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Abstract: In this paper, we present the design and fabrication of hybrid dielectric-metallic
back surface reflectors, for applications in thin film amorphous silicon solar cells. Standard
multilayer distributed Bragg reflectors, require a large number of layers in order to achieve
high reflectance characteristics. As it turns out, the addition of a metallic layer, to the base
of such a multilayer mirror, enables a reduction in the number of dielectric layers needed to
attain high reflectance performance. This paper explores the design, experimental
realization and opportunities, in thin film amorphous silicon solar cells, afforded by such
hybrid dielectric-metallic back surface reflectors.
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1. Introduction

In this era of uncertainty over the future of global energy as a whole, strong sentiments have arisen
against the use and pursuit of fossil fuel sources. In the world at large, there is now a strong global
push for stringent measures to reduce the amount of carbon emitted by every nation [1]. As a
consequence, there has emerged a sudden and frantic rush for renewable energy solutions; with
photovoltaic (PV) technology being one amongst many, in this endeavor.

At present, there is a constant drive to make PV competitive with other power production
technologies, i.e., to reduce final costs to less than 1 $/Watt [2,3]. This is where the world of thin film



Energies 2010, 3 1915

solar cells (TFSC) comes to into play. Thin film technologies, reduce the material needed to make the
solar cell, enable larger units of manufacturing than conventional wafer based technology and
ultimately, are prime candidates for competitive power production. However, TFSC technologies
suffer from one major problem, i.e., lower efficiencies than conventional wafer based technologies [4].

The lesser efficiency is based on a number of reasons, one of which is that, with less material, there
is less volume for the absorption of incident photons. This shortcoming leads to the need for optical
light trapping; which is concerned with admitting the maximum amount of light into the solar cell and
keeping the light within the structure for as long as possible.

Admitting the maximum amount of light into the solar cell is concerned with concepts of anti
reflection, which are discussed in greater detail elsewhere [5-8]. The other problem, i.e., keeping light
within the cell, is where the focus of this paper lies. To trap light once it is inside a solar cell, the light
needs to be scattered into the active material, reflected by a back reflector and ultimately prevented
from coupling out of the structure. Information involving scattering light into the active material can
be found in some of our previous work [6,7,9,10]. This paper is specifically concerned with the issue
of back surface reflectance, and for that matter, finding a back reflector with fewer dielectric layers
than standard distributed Bragg reflectors (DBR’s). In Figure 1, we show a design schematic that
summarizes the efforts of this study.

Figure 1. Design schematic showing the basic premise of the work presented in this paper.
The idea is to find a high performance back surface reflector with few dielectric layers. The
light is incident on the back reflector through a semi infinite a-Si structure.
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Our approach is purely from an optical perspective, and we chose to use amorphous silicon (a-Si) as
the test material (active PV material), in this analysis. It is worthy to mention that the work in this
paper is transferable to any other material using a similar approach. In the same light, since a-Si is
mainly the test material, the issues relating to the electrical contacts are not addressed here. Contact
formation in high performance a-Si solar cells is achieved using transparent conductive oxides (TCO)
such as SnO, and ZnO. For back surface contacts, a thin layer of TCO is normally included between
the a-Si and metal (mainly silver or aluminum); this is to prevent the formation of interfacial layers
that can occur due to the reaction between the a-Si and metal [11]. The optical structure presented in
this paper is transferable to some of the a-Si solar cell configurations that have been reported, such as
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the one presented in [12]. More detailed accounts that specifically address TCO applications in a-Si
solar cells can be found in the following references [12-16].

As with our previous work [6,9,10], we use the scattering matrix (S-Matrix) [17-19] and particle
swarm optimization (PSO) [20-22], algorithms for the simulation process. To enable the achievement
of high accuracy, during the simulation process, the optical material properties are acquired from
actual materials, in our laboratory, using spectroscopic ellipsometry. This optical data is then input into
the simulation code, resulting in models that greatly mirror real world performance.

2. Back Reflector Technology

Back reflectors in thin film solar cells, are of great value and importance. Especially when
considering multiple passes of light through the solar cell structure, as is the goal of light trapping.
However, the science of back surface reflectance is dictated by a number of important aspects, in
addition to the reflective properties. These aspects include the back contact technology, material
conductivity, passivation and the material adherence properties [12,16]. The combination of these
features gives rise to a complex interplay, between the optical and electrical functionality. These
requirements, often lead to the use of metals as back reflectors, because of their conductive and
reflective material qualities. In practice, the quality of conductance and reflectance varies between
metal and semiconductor materials; often the reflectance properties are substandard.

With the inadequate performance of metals as back surface reflectors (BSR’s), and as the demand
for higher and higher efficiencies increased, it became more apparent that different optical approaches
were required. This led to the incorporation of photonic engineering concepts into the world of
photovoltaics. In the span of a few years, we have witnessed the application of DBR’s [23,24], 2D and
3D photonic crystals (PhC’s) [25-27], diffraction gratings [28-30], plasmonic structures [31,32] and
even the discovery of the worlds darkest materials [33-35]. It is apparent that there is a strong
emergence of innovation in the world of photovoltaic photonics.

However, there is a major difference that exists between photonic engineering in photovoltaics and
other semiconductor based technologies, which is the scale of the device structures. Solar cells are
much larger than conventional microchip scale technologies. Furthermore, with the rise of thin film
technologies, and subsequent industrial style large scale fabrication processes, such as roll to roll
processing, the size of photovoltaic units has increased even further [2,3,16]. Therefore, even though
photonic engineering concepts do significantly improve upon the light trapping capacity of solar cells,
it is increasingly challenging for these concepts to find widespread applications. Thus, the problem in
photovoltaic photonic engineering, involves increasing the optical light trapping properties, without
exorbitantly increasing the overall cost of the PV unit. In line with these ideas, it was the aim of this
study, to find a good back reflector that requires only a few dielectric layers of material, and hence, not
requiring very complex fabrication processes to realize.

3. Design Process

With all this in perspective, we now begin to look specifically at BSR’s. In some of our earlier work
on light trapping, we found that the introduction of a metallic layer, at the base of a 6 layer 1D-PhC,
increased the overall reflectance of the structure [6,7,9]. This observation led us into the realm of
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hybrid dielectric-metallic reflectors and their potential application in photovoltaic devices. We were
trying to find out the number of dielectric layers that are actually necessary, to make a good back
reflector for a solar cell structure.

The first step in the study, was to figure out what thickness of our chosen solar cell material, a-Si,
would be ideal for the back reflector analysis. On inspection of the absorption coefficient data for a-Si,
it is evident that most of the incident light energy is absorbed within the first three hundred nanometers
of an a-Si structure [16]. However, many of the papers on a-Si solar cells, have the active layer
thicknesses ranging from a few hundred nanometers to a number of microns [12-14,25,36]. With there
being such great variation in the choice of active layer thicknesses, we decided to perform a
fundamental analysis on the absorption characteristics of a-Si structures, as is shown in Figure 2a. In
the figure the numbers that correspond to each plot in the figure legend, denote the thickness of the
a-Si structure.

The basic idea of the study was to use simulations to aid in observing the absorption characteristics
of a-Si structures of varying thickness (from 100 nm to 2 pm). In the simulation, the a-Si structure
being analyzed was placed between two semi infinite slabs of a-Si. In this way, we could observe how
much light is absorbed in a single pass through an a-Si structure; without any front surface reflection or
any light trapping.

We observed that, at a thickness of about 500 nm for the a-Si layer, the absorption curve began to
fall off from the maximum, at a value close to the 600 nm wavelength point; which is the midpoint of
the wavelength range under consideration (400-800 nm). In addition, the distance between the
absorption curves, becomes remarkably small after the 500 nm thickness. Also, the 500 nm thickness,
iIs in line with other optical studies performed on a-Si solar cells [12,25,37].

After obtaining an appropriate active layer thickness of 500 nm, we proceeded to analyze the
transmission characteristics of the structure, as shown in Figure 2b. The transmission characteristics
show us what wavelengths actually hit the back reflector and hence, give us a clearer picture of our
design space. As is seen in Figure 2b, the transmission of light begins at a wavelength of close to
600 nm. Therefore, we set the design wavelength range for the back reflector as 600-800 nm.

Figure 2. (a) Absorption characteristics of a-Si structures of different thicknesses;
(b) Transmission characteristics of the structures. In both (a) and (b), the curve for the
500 nm thick structure is bolded.
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The next step in the study is summarized in Figure 3; we wanted to compare various back reflector
structures for a-Si solar cells, with the hope of coming up with a structure with very few dielectric
layers. We simulated the reflectance characteristics of a semi-infinite a-Si structure atop an aluminum
only layer, Figure 3a, a multilayer DBR, Figure 3b, and a hybrid dielectric-metallic structure,
Figure 3c. In the multilayer DBR, we varied the number of periods from one to five, using the name,
“1 Layer” to denote a structure with one period, “2 Layer” for a structure with two periods, and so on.
There is an added phase matching layer in Figure 3c, denoted by SiO,_Al, in addition to the 1 Layer
DBR and aluminum layer.

Figure 3. Schematic of an a-Si structure atop, (a) an aluminum reflector, (b) a standard
multilayer DBR structure with a large number (N) of layers, (c) a reduced layer, hybrid
dielectric-metallic back reflector.
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To obtain the highest reflectance for the desired wavelength range, 600-800 nm, we employed the
use of our optimization algorithm, PSO. This work was performed in order to obtain the optimal
design parameters, for a varying number of periods in a distributed Bragg reflector stack. Each DBR
stack was set atop a SiO; substrate and had a semi infinite a-Si superstrate (cladding layer), the results
of the reflectance study are shown in Figure 4. It can be observed that only about three layers are
needed to achieve a reflectance that is similar to that of a stack with many more layers. The difference
between the “3 Layer” and “5 Layer” structure, in terms of percentage reflectance, in the 600-800 nm
range, is 0.5%. With this observation in tow, the next step was to observe the reflectance
characteristics of the DBR structures after the addition of a metallic layer, i.e., the performance of the
hybrid dielectric-metallic BSR.
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Figure 4. Reflectance characteristics for DBR’s with a varying number of layers, the label

“1 Layer” is used to denote a DBR with one period, “2 Layer” for a DBR with two periods,
and so forth.
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We chose to use aluminum as the metallic layer, because of its widespread use in the PV industry.
Aluminum has been used for a long time as a back reflecting material in many types of solar cells. As a
matter of fact, for a long time it was assumed that metals were really good BSR’s and most optical
analysis considered any metallic material used as a perfect electrical conductor. However, it came to be
understood that the “parasitic” absorption characteristics of aluminum, especially in a-Si solar cells, is
very significant [37]. As was concluded in various studies [37—39], the addition of a phase matching
layer to separate the metal from the semiconductor or multilayer stack, significantly reduces the
amount of light that actually gets absorbed in the metal layer. Following this train of thought, we
introduced a layer of SiO, between an aluminum and DBR stack, and subsequently employed
optimization to figure out the thickness of this layer. This optimization was performed for each of

the structures that were analyzed in Figure 4. The resultant reflectance characteristics are shown
in Figure 5.

Figure 5. Reflectance characteristics for structures with the different number of DBR
layers, with an added SiO, phase matching layer and aluminum layer.
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As can be seen in Figure 5, the reflectance characteristics of the various structures, in the region of
interest (600-800 nm), are quite similar. We see, from Figure 5, that even the structure with one DBR
period, has a very high reflectance. For that matter, the three period DBR stack, has a reflectance that
Is almost identical to that of the 4 and 5 period DBR structures. Of greater interest is the 1 Layer DBR
structure, which has a reflectance of 97.7% (600-800 nm). Even though the reflectance is about 1.1%
less than that of the 3 period stacks, the number of layers is fewer.

In order to provide clarity on the various naming conventions used, we illustrate the one period
structure (1 Layer DBR) and 3 period structure (3 Layer DBR), as shown in Figure 6.

Figure 6. Design schematic of the, (a) 1 Layer DBR and, (b) 3 Layer DBR structures. The
SiO, (DBR:SiO, Layer) and a-Si (DBR:a-Si Layer) layers of the DBR structures are
labeled. The phase matching SiO, layer (SiO,_Al) and the aluminum layer are also shown.

Materials

DBR
1Layer .
DBR: SiO, Layer b

DBR BR:a-Si N
o =<\

Layer ﬁ
DBR: a-SiLayer
4 é DBR:SiO,
SiO, Al SiO, Al Layer

@ (b)

This naming convention is the same for all structures that are presented in this manuscript. The SiO,
layers of the DBR are called DBR:SiO; and the a-Si layers are labeled DBR:a-Si, the phase matching
layer is labeled SiO, Al. The design parameters for these layers, in the 1, 2 and 3 Layer DBR
structures are presented in Table 1.

The amount of light absorbed in the BSR is minimal, as can be seen by the high reflectance values
of the various structures in Table 1. These results show us that the absorption, in the otherwise lossy
metal, is mitigated by the addition of the dielectric layers, and in turn, the metal increases the
overall reflectance.

Table 1. The design parameters and performance characteristics of the 1, 2 and 3 layer
DBR structures, are presented.

. N Avg Reflectance (%) Avg Reflectance (%
DBR:SIO, DBR:a-Si  Sio, Al VO Reflectance (%) - Avg Reflectance (%)

Structure (600-800 nm) (600-800 nm)
Layer (nm)  Layer (nm) (nm) no metal with Aluminum
1 Layer DBR 345 36 147 80 97.7
2 Layer DBR 118 38 150 96 98

3 Layer DBR 137 32 172 98.4 98.8
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The absorption in the entire BSR, Absgsg, can be calculated by subtracting the percentage
reflectance, Refgsg, and transmittance, Transgsg, from 100%, as is shown in Equation (1). The resultant
absorption for the 1 layer structure with no metal is 2% (600-800 nm), and 2.3% with the addition of
the aluminum layer. This means that the addition of the aluminum layer increases the back reflector
losses by 0.3%, in the 600-800 nm range.

AbSBSR =100 — REfBSR — Transgsr (1)

To put the performance of the 1 Layer DBR into context, we plot the reflectance characteristics of
an aluminum layer, a 1 Layer DBR and a 1 Layer DBR with an added aluminum layer, as is shown in
Figure 7. These structures reflect the light into a semi infinite a-Si cladding layer (layer on top of
reflector). The benefits of adding the aluminum layer to the 1 Layer DBR are clearly visible, especially
in comparison to the reflectance characteristics of the plain aluminum layer. The reflectance, in the
600-800 nm range, of the aluminum only structure is 66%, that of the one period DBR stack is 80%,
and that of the 1 Layer DBR with the added aluminum layer is 97.7%.

Finally we perform a tolerance analysis of the 1 Layer DBR structure by altering the dimensions of
the parameters, by 5%, #10% and *15%, as shown in Figure 8. We slightly increase the bandwidth to
590-800 nm, to further give an idea of the robustness of the reflector. As is seen in Figure 8, the
reflectance characteristics stay above 90%, for a design tolerance of 0% to —15%. In the positive
direction, we see that the reflectance is more affected at the extremity, +15%, where the reflectance
drops to about 86%. All in all, the reflectance values stay above 90%, in the tolerance range of —15%
to about +12%.

Figure 7. Reflectance characteristics of the 1 layer DBR structure (green plot), as
compared to a structure of aluminum only (blue plot), and one with the 1 layer DBR plus
an aluminum layer (red plot).
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Figure 8. Tolerance analysis of the design parameters of the 1 Layer DBR structure with
an added aluminum layer.
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The governing physical behavior of the hybrid dielectric-metallic back reflector can be described
using the theory of reflection and transmission of light waves at multiple interfaces, as is depicted in
Figure 9. If we consider a light wave, Ty, that is incident through the a-Si active layer, as is shown in
Figure 9, we observe that as it impinges on the first SiO; layer in the DBR, a portion of the incident
power, R, gets reflected and the rest, T, is transmitted. The exact magnitudes of Ry and T, can be
deduced using Fresnel formulae, which are described in great detail in [5,38-40]. The wave reflected
off the ny/n, interface, Ry, does not experience a phase change, since n; > n,.

Figure 9. Diagram showing the propagation of a wave through the stratified 1 layer
DBR + aluminum back reflector. The wave undergoes multiple reflections as it moves
from one medium to the next. The corresponding phase change on reflection, the refractive
indices and thicknesses of the individual layers are shown.

n>n, nNn=n; nN,=n,

d;

The transmitted wave, T, traverses through the SiO, layer and onto the n,/n3 interface, where again
part of it is reflected, R,, and the rest transmitted, Ts. Since n, < ns, R, experiences a « phase shift on
reflection at the ny/nz interface. As R, travels through the SiO, layer, a distance of 2d,, it picks up a
roundtrip phase shift, in addition to the n phase change on reflection from the n,/n; interface.
Therefore, the relative phase shift of the two reflected waves, i.e., R; and R; is given by the difference
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between the change in phase experienced by R; and the total roundtrip phase change experienced by R,
(which includes the = phase shift from the n,/ns interface). If this relative phase difference is an
integral number of wavelengths, then constructive interference occurs.

The portion of wave that hits the back aluminum layer experiences a phase change that is not quite
equal to m because of the lossy nature of the metal, 3 <= for all wavelengths [39]. Hence the need for a
layer that ensures that the waves reflected off the ns/ns and n4/ns interfaces are in phase, i.e., Rz and Ry
are in phase. This layer is the phase matching layer which is depicted in Figure 9, as having a thickness
of dg; it is referred to as SiO,_Al in the rest of this manuscript.

At this juncture, it is worthwhile to mention that most analytical treatments that provide optimal
parameters for the maximum reflectance of such an arrangement, consider mainly single or small
wavelength bands [8,38]. In practice however, when considering broadband illumination, such as
sunlight, we need to use optimization algorithms and electromagnetic simulation tools to obtain the
optimal design parameters. To this end, we employ the particle swarm optimization and S-Matrix
algorithms to optimize the design parameters over the entire wavelength region of interest.

It is also important to show the optical constants used in this study. To this end, we plot the real part
of the refractive index, n, in Figure 10a, and the absorption coefficient for aluminum and a-Si in
Figure 10b.

The next step in the analysis was to experimentally realize the design structures through fabrication
processes. We chose to analyze a structure that incorporates the 1 Layer DBR, as it has shown high
performance in simulation.

Figure 10. (a) Refractive index, n, of the different materials used in the back reflector;
(b) log plot of absorption coefficient data for the a-Si and aluminum materials used

6 T T 10’
[ [
—si02 I | | | | | | | i
— a-Si 10° T T T t T T %[
5 m— Aluminum [——f — E 4
— i = T i T i — asi
— R e R
T S I T T t t t
4 < f ~——
p [ i i i — i I t
o 4 I I I | [ I I
D 10
L f i i i t t . i t
[ I I I T I TN I T
c 3 5 3 | | | | | | |
o 10
© [ T T T T T T T
pd s I ! ! ! i I I N I
2 5 107 %
=3 ; - - - - - - - \
I \
§ lo,‘ i i i i i i —\ 1
1 < - - - - - - - \ 3
el I | | | | i | i | ]
— o I I I I I I I
10
[} E i i i : : : : =
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
Wavelength Wavelength

4. Fabrication Results

We fabricated four structures; the first, which we will refer to as “a-Si Only”, consisted of a single
layer of a-Si, deposited on a glass slide. The second structure had an anti reflection coating (ARC),
added to an a-Si layer, and we refer to this structure as “ARC + a-Si”. The third structure, incorporated
the ARC and 1 layer DBR, we refer to this structure as “ARC+a-Si+1 Layer”. Finally, the last
structure had the ARC, the 1 layer DBR and the aluminum layer; we refer to this structure as
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“ARC + a-Si + 1 Layer + Al”. All the design parameters, for all the various components, of the four
structures are specified in Table 2. A design schematic of the fourth structure, i.e., the structure with an
ARC, 1 Layer DBR and aluminum layer, is shown in Figure 11.

These structures were all fabricated on glass slides. In the structures which incorporated an
aluminum layer, the aluminum was deposited first, on the glass slide, using electron beam evaporation.
All the other layers were deposited on top of the aluminum layer, using plasma enhanced chemical
vapor deposition (PECVD). The structures that had no aluminum were directly deposited on the glass
slides using PECVD. The configuration of these structures corresponds to the “substrate” optical
design, where sunlight enters the solar cell before it reaches the substrate, which is outlined in [16].

Table 2. Summary of optimal design parameters for the fabricated solar cell structures.

Structure Design Parameters (in nm)
AR coating (SiOy) 10
AR coating (SizNg) 62
a-Si active layer 500
1 Layer DBR (SiO,) 345
1 Layer DBR (a-Si) 36
SiO,_Al 147
Aluminum Layer 4000

Figure 11. Design schematic of the structure that was fabricated. The structure
incorporates an AR coating, a 1lLayer (1 period) DBR, a SiO, phase matching layer
(SiO,_Al) and an aluminum layer, all deposited on a glass slide.

AR Coating

1 Layer DBR

500 nm Sio, Al
Materials
Sio, a-Si
Glass Slide SN,
Substrate

We also simulated the structures with the design parameters listed above and attained graphs,
showing the absorption characteristics, as shown in Figure 12. As the back reflectors are added, we
see the presence of Fabry-Perot resonance peaks, which occur at wavelengths described in the
following equation.

2nt
Ap =— 2

m

where n is the refractive index, and t is the thickness of the active solar cell material (a-Si), and m is an
integer [5,8].
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Figure 12. Simulation of absorption characteristics of the different structures. The first
structure has no light trapping (blue plot), the second incorporates an AR coating (green
plot) , the third has the AR coating and the one layer DBR (red plot), the final one has the
AR coating, 1 Layer DBR and the aluminum layer (purple plot).
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We characterized the reflection and transmission characteristics of the fabricated structures, using a
spectrophotometer that is fitted with an integrating sphere. To calculate the absorption, we used an
equation similar to Equation (1), only this time, the absorption, reflection and transmission
characteristics, are for the fabricated structures, which all included a 500 nm a-Si layer. We tabulate
the corresponding average absorption (400-800 nm) values in Table 3, and plot the absorption

characteristics, in Figure 13.

Figure 13. Absorption characteristics for the different fabricated structures. The first
structure has no light trapping (blue plot), the second incorporates an AR coating (green
plot), the third has the AR coating plus the one layer DBR (red plot), the final plot has the
AR coating, 1 Layer DBR and the aluminum layer (purple plot).
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Table 3. Final values of the average absorption for different structures over the entire
400-800 nm range.

Avg. Absorption (%)  Avg. Absorption (%)

Structure Simulation Experimental
a-Si Only 38 41
ARC + a-Si 63 58
ARC + a-Si + 1 Layer 71 61
ARC + a-Si + 1 Layer + Al 76 80

5. Discussion

The absorption characteristics of Figure 13 show a number of physical phenomena that are worth
noting. With the addition of the 1 layer DBR, corresponding to the red plot in Figure 13, we see clearly
accented absorption peaks at 620, 670 and 725 nm. The peaks correspond to resonance frequencies,
due to the fact that the planar a-Si layer, with a reflector on one side, forms a Fabry-Perot etalon. The
addition of a better reflector at the back surface serves to increase the height of the peaks, at the same
wavelengths. In the plot with the metal added, the purple plot in Figure 13, we see that the increased
peaks are present; however the graph has been “smoothened”, as compared to what we would expect.
We do not see the drastic dips in absorption that show up in the simulation results of Figure 12.

To account for this discrepancy, we took a closer look at the structures we had fabricated using a
scanning electron microscope. We saw that the structures without any aluminum were mostly planar;
however, the samples with the aluminum layer had a very rough surface morphology, as is shown
in Figure 14.

Figure 14. SEM images of the surfaces of (a) the planar structure with an AR coating and
1 period DBR at the back; the image shows a bit of the edge of the sample and the top
surface, which reveals how planar the surface is, and (b) the structure with an AR coating,
1 period DBR and an aluminum layer. The roughness in the aluminum is carried through to
the entire structure and hence the bumpy surface.

After this observation, we incorporated roughness into the simulation code by altering the design
geometry of the structure, by including bumps; which mimic the ones shown in the SEM image. Since
the bumps, as shown in the SEM image, were of arbitrary sizes, we included bumps that varied in size
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into the simulation code. We varied the height of the bumps from 70 nm to about 150 nm, with steps of
25 nm in between. As for the width, we varied the size from 100 nm to about 700 nm, with steps of
100 nm in between. We had observed, in the SEM images that the roughness began from the surface of
the deposited aluminum, and hence in the simulations we incorporated the bumps into the aluminum
layer, DBR layer, a-Si active layer and AR coating layer. Hence, in essence, the roughness that began
at the aluminum layer translated throughout the rest of the structure.

We then took the average of the results from all the simulations and got the simulation plot shown
in Figure 15. There was a much better match between this simulation results, with roughness, and the
fabrication results, than with the previous simulations that did not incorporate roughness (Figure 12).
The simulation result, with roughness, and the fabrication results are compared in Figure 15 and
Table 4. We can clearly observe that the accuracy of the method of simulation with roughness is much
higher than that without roughness. Hence we were able to conclude that the aluminum layer
introduced some roughness, which translated throughout the structure, and in turn improved the
absorption characteristics from what we had earlier anticipated through simulation.

Figure 15. Absorption characteristics for the structure with an AR coating, 1 Layer DBR
and aluminum layer. The graph compares the experimental results (purple plot), with the
simulation results that incorporate roughness (blue plot).
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Table 4. Final average absorption values for the structure with an ARC, 1 Layer DBR and
aluminum layer. The table compares the experimental results with the simulation that
incorporates roughness.

Structure Avg. Absorption (%) Avg. Absorption (%)
Simulation with Roughness Experimental
ARC + a-Si + 1 Layer + Al 80.2 80

As with our previous analysis [9,10], we computed the enhancement factor; which is a comparison
of the absorption characteristics of the modified structures, to those of a structure with no light
trapping enhancement (a-Si only), as shown in Equation (3).
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A1=800
[ Ac(A)Irrd(A)dA’
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where the value A represents the absorption characteristics of an enhanced structure, i.e., with light
trapping incorporated, As represents the absorption of a structure with no light trapping, i.e., the a-Si
only structure.

We then plotted the enhancement factor characteristics from 600-800 nm, for this is where the
characteristics are most strongly observed, as is shown in Figure 16.

Figure 16. Enhancement factor comparison of the different fabricated structures.
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We see that the structure with the added aluminum layer, enhances the absorption by more than
400 times at about 800 nm wavelength. The average enhancement factor characteristics for all the
structures considered in this study are tabulated in Table 5.

Table 5. Enhancement factor of the different design structures considered in this study.

Structure Enhancement Factor Enhancement Factor
(400-800 nm) (600—800 nm)
a-Si Only 1 1
ARC + a-Si 1.8 21
ARC +a-Si + 1 Layer 2.4 3.4
ARC + a-Si + 1 Layer + Al 9 16

Finally, to put this work into greater context, we calculate what the short circuit current
characteristics, Js¢, would be for the fabricated structures. The Js is given by Equation (4):

Jo =L [ A Irrd (A1)dA’ (4)
hc ;
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where Jg is the short circuit current density, q is the charge on an electron, h is Planck’s constant, ¢ is
the speed of light, 1 is the wavelength, A is the absorption of the silicon structure and Irrd is the solar
irradiance spectrum [9,10,41]. It is worthwhile to note that in this calculation the conversion efficiency
Is taken to be one, we do not consider the internal carrier collection efficiency, and hence this gives the
upper-bound of the current that can be collected from such a structure. The Js results are tabulated in
Table 6, and plotted in Figure 17.

Table 6. Short circuit current characteristics (Jsc) of the different design structures
considered in this study.

Jsc (MA/cm?)

Structure (400-800 nm)
a-Si Only 94
ARC + a-Si 13.2
ARC + a-Si + 1 Layer 14
ARC + a-Si + 1 Layer + Al 19.3
Maximum Js 25.6

Figure 17. Plot of short circuit current characteristics (Js) of the different design structures
considered in this study.
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We also simulated the performance of the structure under illumination at different angles of
incidence; we started from zero degrees and went all the way up to 40 degrees, with increments of
10 degrees in between. The results from this study are shown in Figure 18 and Table 7. We see that the
absorption increases as the incident angle is increased; this is a good sign of the versatility of
the structure.
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Figure 18. Absorption characteristics of the structure with an AR coating, 1 Layer DBR
and an aluminum layer, at different angles of incidence. This graph shows the performance
at an incidence angle of 0, 10, 20, 30 and 40 degrees. We see that the performance is even
better at larger angles of incidence.
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Table 7. Study of the performance of the structure with an AR coating, 1 Layer DBR and
an aluminum layer, at different angles of incidence.

Avg. Absorption for

Incident Angle (in degrees) ARC + a-Si + 1 Layer + Al Structure

0 80.2
10 82
20 82.2
30 82.4
40 82

6. Conclusions

In this study, we have shown that we can indeed reduce the number of layers in a DBR stack to a
single period, while still maintaining high back surface reflectance characteristics. This is
accomplished by the addition of a metallic and a phase matching dielectric layer. We have also shown
that the absorption of such a back reflector is minimal; about 2.3% of the incident light gets absorbed
in such a reflector. In addition, we experimentally realized the structures and, as expected, saw
increased absorption characteristics. However, the aluminum layer introduced roughness into the final
fabricated structure and hence, served to heighten the absorption characteristics beyond what we had
initially expected in theory. This study also concluded that the final structure performs well under
obliguely incident illumination, the absorption characteristics actually increased with the increased
angles of incidence.
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