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ABSTRACT OF THE DISSERTATION

Graphene/Silicon Schottky Junction Based Solar Cells
by
Serdar Yavuz
Doctor of Philosophy in Materials Science and Engineering
University of California, San Diego, 2018
Professor Prabhakar R. Bandaru, Chair

After experimental discovery in 2004, graphene is one of the most extensively studied
materials in last 15 years. The sp? bonded carbon atoms in honeycomb geometry in the atomic
thickness leads to use of graphene in many applications including but not limited to sensors, field
effect transistor, batteries, photo detectors, super capacitors, diodes. In particular, the highly
conductive, highly transparent (97.7%) and mechanical flexibility of graphene indicated its use
as a transparent conductive electrode (TCE). As a new emerging material for TCE applications,

the incorporation of graphene with well-studied silicon leads to a new photovoltaic area:

XXii



Graphene/Silicon (Gr/Si) solar cell. Over the course of 8 years, the efficiency has been improved

up to 17%.

After a brief introduction in chapter 1 and 2, chapter 3 introduces a promising alternative
as incorporation of two-dimensional materials for Gr/Si solar cell. It is shown that applying
graphene oxide via a simple spin coating process increases the efficiency of solar cell by a factor
of three. A detail analysis of factors that contributions PCE enhancement are discussed. This

chapter highlights the use of graphene oxide as an antireflection coating in Gr/Si solar cell.

In chapter 4, the highest efficiency Gr/Si solar cell is presented. Through a detail analysis
and addressing the efficiency limiting parameters, a more effective doping along with an
engineered design is discussed. The experimental studies and related discussions of the highest

efficiency graphene/n-silicon (Gr/n-Si) solar cell is highlighted.

In chapter 5, It is demonstrated that the modifying the work function of graphene through
an n doping allows us to use graphene as an electron extraction layer. A detail analysis and
effective doping methodologies yielded the highest efficiency Gr/p-Si solar cell obtained so far.
In addition, it is demonstrated that the one of most critical aspect of Gr/Si solar cells, stability,

can be address through the use of aluminum oxide.

In chapter 6, a future direction for the possible efficiency improvements of Gr/Si solar
cells by incorporating new doping strategies and materials for graphene is discussed. A strategy

following the foot prints of p-n junction counterparts is provided for future studies.

XXiil



CHAPTER 1: SOLAR CELLS

1.1 Introduction

The energy demand of world increases so rapidly that the natural resources such as fossil
fuels and coal cannot fulfill the demand. In addition, those resources are limited and we have
relied on them after the industrial revolution. Using those resources over the past two century
resulted in a significant problem for the future of world: carbon emission which is the main
contributor of greenhouse gasses. A promising alternative for energy production was emerged in
the last century: photovoltaic solar cells. Using sunlight as a natural resource, which is the most

abundant energy source, made solar cells an ideal alternative as an energy production platform.

Solar cells convert sunlight into electricity. By doing so, they produce electricity without
releasing any harmful byproduct which makes them more attractive for the world’s future energy
demand. In addition, solar cells can be used anywhere that sunlight can reach, from any rural part
of the world to the space. Indeed that makes solar cells even more promising by avoiding many
complications of the transportation of electricity form a power plant to a house. While
technological progress in the solar cell manufacturing as well as the scientific contributions
through higher solar cell efficiency reduced the cost of solar panels significantly, they are still
operating below their potential. Therefore, improving the efficiency of solar cells as well as

reducing the manufacturing cost is critical to make solar cells more affordable.

1.2 Efficiency of solar cell

Solar cells are designed to produce electricity when exposed to sunlight. When photons
absorbed, the electron hole pairs are generated and collected through an external circuit. Thus,

the efficiency of solar quantifies as the ratio of obtained electrical energy to the input solar



energy. In such as energy conversion system, the power is defined as the product of current (1)
and the electrical potential of system (V), there is a point where the product of those two gives
the highest power, which is the maximum power point of solar cell and represented with mpp
abbreviation. Maximum power that can be obtained in a solar cell is graphically presented in
Figure 1.1.To convert as much sunlight into the electricity, a solar cell is operated at its
maximum power so that a general term the power conversion efficiency (PCE) or simply

efficiency (1) is used for simplicity and it is given by

n=— (1.1)

Where Pj, is the incident solar power. The efficiency is the most important output of any solar
cells. Independently confirmed and the most efficient solar cells reported in literature for various

materials are listed in Table 1.1.

Power

mpp? © mpp

Voltage

Figure 1.1: Power —Voltage curve of a typical solar cell.



Table.1.1: The most efficient solar cells and corresponding output parameters under standard

testing conditions.

Solar Cell Js(mA/cm?) Voc (V) FF (%) PCE (%)
Crystalline GaAs 29.68 1.12 86.5 28.8
Crystalline Si 42.65 0.738 84.9 26.7
Crystalline InP 31.15 0.939 82.6 24.2
Multicrystalline Si 41.08 0.674 80.5 22.3
CdTe 30.25 0.875 79.4 21.0
Perovskite 24.92 1.125 74.5 20.9
Amorphous Si 16.36 0.896 69.8 10.2

1.3 J-V curves of solar cell

As an alternative to current (1), a more universal term “current density” (J) which is the
normalized current per area is mostly used in solar cells, and I-V curve of solar cell often called
as J-V curve. While efficiency is the most important output of a solar cell, it is beneficial to
describe the efficiency with other parameters to understand how it can be made more effective.
The three parameters that made up of efficiency are: the open circuit voltage, Voc, Where the
current density is zero, the short circuit current density, Js;, the maximum current density at the

absence of applied potential, and the fill factor, FF. Figure 1.2 represents a typical J-V curve of a



TVOC
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Figure 1.2: Current density (J)- voltage (V) curve (solid line) of solar cell and related output

parameters. As a reference Power-V curve of solar cell is shown.

solar cell in which related output parameters are marked on the Figure. After defining the output

parameters, the efficiency given in Equation 1.1 can be redefined as

VoeJsc FF
n = —L (1.2)
i

Figure 1.2 also plots the Power-Voltage curve of solar cell with dash line. It can be seen
that there are two parameters that corresponds to the maximum power point (mpp) of solar cell:
current density at mpp (Jmpp) and voltage at mpp (Vmpp). Therefore the equation 1.1 can be

rewritten in terms of J and V

Brpp _ Vep pJmpp
= = 1 . 3
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Figure 1.3: Graphical fill factor (FF) of a solar cell.
Now, using Equation 1.2 and 1.3, a mathematical expression for the FF can be obtained:

Vmpp ] mpp

FF =
‘/OC]SC

(1.4)

Graphically, FF can be described as the “squareness” of the J-V curve or it is also referred as the
“biggest rectangle ” that can fit under the J-V curve, as shown in Figure 1.3. In this thesis, the FF
of graphene/silicon solar cells, which was one of the limitations of this PV cells, will be

discussed in detail (Chapter 4).

In this thesis, J-V curves of solar cells are presented based on two different measurement
conditions: (i) J-V curve under standard illumination, 100mW/cm?, A.M 1.5G, and (ii) dark J-V
curve that is carried out in dark room at the absence of illumination. Both measurements are

carried out at room temperature (25°C).



1.4 Photo generated current

When there is no illumination, a solar cell acts like a diode and the J that flows across the

solar cell is given by ideal diode equation:?
_ avy _
J=J [(exp ka) 1] (1.5)

Where, q is the electronic charge, Kk is the Boltzmann constant, V is the applied voltage, T is the
temperature and Js is the saturation current density. There are several assumptions in Equation
1.5 which is detailed in literature.®> Under illumination, the photo generated carriers (electron-
holes) in photoactive material are creates a current that flows through the solar cell to the
electrical contacts. This current called photo/light generated current (J,) and the diode equation

modifies as:
J:h—kam%%)—ﬂ (16)

Although, the Equation 1.5 is very helpful and can be solved for Js. and Vo by assuming J. is
equal to the Jg, it is not completely true for a real solar cell since the resistance of solar cell is
neglected. A more general equation including the component of resistance needs to be included.

Thus, Equation 1.6 can be extended as:

q(V +]Rs)>+v+]Rs .7

]=h—AWP< o =

Here, R; is the series resistance and Rgy is the shunt resistance of solar cell. While Equation 1.6

cannot provide an explicit expression for FF, several derivations have been demonstrated*® to
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Figure 1.4: An equivalent circuit of a basic solar cell under illumination.

correlate the FF to Rs and Rg,. Ideally, an Rs as low as and an Rg, as high as possible is desirable

for a solar cell. A schematic circuit equivalent of solar cell including Rs and Rg, is presented in

Figure 1.4. The effect of Rs and Ry, on solar cells FF is presented in Figure 1.5. As can be seen

Jsc and V. are not affected by Rs and R, unless Rs and Rgp are too high and too low, respectively.
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(b)
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Infinite R,
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Figure 1.5: (a) J-V curve of solar cell as a function of Rs, the direction of arrow indicates

increasing Rs. (b) Evolution of the J-V curve with respect to Ry, the direction of arrow shows the

decreasing Rgh.



1.5 Summary

While significant improvement in the efficiency of solar cells as well as cost reduction in
manufacturing have been realized over the last three decades, the increasing energy demand and
our dependence of electricity keeps growing. Therefore, improving the efficiency of solar cells
and/or reducing the cost to make them more applicable is a necessity for our future. In addition
to current and commercially available solar cells, there is a tremendous ongoing research for
possible solar materials and new solar cells designs. Within that scope, this thesis focuses on a
possible alternative that can contribute the energy production through a solar cell which was

emerged in 2010’ as a graphenef/silicon solar cell.



CHAPTER 2: GRAPHENE/SILICON SCHOTTKY JUNCTION SOLAR CELLS

2.1 Graphene as a transparent conductive electrode

Atomic thickness of single layer graphene (SLG) provides exceptional transparency with
over 97% transmittance at the wavelength range from 300nm to over 1000nm. Combining this
transparency with superior conductivity® as high as 10°S/cm suggested its possible application as
a transparent conductive electrode (TCE). In addition, mechanical flexibility of graphene is an
advantageous compared to brittle TCE used in industry such as indium-tin-oxide (ITO). Due to
above mentioned reasons, graphene was considered as a suitable alternative to replace the ITO.
Although, the sheet resistance of SLG is around an order of magnitude higher than that of
industrial TCEs, the modification of electrical characteristic has shown to be promising for such
applications. While obtaining a large scale of SLG sheet was a significant issue, a remarkable
improvement for large area graphene synthesis and its first TCE application in a device was

shown in 2010.° These scientific progress suggested its use for photovoltaic applications.
2.2 Schottky junction

A Schottky junction forms when a metal and a semiconductor that have adequate
potential energy barrier in between are brought together. This energy barrier is called
Schottky barrier and it forms at the metal-semiconductor (MS) interface and called as MS-
Schottky junction. Due to simple and cost-effective fabrication procedure, MS junction solar
cells have been studied extensively in early 1970.'° However, the efficiency of solar cells was
limited due to the low barrier height and it is often reported that the Fermi level at the interface is
independent from the work function of metal which limited the tunability of Schottky barrier.™*

Inserting a thin (< 3nm) oxide/insulator layer between the metal and semiconductor, so called


https://en.wikipedia.org/wiki/Metal%E2%80%93semiconductor_junction

MIS junction, significantly improved the efficiency.’*** It was concluded that the thin oxide
layer creates an inversion layer at the interface and the first generation of those types called
metal-insulator-semiconductor, inversion layer (MIS-IL)."* Improved surface passivation
techniques along with the introducing diffused emitter yielded efficiency over 20% in the first

years of twenty first century.™

While the low cost manufacturing was appealing for MIS-IL solar cell, the open circuit
voltage of solar cell was limited to the barrier height. Therefore the overall efficiency was
significantly low compared to p-n junction counterparts. Progress in the fabrication process
significantly reduced the cost of p-n junction solar cell and photovoltaic research mostly focused

on p-n junction solar cells.
2.3 Graphene/Silicon Schottky junction based solar cell

Combined with the high conductivity, overlapping the valance band maximum with
conduction band minimum at K point which indicates a zero bandgap material, suggested that
graphene can be considered as metal. In that case, incorporating graphene with a semiconductor
implies a Schottky junction formation. Here, the difference between the work function of
graphene (Wgr) and electron affinity of semiconductor (X) creates a built in potential (Vi)
which can separate the electron hole pair generated in semiconductor upon photon absorption.
Since the work function of graphene and Fermi level of semiconductor should be at equilibrium,
the Schottky barrier height is given with the electrostatic potential differences of W, graphene

and semiconductor, say Si (Xs;):

O, = W — X (2.1)
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As Xs;i is constant, a higher Wg, would provide a higher barrier. Since the junction should be
operating at equilibrium, the @, causes a band bending creating a built in potential (Vi,) as
shown below. Correlation between the @y and Vi, can be express as follows:*°

-1 NC
©Q, =V, +e nk,Tin (—) (2.2)
Np

Where, Nc is the density of states in conduction band and Np is the doping concentration of
semiconductor. As the second term in equation 2.2 is constant, V;, scales up linearly with the @i,
The @, can be extracted from the dark J-V measurements of solar cell using the thermionic

emission model in the form of:’

1oz

in here Js; the saturation current density is defined:

D,
_ gr2 b 2.4
Js = A'T%exp (ka> (2.4)

where, A* as the effective Richardson’s constant, @y, as the Schottky barrier height, n is the diode
ideality factor, kj, is the Boltzmann constant, and T is the temperature. From In(J)-V plot at the

absence of illumination (dark J-V measurements), @y can be estimated from J..

How does @, correlate the open circuit potential (V) of solar cell? While @&y is obtained
from J-V measurements, Vi, can be estimated from the capacitance versus voltage (C-V)

measurements in the form of;

(VR + Vm
c?2=2 (—) 2.5
eNpegegy (2:5)
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where Vg is the reverse bias potential. It can be seen from the Equation 2.5, C linearly changes
with V. Therefore, a plot of C* vs Vg provides a linear line where the intercept of x axis gives
the Vi,. The extracted values of V;, from C-V measurements indicated a good correlation with
Voe.!® From equation 2.2, since @y, scales up with Vi, it should also change linearly with the V.
Indeed, form the literature of Gr/Si solar cells, a plot of @, as a function of V. indicates a linear
dependence as highlighted in Figure 2.1. While the V,. of Gr/Si may be affected by other
parameters such as surface recombination, bulk lifetime, current density, series resistance and so
on, it can be clearly seen that a higher @y, yields a higher V.. and subsequently improves the PCE

of Gr/Si solar cells.
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Figure 2.1:Correlation between the V.. and Schottky barrier height (@p) of Gr/n-Si solar cells

from the literature is presented.”*®*%2! A linear dependence (with small variations) indicates that

higher @, provides a higher V.
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2.4 Doping of graphene for photovoltaic applications

As a 2-dimensional material with an atomic thickness, Gr provides an ideal platform to
alter/modify its electrical and optical properties.??This tunable electrical characteristic enables
graphene (Gr) to be used both as an electron and a hole extraction layer in organic and inorganic
photovoltaic devices.?* For example, it is shown that bis(trifluoromethanesulfonly)-amide
(TFSA)* and nitric acid (HNO3)* may p-dope the graphene while TiOx*® could serve as an n-
dopant. In here, p- doping, say through HNO3, is promoted by pulling electrons from graphene
which induces hole doping to graphene while TiOy has been shown to donate electrons to
graphene implies an n-doping. From electrostatic point of view, hole doping will increase the
work function of graphene (W) while n-doping would reduce the Wg,. By modifying the W,
through doping, graphene can be incorporated with both n-Silicon and p-Silicon. For the former
case, graphene will serve as an hole extraction layer for generated electron-hole pairs. In the later
case, graphene collects the electrons created in silicon. In both cases, the performance of solar
cell depends on the @y as described above. Therefore, increasing or (/reducing) the W, of

graphene for n-Si (/p-Si) solar cell is necessity to create a higher @y,

In addition to inducing electron-holes to graphene, the Wg, can be modified with respect

to incorporated material. In general, a material with a higher work function than that of Gr is a

19,25 21,27

p-type dopant as previously demonstrated with Au (~5.4eV), graphene oxide, (~5.3eV)
and NiO (~5.4eV-6eV)??° while a material with lower work function such asTi (4.3eV),¥
polyethylenimineethoxylate (PEIE ~4.1eV),**¥ TiO, (~4.15eV),* n-dopes the graphene.
Applying above mentioned doping approaches indicated that Wg, can be tuned from ~5.1eV to

~3.25eV. The effect of p- and n-doping on the Wg, with respect bare/undoped graphene is

presented in Figure 2.2.
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Figure 2.2: A schematic representation of the work function of graphene (W) and its relative
change with doping is shown. Blue color represents n-doping/electron inducing to Gr while red

color represents the p-doping/hole inducing to Gr.

Since the doping of graphene and its effect on Gr/Si solar cells is discussed throughout
this thesis, a well-established technique is used to characterize the type of doping through Raman
spectroscopy analysis. In this thesis, Raman spectroscopy analysis are carried out with Reinshaw
inVia Raman spectrometer, equipped with 514nm laser beam with a spot size ~1 um.
Measurements are carried out at room temperature. A typical Raman spectrum of single layer
graphene on a SiO,/Si substrate using 514 nm laser is shown in Figure 2.3. The type of doing

3437 as well as

which is established as the main criteria through the shift of 2D peak in literature
some other factors such as broadening of peaks, intensity ratio will be used to identify the effect

of doping. As a basis the doping type through the shift of 2D peak is indicate in Figure 2.3 with
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Figure 2.3: A typical Raman spectrum of single layer graphene on SiO,/Si substrate.

corresponding arrows. Since graphene from different commercial companies are used in this
study, a small variation in the Raman spectrums of bare/pristine graphene that might be due to
the growth method is observed. However, all Raman analysis and interpretations are reported

using the control sample of corresponding experiment.
2.5 Summary

After first demonstration of graphene silicon Schottky junction solar cell with a power
conversion efficiency of ~1.5% in 2010,” modification of electrical properties of graphene
indicated that PCE of ~17% for Gr/n-Si solar cell which will be discussed in Chapter 3 and
12.5% for Gr/p-Si solar cell (Chapter 4) can be obtained experimentally. Such a significant PCE

improvement within the eight years is promising for further PCE enhancement in the near future.
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Compared to p-n junction counterparts, simple and cost effective device fabrication that
does not required high temperature process (Gr/Si, T<400°C whereas p-n Si T>700°C) is one of
the advantageous of Gr/Si solar cells. Although the PCE of Gr/Si is still low (at ~17%) compare
to the p-n junction solar cells to date, having a single atom thick emitter on top of silicon can be
beneficial as compared to the p-n junction counterparts. It is well known that highly doped
emitters are responsible for the efficiency limit of solar cells due to the Auger recombination.**%

By avoiding such limitation through the use of graphene, a higher PCE compared p-n junction

counterparts might be obtained.

In chapter 6, possible directions for further PCE improvements in Gr/Si solar cell will be
discussed in details. After reveling the whole nature of graphene and its opti-electrical
limitations, employing the well-studied and understood optimization steps of p-n junction

counterparts can indicates the efficiency limits of Gr/Si solar cells.
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CHAPTER 3: GRAPHENE OXIDE AS A P-DOPANT AND AN ANTI-REFLECTION COATING

LAYER, IN GRAPHENE/N-SILICON SOLAR CELL

3.1 Introduction

In this chapter, incorporation of two carbon based two-dimensional (2-D) materials for
solar cell is introduced. The use of graphene oxide (GO) on top of Gr/n-Si solar cells and its
contribution to PCE as well as stability of solar cell is discussed. The details of three fold of PCE
enhancement via a simple and cost effective methodology by analyzing the J-V curves are
investigated. Contributions through the use of GO are demonstrated through the Raman

Spectroscopy analysis and reflectance measurements.
3.2 Graphene oxide as an encapsulation layer

Graphene has been one of the most intensively researched materials, over the past
decade,* for various applications incorporating batteries,* supercapacitors,** transistors,** photo
detectors,** sensors.”“® Unique characteristics of graphene, incorporating high transparency
(97.7% for single layer graphene), in addition to high electrical conductivity (10° S/cm), and
mechanical flexibility have suggested the use of graphene as a transparent electrode for solar
cells.®*” Indeed, the first graphene/n-Silicon (Gr/Si) Schottky junction based solar cell with an
efficiency of 1.5% was demonstrated in 2010.” Various methods have since been proposed to
further increase the efficiency of Gr/Si solar cells through acid doping,’® reducing the sheet

resistance of the graphene,*®

and texturing the underlying silicon surface for efficient light
harvesting.>*° While the developed methodologies improved the PCE up to 10%, the stability of
the Gr/Si devices, while maintaining high efficiency, is still a major issue, e.g., due to the

observed loss of acidic doping as well as the oxidation of the underlying silicon. Moreover,
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existing methods aimed at improving efficiency involve multiple steps including surface
passivation, doping of the graphene, and applying an anti-reflection coating (ARC) layer, often

through diverse layers.?*#°

Considering that the stability of the solar cell devices was a major issue, we initially
sought to tackle this specific problem through using an oxidation barrier facilitated through a
graphene oxide (GO) coating. GO was particularly chosen due to its stability in ambient air,?’
and high transmittance in the electromagnetic spectrum, ranging from the ultra-violet to the near-
infra-red regimes.>> We have also found, subsequently, that GO can function both for doping
graphene and through the use of suitable thickness, as an ARC layer. As will be shown later, GO
coating yields superior performance and enhanced environmental stability for Gr/Si solar cells.
For instance, a three-fold enhancement in the efficiency along with device stability over a 20 day
period, which seems to among the most durable reported thus far for Gr/Si solar cells, was

observed.
3.3 Experimental

The Gr/Si solar cells were fabricated through well-known lithographic processes. Briefly,
an n-type Si (resistivity: 0.5Qcm-1Qcm) wafer was covered with a 300 nm silicon oxide (SiOy)
layer deposited by plasma enhanced chemical vapor deposition (PECVD).A 9 mm?(3 mm x 3
mm) window was defined by photolithography. Subsequently, gold/titanium (Au/Ti) and
aluminum (Al) were sputtered to provide Ohmic contacts at the front and back-side, respectively.
A buffered oxide etch (BOE: with NH,F/HF in a 6:1 ratio) was employed to remove the top SiO,
layer through the Au/Ti window. SiO; removed window is used as the device active area (AA)

Figure 3.1 shows a schematic of lithography process.
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Figure 3.1: A schematic of typical sample preparation and defining the active/working area of
solar cell is briefly shown. A simple lithography process for device fabrication is one of the

promising advantageous of Gr/Si solar cells.

Single layer graphene synthesized through Chemical Vapor Deposition (CVD) on Cu foil
was obtained from ACS Materials. PMMA was spin coated on Gr/Cu foil for a mechanical
support for the transfer of graphene. Cu foil was than etched in 0.1M ammonium persulfatefor 6
hours and free floating PMMA/Gr was transferred in DI water onto the samples via wet transfer

process.?! A schematic of graphene transfer process is shown in Figure 3.2.

19



R

Single layer CVD-Gr on copper PMMA coating for mechanical support

Etching copper in (NH,),S,04
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Figure 3.2: A schematic representation of graphene (Gr) placement (PMMA/Gr) on solar cell
through the wet transfer process is shown. Following this process, PMMA is etched in acetone

followed by annealing.

After Gr transfer, samples were left in ambient air overnight to dry, followed by
removing PMMA through treatment with acetone for 30 minutes and isopropyl alcohol for 1
min. Subsequently, samples were annealed 1 hour at 400°C under H,/N, gas flow (10sccm) to
improve the Gr/Si junction contact.® Graphene oxide (GO), synthesized using a modified
Hummer’s method, was dispersed in deionized water with a concentration of 1mg/mL.>? Well-
dispersed, highly stable GO solution was spin coated on Gr/Si solar cell for film, confirmed with
scanning electron microscopy (SEM) analysis. The schematic of solar cell under illumination

which is illustrated in Figure 3.3a along with the actual device as displayed in Figure 3.3b.
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Figure 3.3: (a) A schematic of GO/Gr/Si solar cell. (b) Optical image of the solar cell.

3.4Results and Discussion

Current density (J) — Voltage (V) measurements were carried out through illumination
(using AM1.5 standard at 100 mW/cm?) for bare and GO coated devices: Figure 2a.The open
circuit voltage (Voc), the short-circuit current density (Js), and fill-factor (FF) of bare Gr/Si solar
cell were measured to be 0.440 V, 27.2 mA/cm?, and 29%, respectively, resulting in PCE of
3.6% (blue line). After GO coating, the V., Js, and FF of sample (red line) increase to 0.512 V,
38.4 mA/cm?, and 53%, respectively, boosting the PCE of 10.6%,- a factor of three higher than
that of the bare Gr/Si solar cell. External Quantum Efficiency (EQE) measurements, as indicated
in Figure 3.4d, shows a comparison of bare Gr/Si solar cells with the GO coated Gr/Si solar cells.
For the wavelength in the range of 400 nm — 900nm the EQE of bare Gr/Si solar cell was around
70%, comparable to the state-of-the-art.'*>*However, the EQE of GO coated solar cells was
increased to ~90%, with a corresponding enhancement of the Ji. to ~ 37 mA/cm? (from ~ 29

mA/cm? for the Gr/Si basis). In here, a monochromator (Newport, CS260), equipped with a
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Figure 3.4: (a) J-V characteristics of bare Gr/Si and GO coated Gr/Si solar cells under

illumination. (b) Dark J-V curves or solar cells. Inset figure shows the In(J)-V graph that used

for @, calculations. (¢) d(V)/d(In(J)) versus J curves of corresponding solar cells. (d) EQE plots

of bare Gr/Si and GO coated Gr/Si solar cells.

solar simulator, was used for external quantum efficiency (EQE) measurements, as a function of

wavelength. The response was calibrated by a silicon photodiode (Newport, 818-UV). EQE, as

defined through the ratio of the number of collected electrical carriers (as measured by the

electrical current) to the incident photon intensity (measured through a photodiode) on the solar
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Table 3.1: Output parameters of the J-V curves presented in Figure 3.4a

Jsc(MA/cm?) Ve (V) FF (%) PCE (%)
Bare Gr/Si 27.4 0.440 29 3.6
GO coated Gr/Si 38.4 0.512 53 10.6

cell. The maximum Jg; that can be obtained from a silicon solar cell is ~43.2 mA/cm? under

standard testing conditions. The Js; values were obtained through:

Joe = fEQE(A)xAxE(/l)x dA (3.1)

1240

Where, EQE(A) obtained from the measurements, E(Z) is the standard solar spectrum and 2 is
the wavelength. Through the analysis of such results, we propose that the beneficial effect of GO
arises from two reasons: (i) the doping of Gr by GO coating, which increases the work function
of graphene (W), and improves the conductivity, and (ii) the functioning of the GO as an anti-

reflection coating (ARC) layer.

We first consider the rationale for the doping of the Gr by the GO. To extract the
Schottky barrier height (@), series resistance (Rs), and diode ideality factor (n), J-V
measurements carried out in dark room (Figure 3.4b). From the dark In(J)-V curve, Figure 3.4b
inset figure, the @y, of Gr/Si and GO/Gr/Si cells were estimated through a diode equation of the

form>*:
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Table 3.2: Extracted Schottky parameters (@, Rs, and n) of bare Gr/Si and GO coated Gr/Si

solar cells presented in Figure 3.4

D3 (eV) Rs (Q) n
0.791 17.3 1.65
Bare Gr/Si
GO coated Gr/Si 0.868 95 1.42
] = J.lexp(qV /nkT) — 1], where Js = A*T?exp(q®, |kT) (3.2)

Here Js is the saturation current density, g is the elementary electronic charge, n is the ideality
factor, k is the Boltzmann constant, T is the temperature, and A* is the Richardson constant (112
Alcm?/K? for n-Si). The @, of the Gr/Si and GO/Gr/Si samples were estimated to be 0.791eV
and 0.868eV, respectively. A 77meV increase of @, is in accord with the experimentally
observed 72mVincrease in the V., indicating a possible influence of the GO coating on the Wj,.
Additionally, from the dark J-V curve analysis, the Rs was seen to be lowered by ~ 50%to 9.5 Q
for the GO layer coated Gr/Si cells (compared to 17.3 Q for the bare Gr/Si cells), contributing to
the FF increase: Figure 3.4c. From equation 3.2, we deduce:**

d(v) n

m = RAeff] + ﬁ (33)

Here, RA¢ is the slope, f is g/kT, and n/8 is the intercept related to the diode ideality factor, n.
While an ideal diode, would have n = 1, it was seen that the n improved'®> for the GO coated

cells to ~ 1.42 (compared to ~ 1.65 for the bare Gr/Si cells). Schottky junction parameters of bare
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Gr/Si and GO coated Gr/Si solar cell are summarized in table 2.2. It was also interesting to note
that the J-V characteristics seem to be altered in a manner similar to that reported for nitric acid
(HNOs) based doping of Gr.?° Through experimentation, we have confirmed that such acid
treatment indeed increased the V. and FF from 0.442 to 0.510 V and 29% to 52%, respectively,
resulting in increased PCE from 3.6% to 7.6%, similar to that observed through the GO coating.
In here, using of HNOj3 reduces the sheet resistance of graphene through p-doping and improves
the collection of carriers leading a higher V. and FF. However, the Jsc was not enhanced. Figure
3.5 shows the J-V characteristic of HNO3 doped and GO coated Gr/Si solar cell as compared to

the bare Gr/Si solar cell.

HNO, doped Gr/Si

GO coated Gr/5i

000 015 030 045
Voltage (V)

Figure 3.5: A comparison of the J-V curves of HNO3 doped and GO coated Gr/Si solar cells
with respect to bare Gr/Si solar cell are presented. While both treatment implies similar V., the
enhanced J: observed in GO coated solar cell indicates the beneficial effects of GO through the

ARC layer.
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Generally, in a Schottky junction based diode ,the difference between the Wy and the
electron affinity of n-Si (ys;) causes a built-in potential (Vpi)and a concomitant electric field to
separate electron-hole pairs generated in Si on photons absorption: Figure 3.6a. A schematic of
the hypothesized energy band diagram of the Gr/Si solar cell, upon doping the Gr, say through
the GO, is indicated in Figure 3.6b. Note that p-doping through the GO further increases the Wy
of graphene, with an enhancement of the @, and the Vy; and the photon to electrical carrier
conversion efficiency. Moreover, the increased number of holes in the Wg,, due to p-doping,

would also reduce the sheet resistance of the Gr and contribute to a greater FF.

|
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Figure 3.6: (a) A schematic of the hypothesized energy band diagram of the Gr/Si solar cell, (b)
Upon p-doping the Gr, say through the GO, is indicated. An increase in band bending due to a

higher work function of graphene is highlighted.

The possible doping of Gr by GO coating was also verified through Raman
spectroscopy.As indicated in Figure 3.7, the D- (1352 cm™), G-(1598 cm™), 2D- (2702 cm™),

and 3S- (2945 cm™) peaks are representative of synthesized GO/oxidized graphite. The D to G-
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peak intensity ratio Ip/lg is around 0.92, consistent with previously reported values.’®*'The
doping of the Gr is indicated through a peak shift as well as through a change in the peak width
as indicated in chapter 2.As indicated in chapter 2, blue shift of both the G and the 2D peaks of
Gr indicates p-doping whereas red shift of 2D peak is an indication ofn-doping.*It can be seen in
Figure 3.7a that upon GO coating, a significant blue shift of 2D peak is realized. However, the G
peak of GO coated Gr overlaps the G-peak of GO, hence no significant blue shift has been
observed for G peak. To analyze G peak more carefully, Raman analysis of GO on SiO,is
obtained as indicated in Figure 3.7b. Through the peak analysis, using two sets of data, we

obtained the inset figure.
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Figure 3.7: (a) Raman spectrums of bare graphene (black line) and GO coated Gr (red line) are
presented. Blue shift of 2D peak upon GO coating can be realized. The G peak of Gr overlaps
with the G peaks of GO. (b) Raman spectrum of GO is shown which is used as a reference and
through peak analysis the G peak shift in the Gr upon GO coating is revealed as shown in inset

figure of (b).
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As seen in Figure 4.7b inset figure, a considerable blue shift (24 cm™) of the 2D peak of GO
coated Gr (2709 cm™) as compared to the position of the peak in the bare Gr (2685 cm™)
indicates enhanced p-doping in the former.®>® A blue shift of 11cm™ was also observed for the

G peak upon GO coating. As indicated earlier,

We next examined the rationale for the use®®®of GO as an ARC, which was
hypothesized as further contributing to the PCE of the Gr/Si solar cells. If the GO coating
thickness (do) was of the order of //4nco, Where /1 is the free space wavelength and ngo (the
refractive index of the GO coating) is the geometric mean of the refractive indices of the silicon
and air, it would constitute an ideal ARC layer.?*®*To evaluate the possibility of GO functioning
as an ARC, reflectance measurements were carried out on the GO/Gr/Si cells (using a Lambda
1050 UV/Vis/INIR Spectrophotometer). Figure 3.8a shows the reflectance measurements (in
diffuse and specular configurations) of bare Si, GO coated Si, and GO coated Gr/Si samples. For
calibration, the bare Si sample has a reflectance around 35% at A =600nm (black line), consistent
with the literature.®* After coating with GO layer (red line), the reflectance was reduced to
~15%at the same wavelength. It is feasible that the GO coating reduces the loss of light from the
silicon, resulting in better light harvesting which creates more electron-hole pairs and consistent
with the increase in Js..For the GO/Gr/Si solar cell (blue line), the reflectance was further
reduced to ~12%, consistent with the expected absorption inGr.”*The lowest reflectance of the
GO coated Si (14.5%) and GO coated Gr/Si (11.5%) has been observed around 700 nm and 750
nm, respectively. The ARC layer thickness at these wavelengths would correspond to ~ 88 nm
and ~ 94 nm, respectively. The thickness values, concomitant with the refractive index variation,
where ngo was of the order of 2, were further confirmed through ellipsometry measurements:

Figure 3.8b. Moreover, the highest EQE (~90%), e.g., see Figure3.4d, which was observed
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Figure 3.8: (a)Reflectance measurements of bare Si, GO coated Si and GO coated Gr/Si samples
are presented which shows a significant reduction upon GO coating. (b) Refractive index as a

function of film thickness is shown.

around 785 nm, seems to correspond well to the lowest reflectance value brought about by the

ARC characteristics of the GO layer

It is notable that the ARC effect of the GO persists over a relatively large wavelength
range (from 300 nm — 1000nm).Such a broadband response may arise due to the flake-like
structure of GO mimicking a broad range of roughness in addition to the wide stoichiometry that
may be present in the GO. Additionally, the refractive index of the GO would be expected to
change with the porosity of the coating layer, which would be a function of the thickness: Figure
3.8b.We carried out atomic force microscopy (AFM) and SEM analysis on GO coated solar
cell: Figure 3.9a. AFM images revealed the surface roughness of GO which seems to be around
25nm in which might be the reason for such a wide broadband response. In addition, the flake-
like structure of GO, which can be seen in both AFM and SEM images presented in Figure 3.9b

might cause internal reflection. Moreover, the thickness of GO was confirmed with SEM
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Figure 3.9: Surface characterization of GO coating. (a) Top-down atomic force microscopy
image of GO coating reveals the flak-like structure of GO and surface roughness. (b) Scanning
electron microscopy image of GO coating on Gr/Si. Inset figure shows the cross-sectional image

of GO coated Gr/Si solar cell.

analysis in Figure 3.9b inset. The influence of porosity of the GO on the optical response would

be a promising topic of investigation,® with relevance to its influence on the ARC efficiency.

As the original hypothesis, related to the use of GO, was to enhance the stability of the
Gr/Si solar cells, the devices (without encapsulation) were placed in the ambient and tested over
multiple days to examine the stability: Figure 2.10. As a basis, it was noted that the uncoated
Gr/Si solar cells exhibit a~40% decrease of the PCE after ~ 10 days, presumably due to silicon
oxide formation at the graphene-silicon interface Figure 2.10a.Such a degradation mechanism is
based on an observed s-shape kink in J-V curves, which was previously attributed to the oxide
formation,*®due to exposure of the Si through defects in the overlaid Gr, and which considerably
reduces the FF. Evolution of related solar cell parameters, such as Vi, Js, and FF are

highlighted in Figure 3.10b. Alternately, GO coated Gr/Si solar cells were much more stable,

30



showing negligible (~1%) decrease in the PCE. Figures 3.10c and Figures 3.10d shows the

corresponding J-V characteristics and the variability of the performance and efficiency

parameters (such as the Vo, Jsc, and PCE), respectively during a 20-daytesting period. It was also
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Figure 3.10: J-V Comparison of stability for bare and GO coated Gr/Si solar cells. (a) Evolution

of the J-V curves of bare Gr/Si solar cell over the testing period of 11 days is shown. (b)

Corresponding J-V parameters of bare Gr/Si as function of time. (c) J-V characteristic of GO

coated Gr/Si solar cell during the 20 days of testing period. (d) Related J-V parameters of GO

coated solar cell as a function of time.
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observed that the FF was reduced at most by ~ 2% (Figure 3.10d). Generally, a more uniform
GO coating®” would be expected to further enhance the corrosion resistance of the Gr/Si solar
cells, through reducing the Si exposure to the ambient. In addition, thickness of GO can be
adjusted so that it can address the peak intensity of solar spectrum. In turn, a higher Jsc can be

obtained through better harvesting of light.

3.5 Conclusion

In summary, we have reported that single layer Gr/Si solar cell efficiency of 10.6% can
be obtained through a simple and cost-effective GO spin coating. While the original intent of
using GO was to enhance the stability of the Gr/Si solar cell through reducing the propensity of
oxidation of the underlying Si, we have seen significant additional benefits. For instance, GO has
also shown to serve top-dope the Gr/Si solar cell, contributing to a reduced sheet resistance.
Additionally, we have shown, for the first time, that an optimal thickness of the GO could
function as an ARC layer for the solar cell, further increasing the Js. and the EQE. The stability
of the GO coated solar cell seems to be unprecedented from a comparison with literature®®4%".

Future work would focus on further increasing the overall efficiency and the FF, and

investigating means to further reduce the sheet resistance of the graphene.

Chapter 3, in part, has been published in Nanoscale in 2016 which titled “Graphene oxide
as a p-dopant and an antireflection coating layer, in graphene/silicon solar cell”” by Serdar Yavuz,
Cihan Kuru, Duyoung Choi, Alireza Kargar, Sungho Jin and Prabhakar R. Bandaru. The

dissertation/thesis author was the primary investigator and author of this paper.
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CHAPTER 4: ENHANCED POWER CONVERSION EFFICIENCY OF GRAPHENE/N-SILICON

SOLAR CELL, THROUGH ELECTRICAL CARRIER AND INTERFACE ENGINEERING

4.1 Introduction

While GO coating significantly improved the PCE of Gr/n-Si solar cell and its stability,
the overall efficiency is still low. A general comparison of the solar cell parameters with respect
to p-n junction counterparts implies that the low FF and V. are the main limiting factors of Gr/n-
Si solar cell. While most of the p-n junction solar cells have the FF of ~80% and over 700mV
Voc, most of the Gr/Si solar cells were reported with around 65% FF and less than 550mV V.. In
this chapter, a possible direction to improve the FF and V. of solar cell will be discussed. In
addition, a significant p-doping of graphene due to the air exposure has been revealed which is
shown to be as effective as chemical doping. A back surface passivation is introduced to Gr/Si
solar cell which significantly improved the PCE over earlier reports. Finally, an engineered
device active area to minimize the resistance related losses has been discussed. In a schematic
study, it is shown that applying those approaches address the low FF of Gr/Si solar cells. In
addition to highest FF of 78%, a significant V. improvement up to 593mV results in record PCE

of 16.9%, to date.

4.2 Addressing the low fill factor of graphene silicon solar cell

The unique energy dispersion of graphene (Gr)®®

motivates its use for photovoltaic
(PV) applications. Graphene exhibits resonant absorption over all the energies relevant to solar
radiation, coupled with high optical transparency*’ — particular to its single atomic layer thick
two-dimensional characteristic. Additionally, the superlative flexural rigidity” of Gr, placed on

suitable substrates, may be used for the next generation of portable electronics. However, the
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difficulty of controlling p- and n-doping of the Gr, at the present time, implies that initial PV
application of graphene could be evaluated through Schottky junction based solar cells, where
the graphene is adjacent to a p- or n-doped Silicon. Moreover, the use of a single atomic layer on
one side of a junction could considerably reduce the penalties associated with heavy (/light)
doping™®, such as Auger (/surface) recombination®, which has been implicated in reducing the

efficiency of nanostructured’* Si solar cells.

We report that such a layout of Gr on Si, as a Schottky junction, while optimizing the
efficiency of carrier extraction, is indeed a promising route for obtaining high efficiency PV cell
architectures. In such a junction, as described earlier the difference between the work function of
Gr (= Wgr) and the electron affinity of n-Si (= ys;) creates a built-in potential (Vy;). When
photons with energy greater than the bandgap of Si (~1.1 eV) are absorbed, the generated
electron (e")-hole (h™) pairs are separated due to the Vy,;, with the electrons collected at the back-
contact to the Si, while holes are transported to the front Gr side, as indicated in Figure 3.6. The
overall input optical to output electrical power conversion efficiency (PCE) is promoted through
enhancement of the (i) Vi, (ii) the electron mobility in the Si and hole mobility in the graphene,
iii) reduced number of defects and carrier recombination centers, (iv) a large transmission
coefficient of the respective e'and h* collecting contacts, in addition to (v) optical design, such as
through the use of texture, anti-reflection coatings, etc. Through careful consideration of these
parameters, we have obtained a record PCE of ~ 16.9%, and we outline schemes to extend this

even further.

The key performance characteristics’® of solar cells such as the Vo, Js, and FF were
studied. A large Vyi enhances separation of the photo-electrons and photo-holes and, for the Gr/Si

junction cell, may primarily be controlled through increasing the W, in the absence of Fermi-
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level pinning at the Gr/Si interface. A p-doped Gr, with a Fermi energy (Ef) lowered below the
Dirac point, is used here on top an n-type silicon substrate. In this context, earlier work indicated
that treatment of Gr by oxidizers such as trifluoromethanesulfonic acid (TFSA) and nitric acid
(HNO3) yielded a PCE of Gr/Si solar cell of ~ 9%.%*% It is then relevant to consider the extent to
which the W, could be tuned and the concomitant increase in the Vo.. The W and the doping
should be modulated such that seamless carrier passage (e.g., h* into the Gr) could be ensured.
The charge at the Gr-silicon interface, say, due to defects and associated carrier recombination,
could also enhance the surface recombination velocity and diminish the V.. In our work, we

investigated various Gr doping strategies for with an aim of obtaining the largest V.

The maximum V, that may be attained is reduced by various non-radiative recombination
processes, e.g., due to surface or interface defects, material impurities, etc. To investigate the
possibility of reducing the influence of surface defects, we deploy a thin SiOy layer between the
n-Si and the electrical contact to the back-surface to passivate the surface and subsequently
enhance the PCE of Gr/Si solar cell, through enhancing effective minority carrier lifetime. The
use of the passivating SiOy layer forming a tunnel oxide passivated contact (i.e., TOPCon), has
been previously described in Si PV cell literature.” " The thickness of the passivation layer
must be carefully optimized as a very thin layer may not be adequate for effective passivation,
while too thick a layer would interfere with the efficient collection of carriers. Moreover,
increasing SiOy thickness reduces the saturation current (Js) and yields a higher Vo but may also

hinder carrier tunneling to the contacts.”

In addition, parasitic attributes of a typical PV cell such as the series resistance (Rs) —
from the constituent Si and the Gr, as well as the contact resistance at the front and back surfaces

— together with the shunt resistance (Rs) decrease the FF and must be controlled. Moreover, the
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sheet resistance of the graphene would also need to be reduced, with respect to maintaining a
large ratio of the electrical conductivity and the optical conductivity.”” For the Gr, a reduced Rs
may be accomplished through doping, so as to yield a carrier-mobility product of >10™ V7's™,
and a related sheet resistance of the order of 10Q/o. Considering this aspect, we probed the

influence of the Gr doping as well as active PV area in reducing the R

The maximum Jg; that may be attained is proportional to the number of incident photons
(solar power density) and is diminished through non-optimal light trapping and reflection losses.
Consequently, we studied the influence of uniform anti-reflection coatings (ARC) to ensure light
trapping in the PV cell. Ideally, the refractive index of the ARC (narc) should be a geometric
mean’® of the respective refractive indices of the ambient air (n.r ~ 1) and the underlying Gr (ngr
~ 2.4), which is of the order of 1.5. It was previously found that a poly-methyl methacrylate
(PMMA) polymer coating could be used for this purpose, where it was shown to be effective at
enhancing the Js in Gr/Si and CNT/Si solar cells.”® The PMMA thickness would be~ 90 nm,
optimized to a value® of ~1/4narc, where 4 corresponds to the free space wavelength of ~ 550
nm, corresponding to the peak intensity of the solar spectrum, and nagc (~ 1.5) is the refractive

index of the PMMA.

4.3 Experimental

To experimentally characterize the relevance of such intrinsic and extrinsic aspects, we
fabricated Gr/Si Schottky junction PV cells. For the Si substrate side, an n-type Si (0.5-1Q-cm)
wafer was first subjected to a standard RCA cleaning procedure. Subsequently, the wafers were

treated with a dilute hydrofluoric acid (5 wt%), and immersed in 68 wt% nitric acid (HNO3) to
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Figure 4.1: A schematic illustration of applied passivation in HNO3. From left to right, SiOy
growth followed by Al back contact and thick PECVD-SiO, deposition. Than the standard

procedure described in chapter 3 is performed.

form a thin SiOx layer.”*"™ Aluminum (~300 nm) was sputtered as a back contact onto the
SiO,/Si as well as protection layer for SiOx during sample fabrication. Figure 4.1 illustrates the
applied SiOy passivation and sealing process. Samples without the back SiOx passivation layer
were also prepared for reference. After sealing the back surface of wafers, the experimental
procedure described in Chapter 3 is followed up to annealing of fabricated devices. It should be
noted that the BOE removes the SiOy from the front surface of devices. Therefore, there is no
front surface passivation and any intentional oxide at the graphene/silicon interface. Following
annealing step, all wafers kept in ambient conditions for the air exposure of Gr which will be
discussed in detail. HNO; treatment for Gr doping was performed by exposing samples to HNO3
vapor around~15 second at room temperature. PMMA, as an ARC, was spin coated on the HNOj3
treated solar cells for 60 second at 5000 rpm. The Gr/Si PV cells were tested under AM1.5 G
illumination (using a Newport 66905 solar simulator), particularly AM1.5G corresponding to an

incident power density of 1000 W/m?, with the current measured by
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Figure 4.2: Schematic images of solar cells. (a) Cross sectional image of solar cells represents as
synthesized control (Gr/Si), passivated (Gr/Si/SiOx), HNO3; doped (HNO3/Gr/Si/SiOy) and
PMMA coated (PMMA/HNO3/Gr/Si/SiOy) solar cells from top to bottom (b). A schematic of the

final device (PMMA/HNO3/Gr/Si/SiOy) is shown.

calibrated photodiodes (Newport 818-UV). A schematic of fabricated solar cell along with a

cross sectional representation is given in Figure 4.2

4.4 Results and discussion

It has been previously reported that Gr is p-doped when exposed to the ambient air due to

81,82

the presence of atmospheric oxygen®°¢, which induces hole doping and contributes to an

increase in Wg,, as described in first Chapter. It was observed that such a doping, indeed,
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significantly improves the PCE of solar cells. The corresponding J-V curves, as a function of
time of air exposure are indicated in Figure 4.3a. We noted that after 24 hours, the PCE of device
reaches its highest value and saturates. No significant PCE variation observed upon further
ambient exposure. Further analysis and fitting of the J-V curves to a one-diode model*’indicated
an increase of the Schottky barrier height with air-doping. It was observed that the @, increased
from an initial value of 567meV to 798meV over the 24-hour period, as show in Figure 4.3b. The
increase is in close accord with the observed 221 mV increase of the V,in Figure 4.3a. The J-V
characteristics of the Gr/Si PV cells stabilized after 24-hour of air exposure and characteristics
after 24 hours of air exposure will be reported in the rest of the work. The variation of the J-V
characteristics, as well as that of the PCE and the V,c with time is indicated in. The average PCE

observed was of the order of 8.9% for air-doped Gr/Si solar cells, in accord with previous

reports.?*%
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Figure: 4.3: (a) Evolution of J-V characteristic of Gr/Si solar cell with the ambient exposure (t=
Oh to t= 24h). (b) Dark In(J)-V curve of solar cell shows the low saturation current density after

24 hours of ambient exposure. Related @y, of solar cells are shown in the graph.
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Figure 4.4: (a) Raman spectrum of bare Gr (t= Oh after annealing) and air exposed (t= 24h) Gr.

(b) 2D peaks are highlighted indicating a blue shift of air exposed Gr

The p-doping nature of the Gr, through such ambient doping, was evidenced via Raman

spectroscopy through a blue shift**®

of the G- and 2D- peaks, as indicated in previous chapter.
Figure 4.4a shows the Raman spectrum of Gr for after annealing (which is referred as t=0h) and
24 hour of air exposure time (t=24h). A clear blue shift in both peaks indicates the p-doping in
addition to broadening of peaks. Figure 4.4b highlights the 2D peaks of related Gr. In addition to
shift, a lower intensity and broader peak is in accord with the earlier reports.*® One might
suggests that such a doping might introduces due to a possible native oxide formation or reduced
defects at the interface when graphene was placed on the Si. We annealed our saturated (PCE
stabilized after 24hour) samples again to remove any possible absorbed species. As shown in
literature, if such a doping is due to the absorbed species, annealing should reverse the doping.®

After annealing at 400°C, it was observed that PCE of solar cells diminished to the initial value.

However, exposure the ambient conditions indicated the recovery of solar cells PCE: Figure
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Figure 4.5: (a) J-V measurements indicated that p doping due to the air exposure and it can be
reversed upon annealing. (b) PCE evolution of solar cell with air exposure time. No significant

variation observed after 24 hours of exposure.

4.5a. Such an experiment confirms that observed doping is due to ambient exposure and it can be
reversed. Figure 4.5b shows the PCE evolution of solar cell with time. 24 hours of air exposure

applied to all reported samples and further treatments were performed after air exposure.

An increase of the PCE to ~ 11% was obtained through the use of the SiOy passivation
layer, placed between the Si and the electrical contact at the back-surface of the Gr/Si PV cell.
We first consider the effect of passivation on minority carrier lifetime via quasi-steady state
photoconductance measurements using Sinton Instruments WCT-120 tester. Figure 4.6a shows
the lifetime of bare and passivated (Si/SiO) silicon wafers. Minority carrier (h™) lifetime
measurements, indicated that the effective h™ lifetime was increased to ~75 ps due to an ~ 2 nm

thick SiOx passivation layer (compared to a value of ~5 ps for a reference bare n-Si wafer®). The
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Figure 4.6:(a)Minority carrier lifetime as a function of injection level (excess carrier density) of
bare silicon and passivated silicon (b) J-V curves of solar cell comparing the bare (Gr/Si) and
passivated (Gr/Si/SiOyx) solar cells. Corresponding dash lines indicates the relative FF

enhancement.

injection-dependence of the lifetime indicated that SRH (Shockley-Read-Hall) recombination in
the bulk was dominant at carrier injection level densities corresponding to AML1.5G
illumination.®* A concomitant improvement in the FF and Vi (of ~ 25 mV) due to the
passivation layer was also observed as shown in Figure 4.6b, the typical J-V curves of Gr/Si and
Gr/Si/SiOy solar cells under illumination. It can be seen that introduction of passivation layer

improved the FF and V. of solar cell due to the reduced surface recombination.

Since the surface of wafer presents defects such as disruption of crystal lattice, and
includes impurities, dangling bonds, etc., it introduces electronic energy levels inside the
bandgap. These energy levels, which also referred as surface states, provide many recombination

sites for the carriers. Therefore, applying a dielectric layer to passivate those states is a necessity
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to reduce the carrier losses at the interface.”®® Here we attributed the improved FF and V. to

reduced recombination at the back contact of solar cell through the SiOx passivation layer.

In order to obtain highest current density, a relatively high doped photoactive material is
desirable for solar cell. However, it is important to note that high doping results in lower
minority carrier lifetime (t), that is, created electron-hole pairs will recombine quickly before

reaching the corresponding electrode. Lifetime of the carriers in a material is given;

1 1 1
=—+— (4.1)
Terf Tp Ts

where, Tefr 1s the effective lifetime, 1, andts are bulk and surface lifetime, respectively. Here, Ty
consists of radiative recombination, Auger recombination, and Shockley-Read-Hall
recombination.® It can be seen from the Equation 4.1 that surface recombination plays an
important role on the lifetime of carriers. Considering that most of the collected electron hole
pairs are close to the surface of wafer, it is crucial to reduce the surface recombination to obtain
maximum carrier lifetime. Therefore, applying an insulator layer to passivate the defects at the
surface of wafer is required to improve the collection of carriers which subsequently improve the

PCE of solar cells.”>%7#8

We investigated the optimal thickness of the passivation layer to mediate between too
little of a passivation effect and reduced current collection efficiency at large thicknesses,
respectively. To this end, we varied the thicknesses of SiOy (grown through HNO3 as oxidizing

74,75,89

agent ) in the range of 1 nm to 4 nm. From the resulting J-V curves, as in Figure 4.7a, it was

observed that a 2 nm (£ 0.2 nm) SiOy thickness yields the highest PCE. The FF was also the
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Figure 4.7: (a) J-V curves of solar cells with different passivation (SiOy) thicknesses are used for
passivation optimization. (b) Highlighted region of J-V curves at forward bias (0.45V to 0.65V)

indicating a Vo enhancement with increased thickness up to 3nm.

largest at ~ 2 nm of oxide thickness. It was previously noted®® that with the use of thicker oxide
layers, S-shaped kinks® are manifested in the J-V curves, presumably due to the formation of
subsidiary diodic barriers, say at the back as well as in the front. This can be clearly seen in
Figure 4.7a, for the 3nm and 4nm SiOy thicknesses result in S-shape kink in J-V curves. No
significant change was observed in the Js. It was noted that such optimal thickness values are in

90,91

accord with earlier studies on metal-insulator-semiconductor junctions and silicon based

solar cells.” It was also noted that Voc is increasing with increasing oxide thickness until 3nm,
as highlighted in figure 4.7b. We attributed that the increasing oxide thickness might reduce the
leakage current and yield a higher V. The diode ideality factor was obtained through standard

procedures’’, and seen to be reduced to ~ 1.3 for Gr/Si/SiOy (cf., from ~ 1.5 for Gr/Si PV cells)
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Figure 4.8: (a) Suns-Voc measurements for Gr/Si and and Gr/Si/SiOy shows the attainable v as
a function of illumination intensity. Higher VVoc in Gr/Si/SiOy indicates the beneficial effect of
passivation. (b) J-V curves of Gr/Si/SiOy solar cells obtained from two different measurements.

The purple curve represents the J-V curve at the absent of series resistance indicates the effect of

Rs on FF.

Such gains in the PV characteristics, brought about by the SiOy passivation, and related to the J,
FF and the V, yields an overall increase of the PCE to ~ 11% which is the highest efficiency for

chemical doping-free Gr/Si solar cell to date.

The variation of the V. as a function of the illumination intensity (in units of Suns)
comparing bare Gr/Si and Gr/Si PV cells with the passivation layer: Gr/Si/SiOy, is shown in
Figure 4.8a. Such a measurement was carried in the absence of electrical current flow through
the device and consequently series resistance effects are irrelevant. The Vo of Gr/Si/SiOy PV
cells was clearly higher and suggests the beneficial influence of passivation. We also superpose

the pseudo J-V and the measured J-V curves for the Gr/Si/SiOx samples in Figure 4.8b. Here, the
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Figure 4.9: (a) Dark J-V curve of bare and passivated solar cells. (b) In(J)-V curve of

corresponding solar cells used to estimate the @,. Related @, are indicated in figure.

pseudoFF = FF/(1-RgJs./Voc) from which the Rs was estimated to be ~ 0.94 Qcm?. From the dark
J-V analysis as shown in Figure 4.9, it was estimated that @&y of passivated solar cell is higher
than the bare solar cell. As can be seen in Figure 4.9b, Jswas lower due to the introduction of the

SiOxand contributes to an improved V.

The influence of the R; as related to the lateral charge flow in the Gr, was studied through
varying the active area (AA) of the Gr/Si/SiOyx PV cell. Five different values of the AA of
GI/Si/SiOy solar cells, ranging from 2.25 mm? to 16.0 mm?, were prepared with an optimized 2
nm SiOy thickness: Figure 4.10: J-V curves of these solar cell under illumination are presented if
Figure 4.10a, along with the actual devices presented in Figure 4.10c. It was noted that that the
length corresponding to an AA of ~ 2.25 mm? corresponds to ~1.5 mm, comparable with the
finger spacing of p-n junction solar cells.®*®* It was observed at the very outset that the FF of
solar cells significantly decreases with increasing AA, due to the increased Rs.”?° The highest FF

and PCE are observed for the 2.25 mm? sample. From J-V analysis, in the dark, and using the
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relation*”**: d(V)/d (In J) = RAJ + n(kgT/e), we estimated that the R A increases from 1.3 Q-cm?
to 14.1 Q-cm? with an increase in the AA from 2.25 mm? to 16.0 mm? as shown in Figure 4.10b.
Much of the Rs variation may be due to the relatively higher sheet resistance of the used Gr

(measured at ~700Q/0, by four-point probing) compared to state-of-the-art® emitter resistance
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Figure 4.10: Optimization of solar cell active area (AA). (a) J-V curves of solar cells with
different active areas ranging from 2.25mm? to 16.0mm? (b) d(V)/d(In(J))-J plots of cells with

different AA indicate the related R of solar cells. (c) Optical images of solar cells with different

active areas that labeled with corresponding color.
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values of the order of 120 Q/o. As there was an insignificant change in the V., we conclude that

the enhanced PCE was primarily promoted by the FF enhancement and related to the Rs.

2496 \wmhere the

To reduce Rs further, we subjected the Gr/Si/SiOy to nitric acid treatment,
Gr sheet resistance was measured to be further reduced to ~ 210 Q/o. The corresponding R of
the 2.25 mm? PV cell was reduced from 3.2 Q-cm? to 1.3 Q-cm? after ambient doping, with a
further reduction to ~1.1Q-cm? due to acid treatment. From such engineered architectures, using
passivation layers coupled with AA optimization and ambient/acid based oxidation, a FF of 0.78

was obtained and noted to be the highest value to date for Gr/Si PV solar cell to date, along with

a Voo of ~ 593 mV and Js.of ~ 28.5mA/cm?, leading to a further increase of the PCE to ~13.1%.

A record PCE of ~16.9% was achieved in the Gr/Si/SiOx solar cell by deploying PMMA
as an ARC coating onto the graphene. The use of ~90 nm thick PMMA increased the Js from ~
28.5mA/cm? to ~ 38.1mA/cm? with a Vo of 0.593 V. The comparison of the J-V characteristics
of the ARC layer coated Gr/Si/SiOx PV cells with the earlier prototypes, are shown in Figure
4.11a, with the relevant output parameters of solar cells summarized in Table 4.1. Measurements
were performed to record the resultant increased external quantum efficiency (EQE): Figure 4b.
An EQE around 90% in the visible wavelength regime was achieved. In our experiments, we
aimed to specifically enhance the EQE at the peak intensity of solar spectrum (~ 550 nm),
through the use of 90nm thick PMMA (with refractive index of 1.5). In support, we carried out
diffuse reflectance measurements with an integrating sphere on the PMMA coated Gr/Si solar
cell, where a minimum reflection (of ~6%) was obtained at A~ 550 nm: Figure 4.12. Note that the
lowest reflectance corresponds to an EQE of ~ 90% at the wavelength region as reported.

Around 3% loss in the EQE is attributed absorption of graphene in corresponding wavelength.
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Figure 4.11: (a) Evolution of J-V curves upon applied methodologies. (b) EQE curves of

Gr/Si/SiOx and PMMA/Gr/Si/SiOy indicates the enhanced current density upon PMMA coating.

Table 4.1:J-V parameters of solar cells shown in Figure 4.11(a)

Jso(mA/cm?) Voe (V) FF (%) PCE (%)

Gr/Si 28.5 0.520 59 8.9
Gr/Si/SiOy 28.5 0.549 70 11.0
HNO3/Gr/Si/SiOy 28.5 0.592 78 13.1
PMMA/HNO3/Gr/Si/SiOy 38.1 0.593 75 16.9

The lower EQE in the smaller wavelength regime may be due to parasitic absorption or
recombination at the Gr/Si interface in the front, concomitant to lower light penetration depths.®

The decrease of the EQE at larger wavelengths, beyond ~ 850 nm is likely related to the
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Figure 4.12: Reflectance measurements indicate the reduced reflection upon PMMA coating.

Note that the lowest reflectance (A ~550nm) corresponds to the peak intensity of solar spectrum.

recombination in the bulk. In the absence of the ARC, the EQE was ~70% in visible region.
Note that, although the short wavelength (from 400nm to 600nm) response of our ARC free solar
cell lower, introduction of ARC, specifically at that wavelength region, resulted in the highest

EQE of ARC solar cell.

We carried out the Suns-V,. measurements for our PMMA/HNO3/Gr/Si/SiOy solar cell as
presented in Figure 4.13. It indicates an increase?° of the achievable V. to 0.618 V for the ARC
coated devices— a gain of 25 mV, which could be expected due to the enhanced Js.. Since such a
measurement carried out at the absence of series resistance, it reveals that our solar cell
efficiency is also limited with the series resistance. Subsequently, it is observed that the FF our
solar cells slightly reduced attributed the resistance related losses. However, the Js. of our final

device (with PMMA) is one of the highest reported thus far.2-°%%7
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Figure 4.13: Suns-Voc measurements of solar cells presented in Figure 4.7a shows the attainable

V. of solar cells at the absence of Rs.

While our work indicates record efficiency for a Gr/Si solar cell, even further
improvements are possible. For example, it was remarked earlier that the PCE would be
promoted through enhancement of the Vp; — which in turn may be related to an increased Wer.
For instance, when the W, is increased to correspond to the top of the valence band of the Si, i.e.
to ~ 5.2 eV,% seamless hole transfer from the Si to the graphene may be expected. The
subsequent efficient h* transport in the Gr would be facilitated through defect free material and
facilitated through a small intrinsic sheet resistance. The latter aspect is presently considered a
major issue restricting the widespread usage of graphene for electrical contacts, and needs to be
more carefully studied. Moreover, the h™ lifetime could be increased by an order of magnitude to
~ 1 ms, through using higher purity starting wafers or through impurity gettering®, which would
translate to an increase® of ~ 10% in the Jsc as well as the FF. Moreover, while back surface
passivation was emphasized, further PCE enhancement may be achieved through front-surface

passivation as well. Indeed, the trajectory of efficiency increase may follow the course of Si-
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based heterojunction solar cell, with a PCE over 26%, leveraging exceptional surface passivation

by a-Si .t
4.5. Conclusion

In summary, a Gr/Si PV cell with a record PCE of 16.9% was demonstrated. This was
achieved through several stages of careful interfacial and surface control. For example,
employing a selected thickness of passivation layer (SiOx) at the back-surface of the cell was
observed to enhance the FF and V., by increasing photo-excited carrier lifetime. While exposure
of the top Gr surface of the PV cell to ambient air yields a measure of p-doping contributing to
the Vi, further modulation of the resultant work function of Gr through acid treatment was found
necessary to achieve the highest efficiency. A proper layout of the active area of the exposed Gr
lowered the parasitic series resistance, with a maximum in the FF observed with an area of ~
2.25 mm? corresponding to a length scale of ~1.5 mm, which was comparable to the electrode-
finger spacing of commercial p-n junction silicon solar cells. We have indicated methodologies
to further increase the efficiency of Gr/Si based PV cells, while avoiding issues such as Auger or
surface recombination, to a point where they could compete with and perhaps even surpass

conventional Si p-n junction solar cells.

Chapter 4, in part, has been submitted to Solar Energy Materials and Solar Cells which
titled “Enhanced power conversion efficiency in graphene/silicon solar cell, through the
electrical carrier and interface engineering” by Serdar Yavuz, Ernesto Magana, Aybuke Turker,
David P. Fenning and Prabhakar R. Bandaru. The dissertation/thesis author was the primary

investigator and author of this paper.
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CHAPTER 5: IMPROVED CONVERSION EFFICIENCY AND STABILITY, THROUGH THE USE OF

ALUMINUM OXIDE IN AN N-GRAPHENE/P-SILICON SOLAR CELL

5.1. Introduction

As described in chapter 2, one of the most attractive characteristics of graphene is the
adjustable work function through doping which provides a broader platform for its applications.
Due to the atomic thickness of graphene, which enables nanoscale contact path, a significant
research has been carried out for graphene based field effect transistor (FET)* % fabrication.
Through these investigations, it is revealed that modulation the electrical characteristics of
graphene can change the transistor type such as from p-type to n-type. This suggests that
graphene can be used both as a hole extraction layer and an electron extraction layer by adjusting
the underlying material. In chapter 3 and chapter 4, role of graphene as a hole extraction layer
have been discussed by placing it on top of n-silicon. In this chapter, role of graphene as an

electron extraction layer will be discussed in a graphene/p-silicon solar cell.
5.2 Graphene as an electron extraction layer in graphene/p-silicon solar cells

The tunability of the electrical and optical properties®® enable graphene (Gr) to be used as
both an electron and hole extraction in organic and inorganic photovoltaic devices.*** For
example, it is shown that bis(trifluoromethanesulfonly)-amide (TFSA)?* and nitric acid (HNO3)?
may p-dope the graphene while TiO,?® could serve as an n-dopant. Such modifications lead to
the formation of Schottky junction between Gr with an underlying silicon (p-type/n-type). The
work function of graphene (Wg;), for this purpose, can be significantly altered through p- (/n-)
doping for higher (/lower).*! In the Schottky junction, the difference between the work function

of Gr and the electron affinity () of semiconductor creates a build in potential (Vj,) which
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Figure 5.1: Hypothesized band diagram of Gr/p-Si solar cells. Figure on the right shows the
bare/untreated Gr/p-Si solar cell. Left figure shows the evolution of Schottky junction parameters

with n-doping of graphene.

separates the electron-hole pairs upon photon absorption: Figure 5.1. A lower W, say through n-
doping implies a higher Vj, and a higher Schottky barrier height (@) with respect to p-Si (Figure
5.1, left diagram) with a consequent larger open circuit voltage (Voc). A concomitant effective
carrier separation would also yield a larger electrical current, e.g. the short circuit current density
(Jsc) relevant for solar and a significant power conversion efficiency (PCE) of an n-Gr/p-Si solar

cell.

However, compared to PCE of up to 17% in p-graphene/n-Silicon (p-Gr/n-Si) Schottky
junction solar cells, the efficiency of n-graphene/p-Silicon (n-Gr/p-Si) solar cell is still lower
(~10%) due to: (1) low Schottky barrier between the Wg, (~4.7eV) and electron affinity of p-Si
(xp-si~5.2eV), (2) natural p-doping of graphene when exposed to ambient oxygen.®#To
overcome these two main challenges, a significant n-doped Gr is required to ensure a high

Schottky barrier height. It is also important to consider that such doping (i) should not sacrifice
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the optical transmittance of graphene, (ii) should be stable for device performance, and (iii) be
compatible with graphene based solar cell fabrication. Chang et al., has experimentally
demonstrated that the Wy, can be reduced to ~3.25eV when treated with cesium fluoride (CsF).%
This implies that the @y could be larger in n-Gr/p-Si at compared to the p-Gr/n-Si case where the
barrier height is ~1eV (Wg- xnsi(~4.1eV)), promising a larger Vo and PCE in the former
situation. Indeed, a significant PCE enhancement in n-Gr/p-Si solar cell from ~0.1% to ~10%
reported through the use of TiOy, which was posited to function as an electron donor to Gr,

reducing the Wy;."”

In this part, we will investigate whether further improvements in the PCE are possible
through tuning Wy, through effective n-doping. We will show that hydrofluoric acid (HF)
treatment improves the PCE of Gr/p-Si solar cell bay a factor of sixty compared to a control un-
treated-graphene/p-Si solar cell. Significant enhancement in Js, Voc and FF upon HF treatment
were observed. Raman spectroscopy analysis was used to confirm the n-doping of Gr. We
additionally propose, for the first time, use of atomic layer deposited (ALD)-AlO as an anti-
reflection coating (ARC) layer as well for encapsulation to prevent solar cell efficiency
degradation. It was also interesting to note that the AlO4 may contribute to n-doping of the Gr.
These innovations contributed to achieving a record PCE of 12.5% which is the highest value

reported for an n-Gr/p-Si solar cell, to date
5.3 Experimental

Gr/p-Si solar cells were prepared through standard photolithography processing. Briefly,
a 200nm PECVD SiO, deposited on top of the flat surface of p-Si (1-10Qcm, single side

polished) followed by the patterning of active area. Subsequently, Au/Ti and Al were deposited
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Figure 5.2: As synthesized solar cell (bare Gr/p-Si) solar cells and applied methodologies from

left to right.

at the front side and the back side, respectively, for electrical contacts. A buffer oxide etch
(BOE) (1:6 ratio) was used to remove the SiO, through the patterned window (1.5x 1.5mm). A
CVD-grown single layer graphene (SLG) was transferred onto the top via a PMMA assisted wet
transfer process’® and dried in the ambient. The PMMA was then removed, using acetone and
isopropanol. The Gr/p-Si sample was than annealed at 400C under H2/N; gas flow to improve the
contact between graphene and underlying Si, as previously considered.?**** Subsequently, the
samples (Set A) were exposed to HF vapor at room temperature. In another set of samples (Set
B), 80 nm ALD-AIO, was deposited on top of the Gr as an antireflection coating (ARC) layer:

Figure 5.2.
5.4 Results and Discussion

We first analyze the effect of HF treatment on the performance of Gr/p-Si solar cell,
belonging to Set A. From a comparison, in Figure 5.3a, the PCE of bare Gr/p-Si solar cell was
~0.1% with Js, Vo and FF of 6 mA/cm?, 0.195V, and 10%, respectively. However, the HF
treated has a substantially improvement in corresponding parameter values of 26.2mA/cm?,

0.390V, and 0.58% of Js, Vo, and FF, respectively, yielding a substantial boosts in the PCE
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Figure 5.3: (a)J-V curve of bare Gr/Si and HF treated Gr/p-Si solar cells are presented

(b)Corresponding dark In(J)-V curve of solar cells.

from ~0.1% to 6%. We attribute this improvement mainly to increase in Vo, from a higher
Schottky barrier (larger the @) due to the HF treatment. Such an observation was made through
comparative analysis of J-V analysis at the absence of illumination (dark J-V). From the analysis
of dark J-V curves of untreated and HF treated Gr/p-Si solar cells and incorporating a thermionic

emission model*” as described in previous chapter, in the form of:

=1 ](empa) 1]
where;
Js = A*T?exp (lz—bT) (5.2)
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Here, Jsas the reverse saturation current density, A* as the effective Richardson’s constant, @y, as
the Schottky barrier height, n is the diode ideality factor, k; is the Boltzmann constant, and T is
the temperature. From dark In(J)-V graph presented in Figure 1d and using the Eqns. (1) and (2),
the @, was estimated to increase from 416 meV to 572 meV upon HF treatment. Such an
increase in the @y suggests that HF treatment may have reduced Wg,. The larger @, would
facilitate the efficient separation and consequent collection of generated carriers leading a higher

Jsc as hypothesized earlier.

The HF treatment may have also affected the Gr/p-Si interface, through removing the
native oxide on the Si on which Gr was placed. While it has been discussed that a thin oxide can

provide a better interface in the case of Gr/n-Si solar cells,?*°

e.g., through passivation of the
trap states (/dangling bonds) at the interface, and reducing the carrier recombination sites, it is
not apparent whether similar reasoning would be applicable to p-Si. Alternately, non-

stoichiometric interfacial oxide (SiOx) may p-dope the graphene, and consequently lowering the

related @y,

We carried out Raman spectroscopy analysis on the bare Gr (as control sample) and HF
treated graphene: as seen Figure 5.4. The G and 2D peaks at around 1585cm™ and 2680cm™,
respectively, are the two well-known characteristic peaks of Gr,*® and form the basis for analysis.
The peak intensity ratio: I,p/lg of ~2.4 indicates the single layer graphene. An observed blue
(/red) shift in both G and 2D peaks is used to indicate the p- (/n-) type doping, corresponding to
a shortening (/lengthening) of the C-C bonds.'® Figure 5.4a shows the Raman spectroscopy of
un-treated Gr on glass. It was seen that subsequent to HF treatment, the G peak shifts to 1579cm”

! while 2D peak appears at 2660cm™, indicating an n-doping *"*® Additionally, a wider 2D peak
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Figure 5.4: (a) Raman analysis of bare Gr on glass as control sample and HF treated Gr on glass

are presented. (b) Extended peaks indicate the n-doping upon HF treatment.

width (increasing from 39cm™ to 51cm™) as well as the reduced intensity ratio of Ip/lg from

2.4 to 2.1 seems to be in accord with the earlier reports of n-doping of graphene.
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Figure 5.5:(a) A schematic representation of HF treatment. (b) Optical images of single layer

graphene on glass and SiO»(300nm)/Si substrate.
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Figure 5.6: (a) Evolution of the J-V curve HF treated Gr/p-Si solar cell within the seven day of
testing period without encapsulation. Around 65% PCE depredation observed. (b) A schematic

cross-section of solar cell at that stage.

While the HF treatment significantly improves the PCE of n-Gr/p-Si solar cell, there was
a significant degradation of the solar cell efficiency, due to a counteracting effect of the n-doped
Gr on ambient exposure which has been discussed in previous chapter.®? Figure 5.6a shows the
J-V characteristic of device along with the cross-sectional schematic of solar cell at that stage. It

has been observed around 65% PCE degradation from the original PCE within a week of testing

period.

We consequently deployed ALD- AlOyas an encapsulating layer. Beneq TFS200 Atomic
Layer Deposition is used for AlO4 deposition. Trimethylaluminium (TMA) and water (H,O)
used as precursor with N, gas flow and deposition temperature set to 200°C. Deposition rate is
found to be 1.01A per cycle by using different number of cycles ranging from 50 to 1000 on
polished silicon substrate (100). Ellipsometry (Rudolph Auto EL-II1) was used to measure the

thickness of the deposited AlOy as well as the refractive index. The refractive index of AIOx (Narc
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Figure 5.7: Evolution of J-V curve with applied methodologies. (b) EQE of HF/Gr/p-Si and

AlO,/ HF/Gr/p-Si solar cells indicates a significant enhancement in visible region upon AlOy

deposition. Inset figure shows the actual devices of without (left) and with (right) ARC.

Table 5.1: Output parameters of solar cells presented in Figure 5.7a

Ve (V) Jse(mA/cm?) FF PCE (%)
Gr/p-Si 0.195 6.0 0.10 0.1
HF/Gr/p-Si 0.395 26.2 0.58 6.0
AlO,/HF/Gr/p-Si 0.510 345 0.71 12.5

~1.75 at a wavelength A: 550nm, the peak intensity of the solar spectrum) suggests its possible

use as an ARC with an optimum thickness dy=4/4nr.>>'® Consequently, we deposited 80nm
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AlO4 on top of graphene. As indicated in Figure 5.7a, the Js. of solar cell increased from
26.2mA/cm? to 34.5mA/cm? indicating a better harvesting of incoming light by reducing the
light reflection from Gr/Si surface, due to the ARC. The enhanced Js. was further verified with
external quantum efficiency (EQE) measurements shown in Figure 5.7b. A significant EQE
enhancement in the visible wavelength region for AlOy deposited solar cell (AIO«/HF/Gr/p-Si)
compared to the ARC free solar cell (HF/Gr/p-Si) indicates such enhanced current density. By
integrating the EQE over the solar spectrum as described in chapter 3, Equation 3.1 we estimated
a Js increase from 25.6mA/cm? to 34mA/cm? in accord with observed Jg. increase brought by J-

V measurements shown in Figure 5.7a.

We also carried out reflectance measurements on bare p-Si and Si coated with the AlOy,
presented in Figure 5.8a along with the optical images of bare and AlOy deposited Si substrates
in Figure 5.8b. Significantly reduced reflection from 400nm to 1000nm wavelength region has
been realized. This can be visually seen from the comparison of silicon wafers in Figure 5.8b that
AlOy deposited sample has a darker color indicating the reduced reflection. The lowest
reflectance (of ~3%) obtained in the wavelength range of 550nm to 600nm which is in accord
with the highest EQE in the range. In addition, to reveal how the reflection from solar cell
correlates with EQE, comparison of reflectance and EQE of AlO/HF/Gr/p-Si solar cell as a
function of wavelength is presented in Figure 5.9. It can be seen form Figure 5.9 that the reduced
EQE at longer wavelength region (A>800nm) is in accord with the increased reflection at
corresponding wavelength. This indicates a possible double layer ARC can address the long

wavelength response of our solar cell and subsequently improve the PCE.
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Figure 5.8: (a) Reflectance measurements of bare silicon and AlOy deposited (80nm) silicon.
The lowest reflectance (~3%) obtained at ~550nm corresponds to peak intensity of solar
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Figure 5.9: EQE and reflectance as a function of wavelength indicates that lowest reflectance is

in line with the highest EQE.

63



The use of ALD-AIOyalso yielded an improved FF (from 0.58 to 0.71) as well as the Vo
(from 0.390V to 0.510V) indicates that AIOx may also contribute n-doping of the Gr. We have
studied such a possibility by fabricating a Gr based field effect transistor (FET), as indicated in
Figure 5.10a. For Gr-FET devices, a 300nm PECVD SiO, deposited on p-type Silicon wafer (~1-
10Qcm™). Au/Ti electrical contacts were sputtered following the lithography process. CVD
growth single layer graphene was suspended on contacts using the PMMA assisted transfer
process as described in previous chapters. After removing PMMA, a 4nm ALD-AIO, deposited
on top of graphene. The use of thin film of AIO4 was to minimize the contact resistance related
issues since ALD is conformal. Gate voltage was applied through the back side of p-Silicon. This
four pads contact pattern was also used to measure the sheet resistance of Gr which is found to

be ~400Q/0 in ambient conditions without any treatment.

In such a FET device, the shift of Dirac point, i.e., upon a chemical treatment, towards a
higher positive potential indicates a p-doping while shifting towards negative potential indicates
an n-doping.”®*®1% Figure 5.10b shows the gate-dependent conductivity of graphene FET. It
was observed that synthesized graphene shows p-type behavior with a Dirac point around +14V
due ambient exposure as reported previously.®* However, a shift to a lower voltage of Dirac
point, to +2V, was observed when 4nm AlO, was deposited on top, indicating the possibility of

n-doping due to AlO,.*®

We have explored the n-doping possibility further through Raman spectroscopy analysis.
For the Raman analysis of ALD-AIO,, the standard SiO,(300nm)/Si substrate used with the
above mentioned transfer process. A 4nm AlOy deposited on Gr which forms a AlO,/Gr/SiO,/Si
while Gr/SiO,/Si sample used as a control sample for this experiment. Upon AlOy deposition; (i)

a shift to lower wavenumbers (a red shift) observed in the G- and 2D- peaks on the
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Figure 5.10: (a) A schematic of fabricated Gr-FET device. (b) Gate dependent conductivity of
fabricated Gr-FETs. Shift towards negative potential indicates n-type doping upon AlOy. (c)
Raman spectrum of bare Gr on SiO; and AlIO,/Gr on SiO,. (d) J-V curve of bare Gr/p-Si and

AlO,/Gr/p-Si solar cells (at the absence of HF treatment).

AlO(4nm)/Gr/SiO«(300nm)/Si, (ii) reduced l,p/lg ratio from ~4 to~ 3 and (iii) broadening of the
2D peak suggesting such n-doping: Figure 5.10¢.** In a comparative AlO,/Gr/p-Si solar cell
was prepared, at the absence of HF treatment. An increased PCE from ~0.1% to 2.6% with an

increase of Js, Vocand FF was observed: Figure 5.10d. As indicated earlier, a larger Vo, may be
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attributed to higher @,, which may also yield efficient carrier collection. Indeed, from the dark
In(J)-V analysis presented in Figure 4a, the AIO/HF/Gr/p-Si solar cell has a higher @, of 704
meV. Such an n-doping may be attributed to the work function difference between Gr and AlOy,

which has been reported to be ~3.7 eV.1%1%

Ideally, a material with a higher work function than that of Gr is a p-type dopant as
previously shown with Au (~5.4eV),**#graphene oxide,(~5.3eV)**" and NiO (~5.4eV-
6eV)®*while a material with lower work function than graphene such as
polyethylenimineethoxylate (PEIE ~4.1eV),** TiO, (~4.15eV),* Ti (4.3eV),* n-dopes the
graphene. Within that scope, we propose that the low work function of AIOy reduces the work

function of graphene and consequently improves the Schottky barrier height (@y). Indeed from

Table 5.2: Raman spectroscopy analysis of graphene used in this chapter. Bare graphene on

glass and bare Gr on SiO, samples are used as reference.

2D peak G peak loo/le FWHM (2D)
Bare Gr on Glass 2673 (£2) 1583 (x2) 2.4 39 (1)
HF treated Gr on Glass 2660 (+3) 1579 (x2) 2.1 51 (£2)
Bare Gr on SiO; 2683 (+2) 1583 (+1) 4 32 (x1)
AlOy coated Gr on SiO, 2658 (+2) 1575 (x2) 3 47 (£1)
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the dark In(J)-V analysis presented in Figure 5.11a, it is estimated that @y, increases to 704 meV
for the AIOL/HF/Gr/p-Si solar cell as compared to the 572 meV of HF/Gr/p-Si solar cell, in
accord with the observed 114mV increase in Vo upon AlOy coating. It should be noted that
compared to the reported @y values for Gr/n-Si solar cells, the highest obtained @ here is
significantly lower while the V. still compatible with Gr/n-Si solar cells. This might indicate that

a higher V. can be obtained in a Gr/p-Si solar cell. Additionally, from Eqn. (1), we can deduce'’

D(V) n

D)) RsAefr] + ; 3)

Where Rq is the series resistance Ae IS the diode effective area, n is the ideality factor and g is
the g/ksT. From the slope of Figure 5.11b, we estimate that the Rs of our solar cell reduced from

1.03Qcm? to 0.62Qcm?® Such reduced R upon AlO, deposition is attributed the observed FF

enhancement.
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Figure 5.11: (a) Dark In(J)-V curve of solar cells ad corresponding @y of solar cells. (b)

dv/d(In(J))-J curve indicates the series resistance is reduced upon AlOy deposition.
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Since one of the purposes of AIO, was to prevent the degradation of solar cell PCE, we
tested AIOL/HF/Gr/p-Si solar cell over the period of two months without any further
encapsulation. We did not observe any noticeable degradation for AlOxencapsulated solar cells
(AIOL/HF/Gr/p-Si) which seem to be a remarkable improvement over previous works which
indicated a stability around two weeks.”*?*91%A comparison of the reported stabilities of solar
cells, from literature, (in the form of normalized PCE vs time) is presented in Figure 5.12.
Compared to reported techniques, such as spin coating, spray coating, the highly conformal,
controllable, uniform, non-destructive and air stability of ALD-AIOis promising for Gr/Si solar
cells as well encapsulation of graphene based electronic devices. Since exposure of graphene
with the ambient air significantly changes its electronic structure, carrier type and doping
concentration (as discussed in chapter 4), preventing such an exposure through atomically
controllable deposition technique may broaden the use of graphene for different electronic

applications.
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Figure 5.12: A comparison of reported stability for Gr/Si solar cells in the form of normalized

PCE versus time is presented.?!#%7%108
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5.5 Conclusion

In summary, we have reported a record PCE of 12.5% for an n-doped graphene/p-Silicon
solar cell, through simple and cost-effective processing. A simple HF treatment was shown to be
significantly improves the PCE around 60 times from 0.1% to 6%. The efficiency of deploying
an ALD-AIOy coating for multiple purposes, i.e.,(i) as an ARC, as well as (ii) n-dopant for the Gr
is a highlight. The AIO, coating also confers exceptional stability to the solar cell in ambient
conditions, over the period of testing of two months. Further improvement in the V,. as well as
PCE of the indicated solar cells may be accomplished through a further reduction of Gr work
function, e.g., through use of CsF. As highlighted, the one of the limiting factor of our solar cell
is the low Note that there is no intentional front and back surface passivation in our solar cell.
Significance of surface passivation on solar cell performance has been investigated recently.
Applying such passivation procedures to Gr/p-Si solar cell expected to improve the PCE even

further.

Chapter 5, in part, has been submitted to Nano Letters which titled “Improved conversion
efficiency and stability, through the use of aluminum oxide, in an n-graphene/p-silicon solar
cell” by Serdar Yavuz, Erick M. Loran, Nirjhar Sarkar, David P. Fenning and Prabhakar R.

Bandaru. The dissertation/thesis author was the primary investigator and author of this paper.
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CHAPTER 6: FUTURE DIRECTIONS FOR GRAPHENE/SILICON SOLAR CELLS

6.1 Introduction

After first demonstration in 2010, the efficiency of Gr/Si solar cell increased more than
an order, reaching up to 17%. Such a significant enhancement indicates that a higher PCE can be
obtained in Gr/Si solar cells. It is obvious that reducing the sheet resistance of graphene is one of
the most critical aspects for its photovoltaic applications. While the sheet resistance as low as

%9 the sheet resistance of single layer

30Q/0 has been demonstrated for multilayer graphene
graphene is still high to be used as an effective carrier collector. This chapter will highlight some
of the possible directions for possible PCE improvements in Gr/Si solar cells. In addition to

addressing the sheet resistance of graphene, applying below mentioned approaches expected to

increase PCE even further.
6.2 Effective doping of graphene

Due to the natural p-doping by ambient exposure, Gr is adjusted to on top of n-silicon in
early Gr/Si solar cells. This is followed by further p-doping of graphene as discuss in previous
Chapters. While theoretical upper limit of the graphene work function (Wg,) is still a discussion,
the experimental results obtained so far indicated ~ 5.1eV for p-Gr. Considering the V. is also a
factor of Wg,, a more effective p-doping say through a material that has higher work function
(Wnr> 5.5eV) can be implemented to Gr/n-Si solar cells. Combined with earlier doping strategies
such as air exposure, acidic doping, incorporation of a higher work function material expected to

increase the Schottky barrier and enhance the V. so as the PCE.

Alternatively, a work function of 3.25 eV of Gr upon doping with CsF was

experimentally demonstrated.**Such a low Wg, indicates a possible @, between the Gr and p-
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silicon that is larger than the band gap of Silicon, i.e., @,>1.1 eV. This implies that a built in
potential up to 1.1eV can be obtained through a modified doping. In turn, as discussed in

Chapter2, a higher V. can be obtained when Gr incorporated with a p-silicon.

6.3 Surface passivation for graphene silicon solar cells

Progress in characterization techniques revealed the importance of the controlling the
surfaces and interfaces of materials for optical and electrical applications. Being able to monitor
carriers movement in a material and/or interfaces enable scientists to understand and address the
possible loss mechanisms for photo generated carriers in solar cells. In general, created electron-
hole pairs in a solar cell either lost inside the material with bulk recombination or at the surface
via surface recombination. As briefly discussed in Chapter 4, reducing the losses at the interfaces
is one of the key factors for high efficiency solar cells. Along with the precise control of thin
film depositions in atomic scale, a significant progress in reducing the interface related losses in
solar cells have been studied which brought the PCE of silicon based p-n junction solar cells

close to the theoretical limits®&10.111

While different surface passivation techniques have been extensively investigated for p-n
junction solar cells such as passivated emitter and rear cell (PERC), passivated emitter, rear
locally-doped (PERL), and passivated emitter, rear totally-doped (PERT), the Gr/Si solar cells is
still suffer from lack of such passivation schemes. As detailed in Chapter 3, a simple SiOy back
surface passivation significantly improved the PCE. However, a more effective passivation
schemes and materials can be applied to the back contact of Gr/Si solar cell. For example,

PECVD silicon nitrate (SiNy) which has known to have positive fix charges, can be more
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Figure 6.1: Possible back surface passivation schemas for Gr/n-Si solar cells

effective by inducing a field effect passivation in Gr/n-Si solar cell where the photo generated
electrons collected through the back contact to silicon. Such a passivation scheme can be applied

both as TOPcon’ and PERL'*** approaches.

On the other hand, an ALD-AIOy can be an effective back surface passivation for Gr/p-Si
solar cell. In such an approach, the negative fix charges in ALD-AIOy can significantly reduce
the recombination at the back surface due to field effect passivation. Alternatively, the superior
chemical passivation quality of amorphous silicon (a-Si:H), which improved PCE of crystalline

silicon solar cell above 26%,% can be introduced the Gr/Si solar cells.

Graphene Graphene
/ /
p-Si p-Si
a-Si:H e o AlO, ® o

Figure 6.2: Possible back surface passivation schemas for Gr/p-Si solar cells.
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Although the back surface passivation can be implemented by following the foot prints of
p-n junction solar cells, the front surface passivation needs to be considered carefully. Since Gr
is atomically thin, the incorporation of graphene with other materials significantly alters its
electrical properties through doping, as discussed in Chapter 4. In the case of Gr/n-Si solar cell a
material that can serve both p-doping for Gr as well as an effective passivation for n-silicon
should be ideal. Such a material would provide a higher @, as well as passivation benefit. On the
other hand, both an n dopant for Gr and a coherent passivation for p-silicon is expected to

significantly improve the PCE due to the similar reason.

6.4Impact of wafer quality

Even though understanding and improving the electrical behavior of graphene is the most
critical aspect of Gr/Si solar cells, the overall efficiency of solar cell is also depend on the quality
of the underlying silicon. Since the PCE of solar cell limited with the recombination of

carriers, 839114

a wafer with a longer lifetime such as in the order of ms would expected to
improve the reported efficiencies in this thesis. As indicated in chapter 4, the effective lifetime of
the carriers is measured as ~75us which is significantly limits the PCE of reported solar cell.
Incorporating graphene with the long lifetime wafers that are used in high efficiency silicon p-n

88,115

junction counterparts can reveal the performance of Gr/Si solar cell.

In addition, the doping concentration of silicon might be relevant topic to investigate. As
indicated in chapter 2, equation 2.2, the Schottky barrier height is also depend on the doping
concentration of silicon. Within that scope, a systematic study of effect of silicon doping
concentration on Gr/Si solar cell efficiency can be helpful to understand the Gr/Si Schottky

junction formation.
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6.5 Conclusion

While Gr/Si solar cells are still a laboratory based research, the progress achieved less
than a decade indicates they can be one of the chains of clean energy production in future. It is,
of course, obvious that extensive research is needed to understand the whole nature of graphene.
Once this is accomplished, graphene is expected to have much broader application as a

transparent conductive electrode as well as many other opti-electrical applications.

In addition to improving the PCE of graphene silicon solar cells to a record efficiency, to

date, this thesis led to the following conclusions:

1- Graphene can be used both as a hole extraction layer as well as an electron extraction
layer on top of silicon.

2- Graphene oxide can be used as a p-doping of graphene as well as an ARC with a
suitable thickness

3- Graphene/silicon solar can have as high fill factor as a p-n junction solar cell when
the sheet resistance of graphene is reduced the state-of-art emitters.

4- A stable n-type doped graphene can be obtained for electronic applications through

ALD alumina oxide deposition which will broaden the use of graphene in future.
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