peak wave- lengths, as extinction is the inverse of
transmittance. Whilst for reflectance measurements, photons



Figure 3. Total reflectance of varied SnOz thickness in the presence of Ag-NPs.



that are forward-scattered or absorbed by NPs will not be detected which mean that back-scattered ones
will be detected in the reflectance signal.

The transmission minima (Figure 4) show the same trends as the reflectance maxima. We notice a red-
shift of the reflectance in comparison with the transmittance minima. Knowing that the refractive index of
glass and silicon are respectively 1.5 and 3.5, so the observed red shift is due to the increase in the
refractive index of the local environment arising from proximity to the Sn0, spacer layer.

The distribution and the size of Ag-NPs depend on their environment, i.e. the direct contact to the surface
of the substrate on which they are deposited. The thickness of the deposited oxide layer (Sn0,) influences

the formation of Ag-NPs and leads to varied morphologies. Figure 5 shows SEM images of Ag-NPs on
varied SnO, thickness with their corresponding average size distribution and surface coverage rate (Sc).

After the dewetting process, the continuous Ag films were congregated into small islands owing to
different thermal expansion coefficients of Ag, Sn0,, and silicon. As shown in Figure 5, most of the particle

sizes concentrated in the range from 20 to 200 nm, and the particles formed on the 152, 100 and 79 nm
SnO0, films had broader size distributions, while nanoparticles in other cases had a Gaussian size

distribution. It can also be seen that the surface

Figure 4 . Transmittance spectra of varied SnOz thickness in the presence of Ag-NPs deposited on glass substrates.
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Figure 5. SEM images of Ag-NPs on varied SnO3 thickness with their average size distribution.

coverage rate of the Ag islands is maintained at 17-35%. Since the nanoparticles in the random arrays
have large size distributions, the overall effect of particle diameter on the scattering behavior, when
averaged over the array, is expected to be small. Thus, the factor that determines the trends observed
experimentally is the presence of the oxide layer and the change in dielectric layer thick- ness. From SEM
images, we can see that large Ag-NPs are formed on the sample with 20 nm SnO, thickness. Silicon has

lower thermal conductivity than Sn0O,, therefore when SnO, has 20 nm thick- nesses, the thermal

conductivity of silicon governs the silver dewetting and as consequence, larger particles are formed. When
we increase the thickness of Sn0,, the thermal conductivity of SnO, governs the dewetting of Ag-NPs and

smaller NPs are formed.

Figure 6 summarize the Ag-NPs average size in function of Sn0O, thickness. The increase in Sn0O, thickness
from 20 to 80 nm results in a reduction in the Ag-NPs average size. A further increase in

s 0 &0 =20 100 120 140 180

Figure 6 . Ag-NPs average size in function of SnO3 thickness.

this thickness from 80 to 150 nm affects essentially the distribution of Ag-NPs rather than the size. NPs
deposited on a thick layer of SnO2 have a non-uniform distribution in size and shape.



The collective oscillations of electrons in metal nanoparticles excited by incident light lead to the
formation of polarization charges on the particle surface, i.e. origin of the localized surface plas- mons.
Plasmonic effect consists in trapping of the incident light by plasmons due either to absorp- tion and (or)
scattering depending upon the nanoparticle size. The absorption by plasmons dominates for metallic
particles with a size much smaller than the plasmon wavelength of light. However, as the particle size
increases, plasmonic scattering prevails for light wavelength around the plasmonic resonance. The
angular spread of light is accompanied by an enhancement in path length in silicon substrate and thereby
increased absorption and generation of electron- hole pairs. Finally, scattering process must lead to
enhanced absorption of light in the substrate and hence to a predictable conversion efficiency
improvement, which will be discussed in the next section.

The electromagnetic field in our semiconductor device can be approximately interpreted as a
superposition of the field arising from simple transmission across the dielectric layer (Sn0,) inter- face
formed at the semiconductor (silicon) surface and that due to wavelength-dependant scattering by the Ag-
NPs. The phase relationship between the field components can lead to either constructive or destructive
interference within silicon and hence to either an increase or decrease in the photo- current response at
different wavelengths.

To estimate the influence of Ag-NPs induced changes on the photocurrent generation in our devices, we
measured the external quantum efficiency (EQE) for different samples. The EQE pre- sents the measure of
the number of electrons generates per number of incident photons on the device surface, for each
wavelength. Importantly, the EQE measurement is more relevant than the absorption measurement of the
solar cells for determining the enhancement in the cell absorp- tion because it can decouple the light
absorption in the active layer from the parasitic absorption caused by the Ag-NPs. Additionally, deposition
of the Ag-NPs directly on the surface of emitter (n* silicon) may increase surface recombination, which
would also affect the generated photocur- rent. The presence of thin dielectric spacer layer such as Sn0O,
between the cell and Ag-NPs may segregate the parasitic absorption losses and interfacial charge carrier
recombination by providing electronic separation. With this motivation, the Ag-NPs are prepared on cells
coated with different SnO, thicknesses under similar conditions.

It can be seen from Figure 7, where the EQE plots are presented, that there is a clear correlation between
the reflectance and the spectral response for each device. In fact, the increase in the reflec- tance results in
a decrease in spectral response. In the short wavelength region, where SPR takes place, the decrease in
the EQE can be attributed to the parasitic absorption losses from Ag-NPs
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Figure 7 . EQE curves for Ag-NPs with different SnO3 thicknesses.

[22]. We take as a reference a cell without Ag-NPs as well as a dielectric spacer layer. For this device, the
EQE is maintained broaden over the 500-800 nm region with no-pronounced peak. Now, when we
compare the reference to other samples, those coated with SnO, and Ag-NPs, we observe an increase in
the EQE for 52, 79 and 100 nm thickness whilst a remarkable decrease for 20 and 152 nm. The
morphology of Ag-NPs and the thickness of the dielectric spacer layer play an impor- tant role in the
spectral response of our devices. As presented in Figure 7, where SEM image of Ag- NPs deposited on the
thin Sn0, surface (20 nm of thickness), the average particle size is around 80 nm. Due its week thickness,
deposited SnO, presents a non-uniform thin layer on the top surface of silicon. Discontinuous deposited
SnO, film separate silicon and Ag-NPs. Hence, after the depo- sition and formation of Ag-NPs (obtained
after the dewetting process), a void may be segregated between Ag-NPs and silicon substrate. This
geometry can cause degradation in the performance of this cell. The same comportment is obtained for
device with 152 nm SnO, thickness but this time is due to the distribution and morphology of Ag-NPs. A
large thickness of Sn0O, yield to non-homogeneity in size and shape of Ag-NPs. SEM image of this sample
shows a variety of size and shape of Ag-NPs. We can clearly observe large particles with non-spherical
shape sur- rounded by small NPs. As demonstrated in the previous chapter, non-homogeneous
morphology leads to an increase in the reflectance which will diminish the number of absorbed photon.
Beside of the morphology and distribution of Ag-NPs, the presence of thick Sn0, layer will govern the
optical response, which is clearly pronounced in its reflectance spectrum.

For the other three devices, coated with Ag-NPs and 50, 79 and 100 nm of Sn0O,, the EQE was enhanced
over a broad spectral range from 700 to 950 nm with a pronounced red-shifted peak. The increase in the
EQE indicates that the Ag-NPs can strongly enhance absorption in the photoactive layer and hence lead to
an increase in the photocurrent. The slight decrease in the EQE outside the wavelength range of 700-950
nm can be attributed to the back-scattering effect.



The improvement in spectral response is further illustrated by different electrical parameters of our full
devices scale, calculated from J(V) curves. These parameters are summarized in Table 1. As we obtain the
best enhancement in EQE for cell coated with 100 nm SnO, and Ag-NPs, we will limit our interest to
compare its electrical parameters to other cells with and without Ag-NPs, in order to evaluate the
plasmonic effect on the efficiency. Figure 8 shows the current density-voltage corre- sponding power
output curves of cells: with Sn0, and Ag-NPs, with only Ag-NPs and a reference cell without oxide and Ag-
NPs. To obtain the enhancement of different structures, the efficiency of solar is calculated and then
compared to the efficiency of the reference solar cell. Small changes in the V. were observed (from 0.5 to
0.53 V) in the measurements from sample to sample, most likely

Table 1. Electrical characteristics of fabricated silicon solar cells.

Cell Voe (V)

Jsc (mA/cm®) FF (%)
Vinax (V)
Imax (MA) Rsh (Q)

Rs () (%)

Ref Ag-NPs

0.50.5119.12 21.57 49 45

0.32 0.32 36.09 39.54 257.9 48.78 3.41 3.88 4.81 5.06
Sn02/Ag-NPs

0.5327.61 39

0.32 45

20.02 3.6 6.14



Figure 8. Current density-voltage characteristic of fabricated cells. The thickness of SnO2 spacer layer is 100 nm.

due to non-ideal of fabrication and nature of p-n junction (partial redistribution of uncontrolled
impurities from p-n junction region). Overall, the observed minimal variations in V. suggest

that the placement of Ag-NPs coated with SnO, on the photovoltaic device surface influences pre-



dominantly I, and that n is directly proportional to AJ,.. The current density-voltage characteristic

curves of solar cells coated with Ag-NPs unambiguously confirm the effectiveness of plasmonic
scattering in improving J,. and n of the device. As expected, the largest enhancement was achieved 2

by Ag-NPs coated with 100 nm of SnO, with a relative increase in J;. from 19.12 to 27.61 mA/cm . This

improvement is consistent with the reflectance reduction and EQE enhancement presented previously in
Figures 3 and 7, respectively. We observe for device incorporating Ag-NPs that Ry, is mush high

comparing to reference and device coated with SnO, confirming that deposition of Ag-NPs directly on the
surface of emitter (silicon n*) may increase recombination as the metal is in direct contact with silicon.

The energy conversion efficiency is increased clearly from 4.81% to 6.14% corresponding to a 1.33%
enhancement compared to the same cell coated with both Sn0, and Ag-NPs. So, plasmonic Ag-NPs in the

presence of 100 nm of Sn0, have effect on mini- mizing reflection and increasing light trapping by helping

light to stay longer in the active area of the cell, these properties can lead to higher efficiencies through
increasing absorption and generat- ing more current in the solar cell devices.

Conclusions

In this work, we have studied the integration of Ag-NPs in the presence of dielectric spacer layer (Sn0;) in

silicon-based solar cells and investigated their optical and electrical properties. The use of Ag-NPs in the
presence of a dielectric spacer layer can play an important role in minimizing reflection and increasing
light trapping by helping light to stay longer in active solar cell layers.

108 L. MANAIET AL.

Light trapping is key a factor for improving the current and cell efficiency. It has been demonstrated that
randomly distributed Ag-NPs deposited on top surface of 100 nm of SnO, leads to obvious broadband light

trapping over spectral wavelength from 600 to 950 nm. Significant photocurrent and conversion
efficiency enhancement was observed due to the plasmonic enhanced scattering. Front located
nanoparticles on thick spacer layers (not beyond 100 nm for Sn0,) represent a prom- ising light-trapping

approach for the enhancement of the current and the increase of the cell efficiency.
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