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ABSTRACT

Metal nano particles are investigated as scattering centers on front surface of thin-film solar cells
to improve efficiency. The principle is that scattering, which is enhanced near the plasmon
resonance frequency of the particle and depends on particle size, increases the effective optical
path length of incident light, leading to more light absorption in active layer of thin film solar
cell. The particular types of particles investigated here are known as “metal-black”, well known
as an IR absorber for bolometric infrared detectors. Gold-black was deposited on commercial
thin-film solar cells using a thermal evaporator in a nitrogen ambient at pressures of ~1 Torr. We
suggest that the broad range of length scales for gold black particles, as quantified by scanning
electron microscopy, gives rise to efficient scattering over a broad range of wavelengths across
the solar spectrum. The solar cell efficiency was determined both as a function of wavelength
and for a solar spectrum produced by a Xe lamp and appropriate filters. Up to 20% increase in
short-circuit photocurrent, and a 7% increase in efficiency at the maximum power point, were

observed.
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INTRODUCTION

We are in the era when low cost, environment friendly, renewable energy sources are necessary
to comply with the demand of rapidly growing world population. Photo Voltaic Technology has
this capability since the amount of radiation from sun striking the Earth’s surface is very high
compared to the energy usage of the entire planet and it is virtually pollution free. In order for
this technology to reliably solve future energy crisis, the cost of the electricity produced must

become comparable to the retail price of conventional electricity.

At the present the major portion of the solar-cell market is based on crystalline silicon with
thickness between 180-300 pum. This is much thicker than the characteristic absorption length for
solar photons in silicon (several microns), so that materials costs and weight are proportionally
high. Thin film solar cells promise to reduce costs. Thicknesses of 1-2 um can be deposited on
cheap substrates such as plastic. Thin film solar cells can be made with different materials such
as a-Si, GaAs and CdTe as well as organic semiconductors ™. However, when the absorber
material becomes very thin, it may become partially transparent and incapable of harvesting the
entire solar flux. Therefore engineering solar cells in such a way that light trapping becomes

much more efficient is very important.

This work investigates the additional light trapping that occurs when small metal particles, in the
form of “gold-black”, are deposited as scattering centers on the front surface of thin film solar
cells. This increases the optical path length of incident light in absorber layer, increasing the

fraction of the incident flux that is absorbed.



Investigation of the increased effective path length within the absorber layers of such cells by
deposition of small metal scattering centers is being pursued by many groups. Lithographically
produced self-assembled arrays of metal dots have been shown to increase solar cell efficiency,
at least in part of the solar spectrum depending on geometry and size of deposited nano
particles’”. We investigated the possibility of using sparse depositions of gold black, a nano-
structured metal formed by a thermal evaporator with ~1 Torr inert ambient, giving a broad

distribution of particle sizes® .

The hypothesis is that the range of length scales inherent in
such depositions will provide spectrally broad scattering to provide efficiency enhancements

across the entire solar spectrum.

This report is organized as follows. The first chapter presents solar-cell physics and performance
parameters. The second chapter reviews localized surface plasmons in nano structures and how
the lead to the scattering of light that enhances efficiency of thin film solar cells. The
experimental section describes the deposition of gold black and the characterization process of
Power Film thin film solar cell. The results section presents a full factorial experiment performed
on standard crystal solar cell, which was performed mainly as an exercise to develop processing,
characterization, and analysis procedures, since efficiency improvements for thick cells are not
expected and were not observed. First results for thin film solar cells are presented and reveal
promising improvements in measured IV and photo-current response. Potential use of Photo
Emission Electron Microscopy (PEEM) is discussed to discover spatial and spectral dependence

of local field enhancement due to plasma resonances. Particle size distribution is determined by



wavelet analysis and percentage coverage is quantified by analysis of SEM histrograms. These
properties are to be correlated with deposition conditions and resulting efficiency changes. The
results section also includes an example of electrodynamic simulation for a thin silicon substrate
with gold particle over layer to study scattering and electric field enhancement. Finally, an

overview of the experimental results and analysis is given in the conclusion section.



CHAPTER ONE: SOLAR CELL

1.1 Photoelectric Effect

Solar cells convert light into electricity directly through photovoltaic effect. The light generates
electron-hole pairs in a diode structure, and these are separated by the built-in electric field to
produce a voltage. When the cell is connected to a load, current may flow and do work!®.

Fig. 1 presents a schematic of a p-n junction. When the p and n regions are brought into contact,
holes diffuse from the p region into the n region, and electrons diffuse from the n region into the
p region, until an electric field builds up to oppose further diffusion. This is the origin of the
built-in electric field, which points from the n region toward the p region. Electron-hole pairs
generated in the depletion region are separated by the built in electric field, with holes swept
toward the p-side, and electrons toward the n-side. This produces a voltage difference between
contacts that are applied to the two sides of the device. When the contacts are connected to a
load, photo generated current flows from the contact attached to the p-side, through the load, and

back to the contact connected to the n-side®.
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Figure 1 P-N Junction after equilibrium is attained



1.2 Solar radiation

The electromagnetic energy emitted from sun primarily falls in the ultraviolet to infrared region.
The intensity of solar radiation at the earth has average value 1353 W/m?. The atmosphere filters
the solar radiation, infrared is absorbed mainly due to water vapor, and ozone is responsible for

filtering of ultraviolet 1'%,

Fig 2 shows solar spectral irradiance (power of electromagnetic radiation per unit area per unit
wavelength) for AM 1.5 & AM 0. The letters designate “Atmospheric Mass”. The upper curve,

which represents the solar spectrum outside the earth’s atmosphere, is the air mass zero

condition.
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Figure 2 Curve related to solar spectral irradiance for AM0 & AML1.5 [after Thekaekara, Ref.11]



The AMO spectrum is the relevant one for satellite and space vehicle applications because solar
radiation does not pass through the atmosphere in this case. AM 1 spectrum is considered when
sun is at zenith so radiation has to pass through one atmosphere distance. AM 1.5 is the energy-
weighted spectrum corresponding to the sun at 48.2° below the zenith.

AM = sec 8, Zenith

AMD

Atmosphere

Figure 3 Depiction of different air mass conditions
The most useful part for photovoltaic applications is the wavelength range 400-800 nm, which
corresponds to approximate photon energies of 1 - 2 eV. It is optimum to use material with band
gap of 1.5 eV for maximum absorption of solar spectrum. The band gap of single crystal silicon
isl.14eV.

1.3 Ideal conversion efficiency of solar cell

Performance parameters such as Fill Factor (FF) and Efficiency are obtained from |-V

characteristic of the device. The I-V characteristics of such a device are given by!*%,

=1 (e T—1) -1, (1)



The source I,_results from the excitation of excess carriers by solar radiation; I is the diode
saturation current, Rs the series resistance, and Rsy the shunt resistance. The series resistance Rs
depends on junction depth, and the arrangement of ohmic contacts at the front surface.

R hv

5
N -Type \
f

s P -Type

Figure 4 (Left) Solar cell equivalent circuit. (Right) Energy diagram of p-n junction while irradiated by solar
flux.
Saturation current density is given by;

1 ’D 1 |D,|_
JS:IS/A:qNCNV(N_ _"_|_N_ _P]e E, /KT
A Tn D Tp

Where, A is the device area, Nc the effective density of states in the conduction band, Ny the

@

effective density of states in the valance band, Np the donor impurity concentration, and Na the
acceptor impurity concentration. The saturation current I is very small compared I.. By
choosing an appropriate load, close to 80% of the product IV, equal to the maximum power
point value P, can be extracted. Iy is short-circuit current, and V. is the open-circuit voltage of
the cell. Fig. 5 below is the 1-V characteristic curve of a solar cell. We can also define quantities
Im and Vp, that correspond to the current and voltage, respectively, for the maximum power point

Pm.

From Eq.1 we obtain for the open-circuit voltage (I = 0):
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Figure 5 Current-Voltage characteristics of solar cell under illumination [After Prince, Ref 13]
Hence for a given I, the open-circuit voltage increases logarithmically with decreasing
saturation current ls. The out put power is given by;

P=VI=LV (" -1)- 1,V
(4)
The condition for maximum power can be obtained when dP/dV =0, or
B, 1
I, =1V " ~I|1-
bV,
®)
I, /1 +1 1
v, n[ . ] V. ~—In(l+ V)
B 1+, B
(6)

Where B = g/kT. The maximum output power is given by



P,=1V, zJ{VOC —lﬂln(l+ﬂVm)—llBJ
()

The ideal conversion efficiency is the ratio of the maximum power output to the incident power

Pin.

in

n= £ _ [V, 15(q ke |/ P,

Another important parameter is Fill Factor (FF), which is ratio (given as the percentage) of actual

maximum obtainable power (I, x Vi) to theoretical power (Isc x Vo).

. 1
Fill Factor (FF) = = b
Isc X Voc (9)

The Conversion efficiency can be written in terms of Fill Factor by

I =<V, _FFxILxVDC

P P
m m (10)

n

Should be I, not I.. To maximize the efficiency one should maximize Fill Factor, Short Circuit

Current and Open Circuit Voltage in the numerator in Eq 10.

1.4 Thin film solar cell

Thin film solar cells require less material, they are consequently light weight, and depending on
the substrate they may be flexible. These factors cut material, processing, and module

9



construction costs. Thin film solar cells are characterized according to material being deposited
on the substrate. Some of the examples are; Amorphous Silicon (a-Si), Cadmium Telluride
(CdTe), Copper Indium Gallium Selanide (CIGS), Dye Sensitized Solar Cell (DSC), and Organic
Solar Cells. The deposition of active layer on substrate is performed with various methods such
as vapor growth, RF glow discharge, and plating. The active layer is poly crystalline or
disordered, deposited on passive and electrically active substrates. In amorphous silicon (a-Si)
lower conversion efficiency and long term instability are caused by the weakened bonds in

comparison to the regular crystal lattice.

Due to an active layer of possible thickness of 1-2 um in thin film solar cell, the absorption co-
efficient becomes a very important parameter. Since it is a function of wavelength, different
wavelengths penetrate different distances into active layer before the entire solar flux is
absorbed.
The decay of the light intensity on passing through a thickness x of an absorbing medium is
given by the Beer-Lambert law

1(X) = lp exp[-ax], (11)
Where «. is the absorption coefficient per unit length given by o = 4nk/A

And X the wavelength, and k the extinction constant. Near the absorption edge we have 4

a~(hv-E,)y (12)

where Av is photon energy, Eg4 the semiconductor bandgap, and y a constant whose value depends
whether material has direct or indirect bandgap.

10



In case of direct bandgap material, the carrier can be excited directly from the valence band to

the conduction band without changing the crystal momentum, but in indirect bandgap material it

cannot do so.

»

Indirect Bandgap Direct Bandgap

®®

Energy (eV)

Wavenumber (k)

Figure 6 Optical transitions: (Left) indirect transition involving phonon. (Right) direct transition in which,
only photon excites electron from valance band to conduction band.

Crystalline silicon is an indirect bandgap material with bandgap of 1.14 eV, but hydrogenated a-
Si has absorption characteristics similar to crystal with direct bandgap material of 1.6 eV. The
absorption coefficients of crystal and amorphous silicon are compared in Figure 7. The steep

increase in absorption at the highest photon energy for crystal silicon is due to the onset of direct

transitions to a higher lying band.
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Figure 7 Absorption coefficients for a-Si is in range 10* to 10° cm™ in visible range of solar flux [Ref, 15]
The characteristic absorption depth is the inverse of the absorption coefficient, defined by the
distance into the material for which intensity of light is dropped by factor 1/e. According to Fig.
7, high energy photons can be completely absorbed by less a-Si than for c-Si, while red light
requires much thicker a-Si cells than suffice for c-Si. In our experience, sunlight may be

observed transmitting through crystal silicon as thick as 10 microns, and this transmitted light is

red.

Figure 8 presents a schematic of a thin film solar cell that does not succeed in absorbing all the
incident flux. If the material is a-Si, which is common for commercial thin film cells, the

situation depicted in Figure 8 would be most severe in the red portion of the spectrum.

12
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Figure 8 Thin film solar cell is not able to harvest entire solar flux due to low absorption coefficient value for
‘visible red’ & ‘infrared’

According to Fig. 7, even 10 microns of a-Si absorbs only ~60% of the incident radiation at 800
nm wavelength. Usual a-Si thicknesses of ~1 micron in commercial cells absorb only 10% of
the light at this wavelength. Thus a significant portion of the solar spectrum is not harvested by

thin film silicon solar cells.
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CHAPTER TWO: PLASMONIC NANO STRUCTURES IN PHOTO
VOLTAICS

2.1 Plasmonic nano structures as scattering centers

The semiconductor must absorb photons in order to produce electrical current. Crystal silicon, an
indirect gap semiconductor absorbs relatively weakly in the visible spectrum. Like many
semiconductors, it also has a high index of refraction (n = 3.42), such that 30% is reflected from
the front surface, according to R = (n-1)%/(n+1)®. To avoid this, conventional thick solar cells use
inverted pyramid structures approximately 10 um in diameter etched into the surface, which uses
total internal reflection to reduce the reflectance and improve absorbance of incident light. This
arrangement is not possible in case of thin film solar cells since they are only a few micrometers
thick!®!. For such cells, scattering centers may serve some of the same function in reducing

reflection as do etched pits for thick cells.

There are number of ways to achieve light trapping in thin film solar cells by metallic
nanostructure that support surface plasmons. The light hitting the surface of solar cell with
metallic nano particles on top of it excites the localized surface plasmons on the nano particles,
which re-radiates the light into the active layer of cell in such a way that it is trapped inside the

[16]

cell*™. Fig. 9 shows this schematically.
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Metal blacks as scattering centers

anti-reflective coating

external
load

front & back contacts

Figure 9 Employing metal scattering centers increases the optical path length of thin film solar cell.
The strong interaction of light and nanoparticles leads to creation of strong dipole radiation at the
plasmon resonance frequency, resulting in an enhanced near field as shown in Fig 10. The
amount of light absorbed by the semiconductor is also increased resulting in to generation of
more electron-hole pairs. Dipole radiation generated from nano structures also increases the
photon density in near by semiconductor. Thus plasmonic nanostructure are also capable of
changing the optical properties near the semiconductor surface, which can increase the

absorption of light'*”), in principle.
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Figure 10. Field intensity enhancement around 100 nm diameter silver cylinder on quartz substrate
illuminated with plane waves from above [Ref 16]

This mechanism provides excellent opportunity of reducing the physical thickness of the
absorber while keeping sufficient optical thickness. A thinner absorber has less bulk
recombination and gives higher value of V. across the junction for the same photo generated
charge. Scattering provides an enhanced optical path length for photons that enter the absorber
layer at oblique angles, and then may become trapped inside the semiconductor by total internal
reflection. This longer path length exponentially increases the amount of light absorbed,
resulting in higher production of electron hole pairs, and thus higher Is.. For these reasons, it is
possible to enhance the efficiency of thin film solar cell using plasmonic nano structures at front
surface. Moreover, metal nano particles as scattering centers can be applied to any thin material,
not just silicon ™€,

2.2 Localized Surface Plasmons

Surface plasmon polaritons are collective oscillations of electrons at the interface between metal
and dielectric. Localized surface plasmons are non-propagating excitons of conduction electrons
in metallic nanostructures, and they occur for metallic nano particles of size much smaller than

the metal’s skin depth. The free electrons of metal nano particles are periodically displaced with

16



respect to the lattice of ions by the external electric field of incident light. The displacement of
electrons leads to creation of positive charges at the opposite surface and these positive charge

and negative electrons attract each other. This restoring force results in an electron oscillator*®,

Lattice lons T Displaced Electrons

Metal Nano Particles

Figure 11 External electric field of incident light displaces the electron from its lattice ions which results in
oscillating electron density

Considering a homogeneous metal sphere placed in an electrostatic field Ey, one can calculate

potential inside and outside the sphere %,

gm

"= pag, Loreos? (13)
@, =—Ercosd+——n F cost
out — 0 £+2¢, 0 e (14)

Where r is the radius of the sphere, d the diameter of the sphere, () is the frequency dependent
dielectric constant of sphere, we used ¢ notation as simple complex dielectric constant, and &y, is

the dielectric function of the embedding medium. @, describes the superposition of the

17



externally applied field and that of a dipole at the center of the sphere. Rewriting the @, by

introducing term p for dipole moment.

__ p-r
® . =-E;rcosf+ ym——— (15)
eE—¢€ =
p=4nee d’—™E, (16)

e+2¢,

Eq.16 shows that the external field induces a dipole moment inside the sphere. One can introduce
the polarizability a, which determines the response of the bound system when placed in external

electric field.

P =&,6,0E, (17)

e+2¢ (18)

A plasma resonance occurs when Re[e(w)] = - 2 &, and here the scattering and field magnitudes
are both enhanced. If () is described by the Drude model, and e, = 1 (air or vacuum) result

leads to the Drude resonance condition.

According to Drude model;

g@)=1-——"—
o +ioo, (19)
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where op is the plasma frequency of the metal, @, is collision frequency responsible for damping.

Here o, = 1/T, where T is the relaxation time, which in order of magnitude is 10 sec at 300 K

for gold.

The real part of eq. (19) gives the dielectric function of the sphere

2
@ p

2
2

w 1+a)—2 (20)
10

Re[g(w)]=1-

T
T

For large frequency close to m, damping is small and the ratio w/w; >> 1, giving

2

Re[g(w)]=1~- @ -
o

(21)
Putting Re[e(w)] = -2 in Eq (21), leads to expression the plasmon resonance frequency of metal

sphere in free space, namely

w=—F=

V3 (22)

Since different metals have different plasma frequency, plasmon resonance frequency varies with
The resonance blue shifts as value of ey, is reduced, so it is possible to control the resonance

frequency by controlling the surrounding dielectric medium.

One can calculate total fields H(t) = He™" and E(t) = Ee™", then calculate Poynting’s vector to
find energy related to electromagnetic waves, and end up with cross sections of absorption and

scattering. These are
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In this case we assume that metal sphere is sub wavelength size, i.e. d<<A. Both are enhanced at

resonance.

This scattering cross section is proportional to d®/A*, which shows strong size dependence for the
scattering. Eq. 23 suggests that as the particle size increases the scattering cross section should
continue to increase, but it is not the case for particles with size more than free space
wavelength, where the quasistatic approximation is not followed. For larger particle incident
plane wave of electric field can not be approximated as constant at any instant of time across the
entire particle, so one has to consider retardation effect leading to higher order multipoles as
shown in the figure 12. The particle with size 300 nm show broad range dipole resonance at 480
nm, quadrupole resonance at 380nm and octopole resonance at 350 nm. The particles with larger

diameter such as 0.4 um also show 16-pole resonance %,
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Figure 12 Extinction coefficient as function of wavelength, 120 nm diameter particles show dipole resonance
at 430 nm and quadrupole resonance at 355 nm [from Reference 31].

Mie’s formulation of expansion of first TM mode explains this as follows,

1-1/10) (e +¢&, )x> +O(x")

) m V
mie 1 V
oI (e4+10e,)x? —idne, )+ O(xh) (25)
& 30 Ao

Where X = masphere/ Ao IS the size parameter with awprere 1S the diameter, and Ao wavelength of light
in vacuum. The second order term in the denominator describes the energy shifting to red due to
retardation effect. The third term is imaginary, and represents the radiative loss. The forth order

term in numerator and denominator describes the correction to the second order term%.

Sub-wavelength size particle is crucial for confinement of optical energy as application for Solar
cells. Plasmon resonance frequency depends both on size and geometry of metallic particle.
Scattering cross sections of particle are enhanced near the resonance, which is prime motivation

for using Plasmonic centers to improve the efficiency of thin film solar cells. The resonance
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frequency shifts to ‘red’ as the particle size is increased. Intuitively we can understand

- 300 nm
SEM images S

Figure 13 Dependence of Plasmon resonance frequency on particle size and geometry [Ref, 18]
that as the particle size increases, the depolarization field decreases resulting in to lower
resonance frequency. The quality factor Q and field strength f are important parameter to
understand Surface Plasmon Resonance. The quality factor Q of the surface Plasmon describes
the number of oscillation of SP before it decays out. Q also determines the increase in the
amplitude of the local electric field when surface Plasmon resonance takes place. Nobel metals
are chosen as prime candidate as scatters because of their high conductivity and being resistant to
corrosion while exposed to atmosphere and they have resonance frequency in visible range,
which is highly applicable to solar cells. Oscillator field strength f is a number of conduction
electrons in nano particle. Absorption cross section is proportional to f and Scattering cross
section is proportional to 2%,

2.3 Lithographically produced ordered array of nano particles

Many groups have shown that lithographically produced or self-assembled arrays of metal nano
particles increase efficiency of thin film solar cells’?). The absorption and scattering of nano
particles is size and wavelength dependent, so it is important to optimize the particle size to

ensure the maximum scattering occurs in the spectrum of interest. In case of silver, absorption
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dominates when the particle size is < 50 nm, leading to localized heating. This can be very
useful for thermal detectors but in case of solar cell application we need maximum amount of
scattering. Scattering occurs when particle size is more than 100 nm, however particle size
should not be too large, as it would lead to multipole oscillations, which would eventually reduce

the scattering?®%.

Figure 14 shows the normalized extinction Cgps + Csca 0Ff 100 nm Ag nano particles, from ref. [2].
As one can see when air is the embedding medium, the resonance peak occurs at 390 nm. It
confirms that as the dielectric constant of embedding medium increases, the resonance shifts to
red. Au and Ag are perfect metals because of similar dielectric constants. Ag has issue of

oxidation, which reduces the scattering after a few days '],

10

ar SN Si

normalized cross-section

400 600 800 1000
wawelength (nm)

Figure 14 Extinction (solid lines) & Scattering (dashed lines) cross section for Ag nano particles of 100 nm
size on different embedding medium such as air(black), Si3N4(blue) and Si(red) [reference 2]. It can be
noticed that scattering cross section is enhanced in very limited region for all the embedding mediums.
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Though it is possible to control the size and pitch of the nano particles specifically in
lithography, the disadvantage of following this route is that the photocurrent enhancement is
achieved in only a specific range of solar spectrum depending on size and geometry of the
deposited particle. Moreover, the production of metal nano particles through photolithography is

expensive.
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CHAPTER THREE: EXPERIMENT

3.1 Deposition of gold black thin film on solar cell

This report explores the possibility of using “gold blacks”, a nano-structured material that has
been exploited for decades as a broadband surface absorber for bolometers. Gold blacks are
produced cheaply and quickly in a low-vacuum process using method of Harris requiring no
lithographic patterning 1. Gold blacks have broad size distribution depending on deposition
parameters such as inert gas pressure, deposition rate and the mass of the gold in the boat™®%!.
The density of gold black is much less than bulk gold. The packing fraction and particle size can
be easily controlled by inert gas pressure!®®!. Thus, they have the potential to enhance light-
harvesting efficiency over a broader range of the solar spectrum than lithographically patterned

metals. For thermal detectors, thick opaque films are required *). For solar cell, a thin film is

needed to allow scattered light to reach the semiconductor.
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Substrate Holder

Molybdenum

Figure 15. Gold Black deposition uses a thermal evaporation chamber back filled up to ~1 Torr with N..
Very thin, porous films gold black with low packing fraction were first deposited on a substrate
by thermal evaporation in a chamber that was back-filled to ~1 Torr with N,. At such pressures,
the evaporated metal particles are able to combine into nano-scale agglomerates before reaching
the substrate. For the first batch of standard single crystal solar cells, each evaporation used
either 0.5 or 1.5 mg of gold in a Molybdenum boat, and proceeded until all the gold in the boat

was exhausted.

We deposit gold-black on two separate substrates simultaneously. These are placed side by side
within the evaporation chamber. One is a silicon square of 1 cm? dimension to be used for SEM

(Scanning Electron Microscope) and PEEM (Photo Emission Electro Microscopy)
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characterization experiments. The other is a solar cell. Both substrates are mounted on copper

holders to dissipate radiant heat absorbed during the evaporation.

Steps to deposit gold black film are as follows. The chamber is evacuated to a pressure of 107
Torr with a diffusion pump. The substrate is cooled to ~30 °F. Current in the amount of 60-70 A
is passed through the Mo boat to evaporate the gold contained within. The current is turned off,
and the temperature of the substrate brought up to room temperature to avoid condensation when

the chamber is vented.

We performed the deposition of gold black on two different types of solar cells. The first type
was standard thick single crystal solar cell and the later was commercial amorphous thin film
solar cell (PowerFilm). Two level full factorial experiments were performed on thick crystal Si
cells first. No improvement was expected for thick cells since they absorb all the light anyway.
None was observed. The purpose of these experiments was to establish deposition,

characterization, and statistical analysis procedures.

Second, we investigated thin-film a-Si solar cells. Here an efficiency enhancement effect was
expected to be possible, and such was discovered. However, in the process of completing a two
level full factorial optimization protocol on these cells, additional sources of uncertainty were
discovered that hinder accurate quantification of the efficiency enhancement. The two-level full

factorial experiment was halted in the middle, and separate experiments performed to identify the
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causes of uncertainty. Lessons learned suggested changes to the characterization approach that

will be implemented in future work.

We here present the experiments on the thick cells. The statistical approach to the experiment on
thick c-Si cells is presented in Table 1. The independent variables are the pressure of the buffer
gas, the current through the boat (which determines the evaporation rate), and the starting mass
of metal. Upper limit values of the independent variable are denoted by “+” and lower limit
values are denoted by “-. A 2 level full factorial requires two sets of eight runs (2%), one for
each combination of the three parameters. Additionally, four runs are performed at the mid
points of the parameter ranges for a confidence level of 95%. The middle points are denoted by
“*” in the table. The dependent variables, or responses, are the change in efficiency and the
percent surface coverage. The order of the film preparation was randomized to avoid systematic
effects. Interactions between the dependent variables have been analyzed and response surfaces
plotted in order to find the maxima. The parameters were chosen after several test runs and are
as follows: (+) current = 68 A, (-) current =58 A, (*) =63 A; (+) Ny pressure = 1000 mTorr, (-)

=400 mTorr, (*) =700 mTorr; (+) mass Au = 1.5mg, (-) =0.5 mg, and (*) = 1.0 mg.
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Table 1 Two-level full factorial protocol and order of experiments

Run x1 x2 x3
1 - +
2 + +
3 - +
4 + +
5 - -
6 + -

7 + +

8 - +

9 * * *
10 * * *
11 + + -
12 + + +
13 + - -
14 -

15 +
16 -
17 + +
18 +
19 * * *
20 * * *

From the data collected for samples according to parameter values in Table I, we may predict
responses at other parameter values according to Eq. 21

Ypr = ap + a1X1 + @2X2 + 83X3 + a12X1X2 + A13X1X3 + 823XX3 + A123X1X2X3 (21)
Where the coefficients a, are determined from the factor effects and x, are the factor variables.

3.2 Characterization of Solar Cell

Characterization setup for the Solar Cell included a Xenon lamp, which produced 350 mW over
a 50 mm diameter spot at sample through AM 0 and AM 1.5 filters combined and optics, which
is about 13% the power of 1 sun. Uniformity of measurement was insured by plotting the

response of a photodetector at different locations within the illumination spot as shown in figure

16. The illumination is apparently fairly uniform within the central 1 square inch area.
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Figure 16 Response of photo-detector at the different locations on the spot formed with Xe lamp.

We measured the conversion efficiency of standard Si solar cells with & without metal-black
deposited on the surface. Characterization of the photo response and I-V measurements used a
Keithley SourceMeter, as shown in the photo of our set-up Fig. 17. A monochromator and filter
set allowed us to select narrow bands from within the spectrum, as shown schematically in Fig.
18. The photo current (lsc) response was recorded for solar cells with different metal black
depositions across the wavelength range of 350 to 1100 nm. The data was collected and

displayed in Labview.
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Figure 17 Photograph of solar cell characterization facility.

Figure 18 Schematic of the photocell characterization set up. Monochromated Xe arc lamp light of calibrated
intensity passes through a filter to remove harmonics and impinges on the solar cell, whose 1V curve is
measured.

The electrical characterization of solar cells, shown schematically in Fig. 19, results in an IV curve. As an example

we present our data for Power Film in Fig. 20. This cell consists of a thin amorphous silicon absorber layer on a

50-micron polymer substrate.
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Figure 19 Current is passed trhough Solar Cell and Voltage is measured load resistance different load
resistences.
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Figure 20. 1V curve, plotted with power vs. voltage (circles), for the PowerFilm solar cell. MPP (maximum
power point) occurs at the knee.

The intersection with the voltage axis at zero current gives the open circuit voltage (Voc). The
intersection with the current axis at zero applied voltage gives the short circuit current (Isc). The

optimum operating point is at the “knee” of the curve, where the power has its maximum value.
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The Maximum Power Point (MPP), Isc, and Vo are indicated on the plot. The intersection of
the dashed line with the 1V curve gives the load resistance. The solar cell efficiency is
determined by I,V/(incident optical power). Photocurrent enhancement factor is defined in
terms of short circuit current by E = 1."/1,,"", where the numerator corresponds to the

measurement with particles on the surface.
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CHAPTER FOUR: RESULTS

4.1 Measurements on Standard Thick Single Crystal Solar Cell

The standard thick crystal-silicon solar cells were chosen first for experiment since their
commercial availability and uniform performance even though it was expected that gold black
film would just shade the front surface and decrease efficiency. Figure 21 (top) shows the
spectral response of one of the standard single crystal silicon solar cell samples. Plotted is
current as a function of wavelength, both before and after deposition of gold black. Fig. 21
(bottom) presents the ratio of the two curves. As expected, efficiency of optically thick solar
cells is lowered at all wavelengths due to shadowing. However, this decrease is slightly less in
the near IR, close to the indirect band gap, where absorption by the silicon is less efficient, which
is evidence that gold black deposition on front surface is increasing the optical path length of

incident solar flux.
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Figure 21. (top) Spectral characterization of an optically-thick Si solar cell. The black curve is the spectral
response of the Si solar cell before deposition, and the red is the response after coating. (bottom) Ratio of
“after” to “before,” showing an increase in the near IR. The response decreases less at longer wavelengths
where the silicon absorption is less and scattering by the small particles gives an increase in light harvesting,
which compensates somewhat the decrease caused by shadowing.
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Since these cells are optically thick, efficiency improvement by addition of scattering centers
was never expected. The reason is that the silicon is already thick enough to absorb the entire

solar spectrum that is not reflected from the surface.

This full factorial experiment on thick film solar cell allowed optimizing both the deposition and
characterization processes in terms of efficiency and percentage coverage, which eventually

allowed us go observe an increase in the efficiency of gold-black coated thin film solar cells.

Fig. 22 presents response surfaces for efficiency, taken at the middle points at constant current
(left) and constant pressure (right). The maximum appears at the lowest mass of gold and the

lowest evaporation boat current (or lowest evaporation rate). The net change in efficiency was
negative for all of these thick crystalline silicon samples, as anticipated. The response surface
led us to conclusion that, small metal particles simply shade optically thick cells, so that less

coverage is better.

Efficike ney change

Efficiency change

Mass (mg)

Figure 22. Response surfaces for efficiency, plotted as a function of gold mass and pressure at constant boat
current (left) and as a function of gold mass and evaporation boat current at constant pressure (right).
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Response surfaces for coverage are plotted in Figs. 23 and 24. The minimum at lowest current
and lowest mass in Fig. 23 shows that smaller masses (obviously) and lower current (evaporation
rate) will lead to lower percent coverage. This observation informed the successful thin film

experiment by optimizing the process to avoid excessive shadowing.

o

Coverage

Coaverage

ME3: (70 Msaaz2

Figure 23 Response surfaces for percent coverage at constant pressure.
The response surfaces in Fig 24 show results that are not intuitively obvious. Minimum
coverage occurs at lowest pressure and highest mass for constant current. This suggests that the
achieved gold black layer is a more open network for these conditions, with the mass of gold
highly concentrated. On the other hand, Fig. 22 showed that it was the higher pressures, even at
the highest mass, that gave the least efficiency decrease. This suggests that the larger gold
particles, though they cover the surface less, are nevertheless more effective at shadowing the
surface. Since scattering goes as the square of the particle volume (Eqg. 23), and absorption by
the particle as its volume (Eq. 24), it suggests that there is an optimum particle size, above which
scattering actually hurts more than it helps. A secondary minimum in coverage at low mass and

high pressure can be attributed to just having less gold arriving at the surface.
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Figure 24 Response surfaces for percent coverage at constant current.

4.2 Measurements on Thin Film Amorphous Silicon Solar Cell

The thin film solar cell investigated was an amorphous silicon cell from Power Film. This is
sufficiently thin that it is flexible. The absorption coefficient of amorphous silicon decreases

sharply in infrared, but there is still significant photocurrent generated out to wavelengths of

1100 nm as shown in Fig. 25.
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Figure 25 Demonstration of photocurrent increase across the spectrum for thin film solar cell coated with
gold-black particles. Photocurrent was measured under zero applied voltage.

After deposition of gold-black on the surface, the photocurrent increased by ~20% at most
wavelengths, while the improvement was less (~10%) at the peak of the photo response at 580
nm, namely that the improvement in photo response caused by scattering centers on the surface
should be strongest at those wavelengths where the absorption by the film alone is weakest. The
improvement disappeared when the deposited metal particles were wiped off. Since we removed
the gold black coating from this sample, we were not able to perform 1-V measurement on it.

Another sample showed 6.9% efficiency increase and 12% improvement in |l photocurrent

response (Fig. 26).
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Figure 26 1V and photo-power curves for PowerFilm amorphous silicon solar cell for solar spectrum
irradiance. Also indicated on the IV curve is the Maximum Power Point (MPP). The maximum power point
before deposition was 9.15 mW. After deposition, the maximum power point increased by 7%.

The experiment was repeated with different deposition parameters, again we noticed efficiency
enhancement as shown in Fig 27. These results confirm that deposition of gold black with ‘right
morphology’ increase the efficiency of thin film solar cells. It remains to identify the deposition
conditions that optimize the increase and to correlate the increase with film characteristics in
order to obtain an understanding based on physics. The former goal remains for future work.

Some progress toward the latter goal is described next.
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Figure 27. Gold black increases the efficiency by 5.1%

4.3 Optimization and Understanding

Electrodynamics simulations and physical characterization can inform future optimization to
obtain higher efficiency enhancements. For the experimental characterization, we have Scanning
Electron Microscopy (SEM) and Photo Electron Emission Microscopy (PEEM). The SEM
images may be analyzed to obtain percent coverage and particle size distributions. PEEM
images can give spectral and spatial distributions of plasma resonance hot spots, where optical
scattering is enhanced. Electrodynamic simulations can reveal scattering and field

enhancements, where film parameters can be quickly changed and optimized using a computer.

4.3.1 Percentage coverage & Wavelet Analysis

SEM images determined the relationship between the controlled parameters and the morphology

of the nanoparticles. Example images are presented in Figs. 28 and 29. The percent coverage
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was found from histograms of such images, i.e. from the ratio of the number of bright pixels
(gold black) to the total number of pixels in the image (Figures 28 and 29, right). The dark peak
of the histogram corresponds to substrate, while the bright shoulder is due to the gold black. To

separate them for the area analysis, the dark peak was assumed to be symmetrical.

I
100 150 200 250
SEM HV: 30.00 kV WD: 8.208 mm L1 VEGAW TESCAN Pixel color
iew field: 58.00 pm  Det: SE

Figure 28. (left) SEM image of lightly coated substrate. Goldblack film run #18 (0.5 mg Au, 400 mTorr, 68A)
from Table 1. (right) Histogram generated from this image. The fraction of coverage by gold black was
determined from the tail of the histogram that extends beyond ~100 on the brightness scale.

50 100 150 200 250
Pixel color
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%
AR

Figure 29. SEM image and histogram of heavily coated sample. Sample 6x (run #12 — 1.5 mg Au, 1000
mTorr, 68 A).
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Wavelet analysis for the image in Fig. 28 is plotted in Fig. 30. The peak shows that the mean
particle size occurs at ~2.3 um. The distribution of particle sizes ranges from 300 nm to 20

microns.
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Figure 30. Results of wavelet analysis for the image in Fig. 28.
This broad distribution of particle sizes appears to be responsible for the broad spectral range of
the resonant enhancement for the entire spectrum in case of thin film solar cell as result shown in
Fig 25. Once data of percentage coverage and wavelet analysis is collected for full factorial
deposition parameters, one can be in better position to conclude what average particle size is

sufficient to ensure maximum scattering and avoid absorption.

4.3.2 Photo Electron Emission Microscopy (PEEM)

This technique provided information about the spatial distribution of the plasmon resonances,
which can be correlated with SEM images and PV measurements. PEEM uses a near infrared
laser to excite Plasmon resonances, and it gives a visual indication of field enhancement by

detecting electrons emitted from the thin films that are within the field of view of the instrument.
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PEEM uses a cooled CCD camera to record photoelectron emission from samples that are
irradiated using sources such as mercury arc lamps and lasers. Wavelength tuning in visible and
near infrared causes resonances to appear in different parts of the sample surface due to the

distribution of particle sizes and surrounding dielectric environments.

Fig 31 (right) present photoelectron emission from gold-black samples using 800 nm wavelength
excitation, which has photon energy (1.5 eV) far below the work function of gold (5.1 eV), and
also below gold’s plasmon resonance frequency for bulk surfaces (~2.5 eV). The emission that
occurs is a non-linear multi-photon effect due to the field enhancement at the plasmon
resonances. The lower left quadrant has been modified by a focused ion-beam mill (FIB) to
make a marker for alignment. First, we notice that the modified surface has different
morphology in the SEM image and is less bright in the PEEM image, showing that it has less
plasmon activity. Second, the distribution of bright-white hotspots in the PEEM image is less
dense in the modified region than one might expect from the distribution of comparable
structures in the SEM image. These results suggest that there is a range of parameters that effect

plasmon activity, giving wide scope for optimization.
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Figure 31. SEM image (left) of a gold black sample. PEEM image of the same sample under Hg lamp
illumination (right). The field of view is 150 microns.

Fig. 32 presents preliminary results of the wavelength dependence for the PEEM images. The
two wavelengths are not very different, and consequently, the hot-spot distribution for the two
images is nearly identical. Nevertheless, the image for the longer wavelength shows more
contrast, i.e. the hot spots are brighter relative to the background. We suggest that this is because

the wavelength is now closer to the surface plasmon resonance wavelength for gold (~500 nm).

Figure 32. Gold black sample illuminated by a laser at two different wavelengths. (left) A =370 nm and
(right) A = 420 nm.

PEEM images of gold black films with 50 micron field-of-view are presented in Fig. 33. The
bright areas correspond to photoelectron emission for laser illumination at 370 nm (left) and 420
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nm (right) wavelengths. Again we see higher plasmon activity in the longer wavelength image

when we are closer to the bulk surface plasmon resonance wavelength of gold.

Figure 33. Left: PEEM image of gold black film under A = 370 nm laser illumination. Right: under A = 420
nm laser illumination.

“Hot spots” at each of the wavelengths are relevant to photovoltaic power generation. It is in
principle possible to optimize the parameters of deposition providing highest density of “hot

spots” when irradiated with source in the range of 400-800 nm.

4.3.3 Simulation

Through simulation one can visualize any system of nano particles on a substrate, to see how
intensity of incident field is behaving at different cross sections of the system, such as inside the
substrate or close to the nano particle.We generated a system with nano-scale gold spheres
placed on the surface of an optically thin silicon layer. The software package Lumerical solved
Maxwell’s equations over a variable meshed field, giving spatial and spectral profiles of intensity

enhancements. The 3 dimensional layout is presented in Figure 34. This model has 100 nm gold
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spheres located 100 nm from the surface of a 200 nm thick silicon wafer. The 532 nm light

source is incident from underneath and confined to the region defined by the white borders.

Figure 34 The model system for Electrodynamic simulation using Lumerical. A layer of 100 nm gold spheres
is located 100 nm in front of the surface of a 200 nm thick silicon wafer. Radiation is incident from outside
the wafer (purple arrow). Blue arrows indicate the polarization and the grey boxes define volume in which

the radiation is confined.

Fig 35 presents results of the simulation according to a monitor placed on the surface of the
silicon. Bright colors show field enhancement. The presence of bright red color at the top and
bottom edge of the silicon slab are evidence of lateral scattering by the metal particles and
waveguiding by the slab to its ends, where the light sprays out. This light is much more intense
(by two orders of magnitude) than the incident intensity, as evidenced by the light that passes
around the edges of the silicon at left and right. The smaller bright red patches at the right and
left edges of the silicon slab show that the direction of the scattering depends strongly on the

polarization of the incident polarized beam.
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Figure 35. A monitor at the surface of the silicon wafer, showing the spatial profile of the intensity of the
radiation. The highest intensity is shown in red.

Fig. 36 presents the intensity pattern according to a monitor placed in the plane of the metal
particles. The field is zero within the metal particles as expected, but it is strongly enhanced by
two orders on the surfaces of the balls. The enhancement is stronger to the right and left,

indicating the polarization dependence.
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Figure 36. A monitor in the plane through the center of the layer of gold particles. High intensity is seen
around the edges of the gold spheres and none is seen inside the metal, as expected.

Fig. 37 presents the intensity according to a monitor within the thin silicon slab, this section is
the most important of the three, since we need scattering inside the active layer. The intensity is
strongly enhanced within the slab by two orders of magnitude as a consequence of resonant
scattering by the metal particles. Moreover, the high intensity bleeding out the ends of the slab
at top and bottom shows that the scattered radiation is being channeled like a waveguide by the

silicon, giving a substantial increase in the effective optical path length.
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Figure 37 A monitor 100 nm inside the silicon surface. The red regions show the very high intensity
enhancement due to the gold nanoparticles.

The enhancement depends on the wavelength of incident radiation and on particle size. Once we
find out parameters producing desirable gold black morphology we can visualize the intensity
enhancement and compare it with PEEM analysis of the same sample. Simulations can provide
the understanding of behavior of enhanced field, so it is possible to make experimental changes

in deposition parameters for even better results.
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CHAPTER FIVE: CONCLUSION & SUMMERY

We initiated our experiment of depositing gold black as scattering centers for standard thick
crystal Si solar cells. Though none of the results in full factorial experiment shown efficiency
improvement for these single crystal solar cells, it helped us to optimize the deposition,
characterization, and analysis procedures, which eventually proved useful in our successful

demonstration of efficiency enhancement for a thin film solar cell.

The initial experiments on thin film solar cell showed 20% increase in short circuit photocurrent
response across major part of the spectrum, while 10% photocurrent enhancement was seen in
visible band where solar cell it self is able to absorb light more efficiently compare to infrared

region. Other samples also showed efficiency increase of 5.1%.

Particle morphology can be correlated with response function measurements and efficiency
enhancements to obtain a physics-based understanding of the optimization. Selected SEM
images were analyzed according to histograms and wavelet analysis to obtain percent coverage

and particle size distributions, respectively.

The role of plasma oscillations can be elucidated by correlating efficiency improvements with
PEEM images of resonance hot-spot distributions. These “hot spots™ are regions of near field
enhancements and they can be correlated with PV measurements. It is desirable to have
maximum number of “hotspots” while we step up the light source in the range of 400-800 nm.

So PEEM provides possibilities for optimization of gold black film.
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Simulations were performed on a system with silicon wafer substrate, gold particles and
polarized light. We saw field enhancement of many orders due to scattering and enhanced field
bleeding out from the side of the slab confirmed that field was being channeled inside the Silicon
substrate increasing the optical path length of incident field. Simulations show great potential for
further rapid optimization of thin film, once the dependence of film morphology on deposition

parameters is understood.

The project has potential to be expanded to aluminum and silver-black thin films. Silver has high
conductivity compared to aluminum. Both are more prone to oxidation than is gold.
Impregnation of the porous films with polymer vapors may improve adhesion, and durability
while protecting against oxidation. It also allows means to control the local dielectric
environment of the metal particles to shift the resonances. Mixtures of different metal blacks
with different plasma frequencies (e.g. Cu and Al) can be deposited with the goal of broadening

the spectral response of the enhancement.

Using light trapping through the resonant scattering by metal blacks, it is possible to construct
optically thick but physically thin photovoltaics, which would be able to harvest full solar
spectrum. Thus the use of plasmonic nanoparticles allows completely new solar cell design

which could be highly efficient and consuming much less material.
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