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 Introduction

Semiconductors such as silicon (Si) and gallium arsenide (GaAs) are materials that 
generate free carriers and include some organics that generate excitons (which are 
dissociated to form free carriers) when exposed to photons with energies exceeding 
their optical bandgaps. The principle of photovoltaics (PV) is that the photo- 
generated excess carriers get collected by the junction built in electric field and 
extracted at the contacts, providing useful power output. PV devices and modules 
made from crystalline silicon currently dominate the market. In a continued quest 
for lowering their cost, many efforts are being pursued to involve the use of alterna-
tive materials and multi-junctions.

The US National Renewable Energy Laboratory (NREL) maintains a plot of 
compiled values of highest confirmed conversion efficiencies of research cells, from 
1976 to the present for a range of photovoltaic technologies [1]. This chart high-
lights cell efficiency results within different families of semiconductors: (1) multi-
junction cells, (2) single-junction gallium arsenide cells, (3) crystalline silicon cells, 
(4) thin film technologies, and (5) emerging photovoltaics. The graph sums up the 
historic quest of the solar industry to improve the conversion efficiencies in all PV 
technologies.

The first silicon p–n junction solar cell was fabricated in 1954 at Bell 
Laboratories [2]. It drew limited attention as it was perceived as a feeble power 
source. However, the solar cells successfully powered the first Soviet Sputnik sat-
ellite launched in 1954, triggering the space race. In 1958, the American satellite 
Vanguard 1 entered orbit with six silicon solar cells, which generated about 1 watt 
power in total [3, 4]. In comparison, the power produced by a typical rooftop solar 
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PV system 63 years later is a thousand times greater [5]. Why did it take so long? 
In contrast, the invention of the first transistor in 1947 took just 11 years to lead 
to the creation of the first integrated circuit by Texas Instruments, Fairchild, and 
Intel. The limited momentum of the PV industry was due to the absence of a few 
dominant players like IBM, Intel, and Motorola, resulting in PV remaining in 
research laboratories [6]. Most PV interests in the US were for space applications. 
Growing interest in reevaluating terrestrial applications emerged with the release 
of small commercial modules by Sharp, Philips, and Solar Power in the early 
1970s. The energy crisis and subsequent oil embargoes stimulated the rapid devel-
opment of PV technology in the mid- 1970s, with the first modern modules fabri-
cated in 1976. In 1978, President Carter founded the Solar Energy Research 
Institute (SERI) in Golden, Colorado, and later in 1991, President George 
H. W. Bush elevated SERI to a national member of the Department of Energy 
(DOE)—National Renewable Energy Laboratory (NREL).

After dramatic achievements in module designs supported by the US Government 
programs, declining funding and interests shifted the key research and development 
to other countries in Europe, Japan, and Australia. Martin Green, PV pioneer and 
world-leading specialist in crystalline silicon solar cells, founded in University of 
New South Wales, the largest and best-known university-based photovoltaic 
research group in the world in 2003 [5, 7]. Remarkable progress was made with 
cells on high-quality monocrystalline, multicrystalline (Generation I), and thin film 
amorphous silicon, while III–V GaAs-based single junction and multi-junction 
solar cells were investigated for space-based applications. Generation II, III, and IV 
photovoltaics include thin film, multi-junction, multiband, hot carrier, and 
perovskite-based solar cells and all these technologies are promising, showing 
record efficiencies. For terrestrial applications, cost, environmental stability, and 
long lifetime with minimum degradation (>25 years) are the key factors. The US 
DOE SunShot initiative was launched in 2011 with a goal of cost reduction of 
utility- scale solar to approximately $1 per watt or $0.06 per kilowatt-hour. The pro-
gram is now at 90% of its goal and recently expanded its target to $0.03 per kilowatt- 
hour by 2030 [8]. This chapter provides a comprehensive overview of silicon 
photovoltaics and my experiential journey encountering its reluctant ascent to a 
dominating technology.

 Brief Historical Lookback

My interest in Physics sparked when my science teacher in high school tenth grade 
taught about the peaceful use of nuclear energy using controlled nuclear fission for 
power generation. I decided to pursue a BS and MS in Physics at the University of 
Delhi. I interned at the nuclear research reactor of Bhabha Atomic Research Center, 
India, during a summer of my Master’s program. After graduating, I joined the 
National Physical Laboratory (NPL), New Delhi, India, for my PhD research. India 
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was exploring the development of magnetic materials for booming electrical, elec-
tronics, and automotive industries, using indigenous raw materials.

 Dust in Rust

Iron oxide is the main raw material used in magnetic ceramics like ferrites. Silicon 
dioxide is a common impurity in indigenous iron oxide. My PhD research was 
focused on understanding the effect of silicon impurity on the magnetic properties 
of Mn–Zn ferrites. The Indian Institute of Technology in Delhi had acquired its first 
scanning electron microscope (SEM) from Cambridge Instruments (Cambridge 
Stereoscan S4–10 SEM). I employed it to examine microstructures by imaging sec-
ondary electrons, electron dispersive diffraction (EDX), and electron beam induced 
current (EBIC) modes. It was found through detailed microstructural examinations 
that a certain level of silicon is soluble in the ferrite and, in fact, improved the mag-
netic properties. When it exceeds solid solubility, it segregates at grain boundaries, 
degrading the magnetic properties such as permeability and loss factor. Figure 1 
shows SEM and EDX image of a Mn–Zn ferrite sample showing Si segregation at 
the grain boundaries [9]. At the time I finished my PhD, the energy crisis was being 
felt worldwide, directing a focus on renewables. Major research institutions drew 
attention to photovoltaics.

Fig. 1 SEM (a) and EDX map and line scans (b, c) of Mn–Zn ferrite grain showing Si segregation 
at the grain boundaries; (d) mc-Si solar cell examined at a grain boundary using Auger Electron 
Spectroscopy (AES) showing Fe segregation at the Si grain boundary
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 Rust in Dust

The Department of Materials at NPL set up a complete process for purification of 
metallurgical grade silicon obtained from a regional steel plant. It consisted of 
reacting silicon with HCl to get liquid trichlorosilane (TCS), which was fractionally 
distilled to purify to solar grade level. After purification, TCS was cracked in a reac-
tor to get polycrystalline silicon (polysilicon) rods. On the industrial scale, it is 
known as the Siemen’s process and is the flagship process for silicon purification 
developed in the early 1980s. The polysilicon rods were zone-refined for compac-
tion and we obtained large grain polysilicon rods (Fig. 2). Then, wafers were cut, 
lapped, and polished. The wafers were n-type as the silicon obtained was rich in 
phosphorus. We had in-house doping techniques using solid paper and liquid spin-
 on dopant sources. Solar cells were fabricated with Al/Ag and Ti/Al/Ag metalliza-
tion yielding 10% efficiency [10]. Detailed analyses revealed significant iron 
impurity in silicon that affects the PV quality of the material. My research in PV 
began with investigating the effect of iron impurity in multi-crystalline silicon 
solar cells.

 TAET Program

The University of Florida and the US Agency for International Development estab-
lished a training program in Alternative Energy Technologies (TAET) in the 1980s. 
The TAET program provided training in both the technical principles and socioeco-
nomic aspects of the selection and implementation of renewables. In 1982, I was 
selected as a participant from India among 35 participants from around the world. I 
carried out a project on investigating the nature of grain boundaries and their influ-
ence on the photovoltaic properties of polysilicon. This work attracted me to join 
the University of Florida as a Postdoctoral Research Associate to further my PV 
research.

Fig. 2 In-house developed silicon purification process followed by float zone refining, used at 
NPL to fabricate mc-Si solar cells of 10% efficiency
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 Photovoltaics

The solar spectrum is modeled as a black body radiation emitted by the Sun at its 
surface temperature of 5800 K according to Planck’s law. The reference Air Mass 
1.5 (AM1.5) spectrum describes solar insolation on a terrestrial horizontal surface 
at a solar zenith angle of 48.19° and it is specified as 1 kW/m2. In a single junction 
diode solar cell, incident photons with energy equal or higher than the bandgap of 
the semiconductor create electron hole pairs, which are collected by the junction 
electric field. This gives rise to radiation-generated current, shifting the diode cur-
rent–voltage curve to power generation mode. Figure 3 shows a baseline cell fabri-
cation process, electrical equivalent circuit, and current–voltage characteristics of a 
solar cell. The power conversion efficiency is defined as the ratio of the maximum 
power generated to the incoming incident power.

Shockley and Queisser obtained the theoretical limit to the conversion efficiency 
through detailed balance limit of p–n junction solar cells on the basis of absorption 
and reemission processes [11]. AM1.5 solar spectrum with distinct dips due to 
molecular absorption in Earth’s atmosphere is shown in Fig. 4a. Photons with ener-
gies below the band gap (Eg) are not absorbed, whereas the energy of photons with 
energy higher than the band gap is not fully converted to electrical energy and is 
dissipated as the thermalization loss. The inset in Fig. 4a depicts the electronic band 
structure with the separation of the quasi-Fermi levels determining the open-circuit 
voltage Voc. Theoretical Shockley–Queisser detailed-balance efficiency limit as a 
function of band gap (black line) is shown in Fig. 4b. The record efficiencies for 
different materials are plotted for the corresponding band gaps. An optimum band-
gap (~1.4 eV) gives the highest theoretical limit of the efficiency as 33%. NWO-I 
Institute for Atomic and Molecular Physics, Netherlands, constantly updates this 
efficiency chart [12].

Fig. 3 (a) Process flow for a basic n + p solar cell; (b) equilibrium band diagram of n+pp.+; (c) a 
two diode equivalent circuit of a solar cell; (d) typical current–voltage characteristics of a solar cell 
defining the key parameters: open circuit voltage (Voc), short circuit current (Isc), maximum power 
(Pmax), and power conversion efficiency
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Crystalline silicon with the bandgap of 1.12 eV has this limit of ~30%. Silicon is 
the second most abundant element on the Earth, and mostly exists as oxide (SiO2, or 
silica). Silicon has the diamond crystal structure and is chemically stable, nontoxic, 
and very well understood as the base semiconductor for microelectronics. It forms 
a very high-quality oxide, which is used as passivation and dielectric component 
and masking layer for patterning diffusion of dopants.

Figure 5 shows a flowchart of manufacturing silicon photovoltaics starting from 
sand. It begins with a highly energy-consuming process of carbon arc reduction of 
SiO2 to metallurgical-grade Si (~98% pure). It is then purified, grown with crystal-
line structure, followed by wafering, cell and module fabrication. Each step requires 
process optimizations for efficiency improvements and cost reductions.

Fig. 4 (a) AM1.5 solar spectrum and (b) fundamentals solar cell efficiency limits [12]. (Reprinted 
with permission)

Fig. 5 Process flow chart for fabricating monocrystalline silicon solar PV systems
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 Innovations in Si PV

Over the last several decades, academics, scientific laboratories, and niche indus-
tries worldwide have remained diligently committed in achieving higher efficien-
cies across cell, module, and system level. These accomplishments are summarized 
in the following subsections.

 Cell Level

The simplest form of a solar cell is a p–n junction connected with grid top metal and 
blanket back metal contacts as shown in Fig. 4a. In order to improve the efficiency, 
approaches to reduce reflection losses, optimization of diffusion, improved minority 
carrier lifetimes, and reduction of parasitic resistances were necessary. These 
improvements required novel cell structures. A series of high-efficiency crystalline 
silicon solar cell structures have emerged, which include passivated emitter rear cell 
(PERC), passivated emitter, rear locally diffused cell (PERL), interdigitated back 
contact cell (IBC), heterojunction with intrinsic thin-layer cell (HIT), heterojunc-
tion solar cells with interdigitated back contacts (HBC), bifacial cells, and TOPCon 
solar cells [13, 14]. When deployed on a conventional solar farm, bifacial cells 
absorb direct incoming light, while also taking advantage of ground reflection, 
which can contribute up to additional 30% power generation [15]. PERC cells with 
another addition of a special nano-coating layer, known as Q cells, can capture pre-
viously unused sunlight back into the cell where it can be converted into solar elec-
tricity [16]. It enhances cell efficiency further. Table 1 gives the schematics of these 
structures and their best known efficiencies to date.

The first efficient silicon solar cell was made on a n-type substrate. The selection 
of p-type as the substrate was primarily due to the development of Al-BSF process 
that creates back surface field (BSF) to mitigate minority carrier recombinations at 
the back contact. On a per-watt basis, passivated emitter and rear totally diffused, 
silicon heterojunction (SHJ or HIT), and interdigitated back contact cells currently 
cost more than standard aluminum back surface field (Al-BSF) and PERC cells 
owing to smaller production scales and use of n-type wafers [14]. However, if 
demand for high-efficiency cell architectures grows, these advanced cell technolo-
gies may gain market share and their cost may decline due to benefits from econo-
mies of scale. Cells with higher efficiencies could reduce per-watt balance-of-module 
and balance-of-system costs [17].

Silicon Solar Photovoltaics: Slow Ascent to Exponential Growth
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 Substrate Level

Solar-grade polysilicon typically has purity levels of 6N (99.9999% pure) to 8N 
(99.999999%) and it is used to make solar cells; 9N polysilicon may also be used in 
some premium solar cells. Electronic-grade polysilicon has higher purity levels of 
9N to 11 N for producing silicon wafers for integrated circuits. The Siemens pro-
cess, mentioned above, is the most widely used method for polysilicon production. 
Polysilicon sits on top of the photovoltaic supply chain. One megawatt (MW) of 
photovoltaic power requires 7 tons, or 7000 kg, of polysilicon material [18].

Polysilicon is cast into monocrystalline (mono-Si) or multicrystalline (mc-Si) 
silicon. Mono-Si is grown using the Czochralski (CZ) crystal growth process. At 
the beginning of the CZ process, the polysilicon is melted in a cylindrically shaped 
crucible. After the feed material is completely molten, a seed crystal with a diam-
eter of typically a few millimeters is dipped from top into the free melt surface 
forming a melt meniscus at the contact interface between seed and melt. Then, the 
seed is slowly withdrawn from the melt (often under rotation) and the melt crys-
tallizes at the interface by forming a new crystal portion. During the further 
growth process, the shape of the crystal, especially the diameter, is controlled by 
carefully adjusting the heating power, the pulling rate, and the rotation rate of the 
crystal [19]. Silicon ingots are cylindrical giving circular wafers, which require a 
larger surface area of a solar panel compared to square-shaped. Multicrystalline 
silicon (mc-Si) is produced by melting Si and directionally solidifying into bricks. 
The mc-Si process yields rectangular wafers, which can be packed densely on a 
panel. The production of mc-Si is cost efficient compared to the mono-Si CZ pro-
cess and therefore has prevailed as a major technology for the solar panels. 
However, the defects present in the mc-Si because of the production process lead 
to less-efficient solar cells.

Thinner wafers are preferred to lower the cost and the weight of the panels. 
While the technical limit of slurry-based wire saws lies at a wire thickness of 
100 μm, diamond wire can be as thin as 60 μm and thus reduce the kerf loss sig-
nificantly [20]. The cylindrical ingot is first cut along its length on four sides to 
make its shape closer to a square in cross section, known as the pseudo squares. 
Pseudo square diameter is the diameter of a square within a circle. Wafer sizes 
have increased over the last 7 years from M0 (156/205 mm, flat length/diagonal 
length) to M2 (156.75/210  mm), and to M6 (166/223  mm). Larger wafer size 
offers balance of systems cost reductions. For installation, a 72-M6-cell module 
weighs around 30 kg, which is near the limits of manual installation. Considering 
the increased power output, including potential bifacial gains, the M6 wafer will 
increase the operational current to around 13 amps, which is the limitation of cur-
rent string inverters. Modules using M6 wafers are also compatible with central-
ized inverters [21].

In August 2019, Zhonghuan Semiconductor unveiled its latest wafer product—
the new M12 size—featuring a much bigger size of 210 mm in length and 295 mm 
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on the diagonal [22]. A 60-cell PV module with this enlarged wafer would easily 
boost module power output above 600 W. M12 is targeting next-generation PV cell 
technologies such as interdigitated back contact technology. Figure 6 shows a pic-
ture of a wafer puller capable of pulling M10–M12 ingots developed by Linton 
Crystal Technologies [23], a Rochester, New  York–based company. This puller 
employs the Magnetic Confined Czochralski method that lowers oxygen contami-
nation in the crystal.

Most PV modules are fabricated using p-type silicon substrate, which is highly 
susceptible to light-induced degradation (LID) when exposed to sunlight. Boron- 
doped p-type silicon thus requires additional processing steps to mitigate this deg-
radation [24]. An alternative method for the production of stable lifetime material is 
to dope silicon with a different Group III element, such as aluminum, gallium, or 
indium. Gallium is being explored as the dominant dopant for p-type silicon solar 
cells [25]. However, it has much lower segregation coefficient (k = 0.008), which 
means that gallium has a much stronger thermodynamic tendency to stay in the melt 
rather than be incorporated into the solid silicon crystal. One way to overcome this 
is to constantly replenish the melt with gallium during the crystal growth to achieve 
uniform resistivity (1–2 Ohm.cm) along the crystal. Another method being consid-
ered is the Continuous Czochralski method, which does not require a large crucible 
as Si is fed while the ingot grows [26].

Fig. 6 Czochralski (CZ) crystal puller (Courtesy: Linton Crystal Technologies) designed to grow 
M10–M12 ingots. Circular wafers are shaped into pseudo squares with dimensions shown in Table 
II for each generation
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 Modules

Solar cells are connected in series and parallel to construct modules for required 
voltage, current, and power output. Series connection adds voltages and parallel 
connections add currents of individual identical cells. Typically, PV modules are 
fabricated by electrically connecting 36 to 72 solar cells together in a sealed, 
weather-proof packaging and are the fundamental building block of a PV sys-
tem [27].

Mismatch occurs when some cells degrade in their performance due to shading 
effects or other degradation causes. Series strings are more prone to shading effects 
and therefore bypass diodes are used to allow bypassing current through the dam-
aged cell. Solar cells transport current using the thin metal ribbons that connect 
them to neighboring wires and cells, which leads to some energy lost. By cutting 
solar cells in half, the current generated from each cell is halved resulting in lower 
interconnect resistive losses. Two parallel half-cut cell strings replace one full cell 
series string. Half-cut cell modules increase module power by ~1.5% due to reduced 
electrical losses in cell connectors. Parallel substrings allow the module to save up 
to 50% of the string’s power under partial shading conditions [28].

Another simple and accessible way to reduce resistance losses in solar cells is to 
add more busbars. Adding more busbars reduces the gap between them, which 
shortens the finger length. The forthcoming trends are—increasing the number of 
busbars, while maintaining the same shading factor, and switching to multi-busbars 
using round wires (9–15 wires) instead of flat ribbons as interconnections [29]. The 
round-shaped busbar, a wire indeed, increases the light scattering effect towards the 
cell surface for higher cell absorption, resulting in increased power generation.

Most bulk silicon PV modules consist of a transparent top surface, an encapsu-
lant, a rear layer, and a frame around the outer edge [27]. The main attributes of 
glass used are transmission, mechanical strength, and specific weight. The front 
surface of a Si PV module must have a high transmission in the wavelength range 
of 350–1200 nm. In addition, the reflection from the front surface should be low. 
Currently, 3  mm–thick glass is the predominant cover material for PV modules 
accounting for 10–25% of the total cost. The cover glasses can also provide enhanced 
ultraviolet protection of polymeric PV module components, potentially increasing 
module service lifetimes [30]. The properties of PV module materials are of great 
importance to ensure optimal light capture and module lifetime as well as ultimately 
reducing the cost. Traditional opaque-backsheeted panels are monofacial. Bifacial 
modules expose both the front and backside of the solar cells. When bifacial mod-
ules are installed on a highly reflective surface (like a white thermoplastic polyole-
fin roof or on the ground with light-colored stones), gains can be up to a 30% 
increase in power production just from the extra power generated from the rear [31]. 
Fig. 7 shows a PV system under installation at City Center Bishop Ranch, California, 
that I recently visited to learn the installation processes.

Silicon Solar Photovoltaics: Slow Ascent to Exponential Growth
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 PV Systems

A stand-alone PV system is made up of a number of individual PV modules (or 
panels) usually of 12 V with power outputs of between 50 and 300+ W each. These 
PV modules are then combined into a single array to give the desired power output. 
A small-scale PV system employs rechargeable batteries to store the electrical 
energy supplied by the PV array. Stand-alone PV systems are ideal for remote rural 
areas and applications where other power sources are either impractical or are 
unavailable to provide power for lighting, appliances, and other uses. In these cases, 
it is more cost-effective to install a single stand-alone PV system than pay for the 
costs of extending power lines and cables. Residential PV systems (4–10 kW) are 
grid connected and some may have additional battery storage (Fig. 8). Production 
and consumption is metered using net metering systems. Utility-scale PV systems 
are community shared via the grid. For hundreds of megawatt-scale solar farms, 
how will electricity get from large solar farms to cities? At present, the majority of 
high-voltage transmission lines are alternating current, but recent innovations sug-
gest they are increasingly likely to be high-voltage direct current (HVDC) lines. 
HVDC are cheaper at longer distances over land and at very short distances under-
water and underground [32]. This means that HVDC will enable electricity to travel 
long distances from renewable locations, connecting islands to the mainland and 
even continents to one another potentially.

Fig. 7 Bifacial horizontal roof top solar arrays using 12 multi-busbar mono-Si modules (left); 
inclined half-cut 6 busbar Q-cells panels (right) under installation at Bishop Ranch, California. 
Single panel and cell schematics are shown. (Photo courtesy Distributed Solar Development)
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 My Research at the Photovoltaics 
Microelectronics Intersection

While I was working on polysilicon for PV, the semiconductor chip industry was 
looking to use polysilicon as the gate material in complementary metal oxide semi-
conductor (CMOS) field-effect transistors for integrated circuits. In addition, inter-
ests in photodetectors and light-emitting diodes emerged for optical interconnects 
when the Strategic Defense Initiative “Star Wars” was announced (1983) [33]. 
Many PV researchers moved to these fields, including myself. Since then, my 
research and teaching has been in both semiconductor devices and photovoltaics.

The growth of innovative techniques that enabled the integrated circuit technol-
ogy to become efficient in the high volume manufacturing of extremely small and 
complex systems (with nanometer-scaled billions of stacked devices) on large sub-
strate, set up a sound base for the PV industry. Between the two, they share a com-
mon substrate—silicon and common thin film deposition techniques. PV contrasts 
itself from CMOS in being relatively simpler in device structure (essentially one 
large area ~ 250 cm2 diode), relaxed in lithography and particle contamination con-
trols. However, it differentiates in applications that require large area end-products, 
much larger than the flat panel displays, and is available at lower costs. Even though 
the PV industry inherits an experienced workforce trained in defining and following 
the roadmap driven by the Moore’s law, engineering education needs to address 
developing the next generation of PV engineers.

I developed a cross-disciplinary course—“Photovoltaics Science and 
Engineering” at the graduate/senior undergraduate level in the college of engineer-
ing at Rochester Institute of Technology (RIT) in 2007. Students from various pro-
grams—electrical, microelectronic, chemical, materials science, industrial 
engineering, and physics—have enrolled in this course and many students have 

Fig. 8 PV systems ranging from stand-alone to grid connected residential, commercial, and utility 
scale systems
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moved on to the PV industry, PhD in PV-related areas, and published papers and 
chapters in these areas [26, 34]. The following subsections (“Cell Level”, “System 
Level” and “Spectrum Conversion”) summarize my PV-related research.

 Cell Level

At RIT, we developed a turnkey process for fabricating solar cells—a platform that 
was intended to investigate different approaches in diffusion, metallization, and top- 
surface reflectance [35]. During my sabbatical at IBM Watson Research Center in 
2009, I investigated upgraded metallurgical-grade silicon for solar cells using this 
turnkey process.

The University of North Carolina and Georgia Tech founded the Silicon Solar 
Consortium, an Industry–University Cooperative Research Center in 2007. My 
group joined this consortium and worked on developing copper metallization to 
replace silver in silicon solar cells. Silver represents >48% of the metallization cost 
of a solar cell, or about 11% of the total raw material cost of a solar module. Copper 
presents a viable alternative to silver with the potential to reduce metallization costs 
by approximately 50% while maintaining device performance in solar cells. The 
primary concern with copper is its rapid diffusion in silicon, lowering the minority 
carrier lifetime, and therefore greatly diminishing the efficiency of the device.

IBM rocked the microelectronic industry by implementing copper as the inter-
connect metal in integrated circuits in 1997, as copper was undesirable due to its 
fast diffusion in silicon and difficulties in etch patterning. Special liners, diffusion 
barriers, electroplating, and patterning by chemical mechanical planarization pro-
cesses were developed. Copper interconnects have since become the industry stan-
dard, enabling future generations of smaller and faster microprocessors.

Some metal silicides (TiSi2, CoSi2, NiSi) exhibit low resistivity and higher tem-
perature process capability compared to aluminum which was used as the gate elec-
trode in early days in integrated circuits. Self-aligned silicide process was developed 
in the mid-1980s that reduced gate and contact resistance by using metal silicides. 
Silicides are formed by metal deposition on silicon followed by annealing to form 
the desired low resistivity phase. Nickel monosilicide (NiSi) with a resistivity of 
10–18 μΩ.cm consumes less silicon during its formation, and is widely used in ICs.

NiSi is a strong contender as a contact, as it shows promise as a copper diffusion 
barrier. My group studied the NiSi/Cu contacts for front metallization of silicon 
solar cells [36]. NiSi/Cu/TiN contacts with contact resistivities as low as 
4  ×  10−5 Ω-cm2 were formed to the emitter of solar cells fabricated at RIT and 
2 × 10−3 Ω-cm2 on NREL fabricated tunneling contacts [37]. Contact resistance is 
related to the metal semiconductor specific contact resistivity, which is the funda-
mental property of a metal–semiconductor junction. We investigated the effects of 
transmission line measurements (TLM) geometries on the extracted value of spe-
cific contact resistivity [38]. This work, in collaboration with Professor Zhang, 
Michigan State University, and Professor Kris Davis, University of Central Florida, 
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led to the development of standardized TLM structures for specific contact resistiv-
ity measurements.

 System Level

 System Monitoring

The Golisano Institute for Sustainability (GIS) building at RIT is equipped with 
mc- Si PV modules with an annual capacity of 45,241 kW-h. In our study (with my 
graduate student Felipe Freire), yearly power output of the GIS PV system was 
investigated using a mathematical model developed and comparing with real data 
collected from the monitoring system. The objective was to predict PV modules’ 
performance with respect to changes in environmental parameters such as tempera-
ture, irradiance, and cloud coverage. The results were compared with the actual PV 
output data for the year 2014 and showed a very good correlation [39]. This math-
ematical model has been applied to several PV systems with known parameters—
location, time of the day, panel orientation, and weather conditions.

Interestingly, it was used to explain the power dip in a residential PV system dur-
ing the partial solar eclipse of August 21, 2017 [40]. The solar coverage was calcu-
lated using astro-imaging the Sun during the eclipse and calculating insolation over 
the eclipse time (Fig. 9). Strange coincidence, during the February 16, 1980, eclipse 
in India, as a student, I monitored a solar cell short-circuit current to provide insola-
tion data to researchers investigating cosmic flux of gamma rays during the eclipse.

Fig. 9 Power output of a residential PV system during the partial eclipse of August 21, 2017 (left); 
monitoring solar insolation using a solar cell to calibrate cosmic gamma ray flux during the eclipse 
of February 16, 1980
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 PV Degradation

PV modules are considered the most reliable component of a photovoltaic system, 
and according to the manufacturers, have a lifetime from 25 to 30 years. However, 
some modules degrade or fail along their service time under outdoor exposure. To 
further understand the mechanisms behind the degradation and failure of PV mod-
ules, our study reviewed the governing degradation modes and investigated a 
10-year-old operating crystalline silicon PV module installed at an active farm and 
animal sanctuary [41]. Field current–voltage testing and infrared imaging for 
hotspot detection were employed in examining this PV module showing localized 
damaged regions.

 Spectrum Conversion

Currently, I am working on photon management techniques to enhance power con-
version efficiencies. Development of special coatings that can shift the spectrum 
toward the favorable wavelengths would result in enhanced power output. For Si 
PV, down conversion of shorter wavelengths to longer wavelengths, which give 
higher quantum efficiency, is desirable. This is fostering innovations in photonic 
coatings. In collaboration with a startup company—SunDensity [42]—we have 
demonstrated increase in power output of a high efficiency PERC Si solar cell 
(Fig. 10) using a designed special coating.

 Silicon Photovoltaics from Present to Future

The primary ambition of PV is to offer a cheaper, reliable, and resilient renewable 
energy alternative. The motivation and willpower for large-scale implementation of 
PV has been steering the innovations in materials, devices, and systems. Following 
the unprecedented growth and success of the semiconductor industry, the PV indus-
try has its own “Moore’s law.” Figure 11 shows the advances in wafer sizes and cells 
in module architectures.

Table 2 lists and defines some key figures of merits (FOM) indicators and their 
current estimated values. The key economic FOMs are the payback time (PBT), the 
energy payback time (EPBT), and carbon payback time (CPBT). Depending on the 
technology and location of the PV system, the EPBT today ranges from 0.4 to 
1.5 years [43]. Energy return on investment (EROI) is defined as the lifetime energy 
output to the energy invested. In general, on the average solar panels are estimated 
to generate ten times more energy than used to make them [44]. A typical solar 
panel saves over 900 kg of CO2 per year resulting in a carbon payback period of 
~1.6 years [45].
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The cumulative PV installations from 2010 to 2020 are reaching 800 gigawatt- 
peak (GWp) (Fig. 12) [46]. A 2019 review in Science led by researchers from NREL 
describes an ambitious plan, in which 30–70 terawatt (TW) of PV capacity making 
it a central contributor to all segments of the global energy system by 2050 [47].

Most energy forecasters suggest that the installed cost of a complete PV system, 
including modules and balance of system (BOS) components will need to fall below 

Fig. 10 Spectrum down conversion using a special coating (developed by SunDensity) tested for 
a high efficiency Si solar cell

Fig. 11 Trends in silicon PV wafer sizes, emerging cell architectures toward bifacial, multi- 
busbar, and multi-cut modules
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$0.25 per watt for this goal. NREL’s 2019 roadmap for continued innovations antic-
ipates that the cost of crystalline silicon modules will decline to 0.24 per watt 
by 2030.

The International Energy Agency (IEA) Renewable 2020 reports that power gen-
eration from solar PV is estimated to have increased by 22% in 2019 to 720 TWh. 
Solar PV is well on track to reach the Sustainable Development Scenario level by 
2030, which will require electricity generation from solar PV to increase 15% annu-
ally, from 720 TWh in 2019 to almost 3300 TWh in 2030 [48]. In 2019, PV genera-
tion overtook bioenergy and is now the third-largest renewable electricity technology 
after hydropower and onshore wind.

Table 2 Economic/environmental performance indicators for Si PV

Fig. 12 Cumulative photovoltaic installations from 2010 to 2020 [46]
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A major renewable energy project in Australia billed as the world’s largest solar 
farm is in development. The farm will have a peak capacity of around 10-GW and 
will spread across an area of roughly 20,000 football fields! That is so large that it 
should be visible from space, once built. The project aims to transport its solar 
energy to Singapore using a 4500 km high-voltage direct current network, 3700 km 
of which will be undersea. It is projected that the project will be able to provide up 
to 20% of Singapore’s power needs. Construction is expected to commence in 2023, 
with the farm expecting to begin exporting energy by 2027.

The intermittency of solar PV requires smart energy storage and dynamic power 
distribution systems. Hardware and software innovations will play a key role in 
managing storage resources, shifting capacity during peak periods, providing sec-
ondary services in the off-peak hours and standby power for emergencies.

 Conclusions

Growing up during the Cold War, my interest in energy began with learning how 
nuclear reaction can be used for energy production. Nuclear energy technology with 
its high capacity factor and zero carbon emission, however, has the perception of 
safety risks. As we moved to the energy crisis era of the 1970s, interest in PV 
emerged. Subsequently, the growth of semiconductor technology dominated, lead-
ing to the Internet revolution. At present, energy consumption in computing is 
increasing super exponentially. My current work on semiconductors is also dedi-
cated to energy-efficient computing devices. I foresee a future—using nuclear 
power plants for silicon production and solar cell manufacturing, and solar PV 
farms powering the energy-hungry data centers.

I have experienced the Si PV journey over the last four decades. Attention on Si 
PV got accelerated, slowed down, and recovered primarily due to economic circum-
stances. While major research innovations were achieved in the US, Europe, Japan, 
and Australia, China took the lead in manufacturing and currently shares 95% of the 
market share.

Today, Si-based solar PV cells are becoming more affordable and are being 
installed in large numbers with gigawatt (GW)-scale solar farms. Larger area mono-
 Si cells with advanced cell designs, multi-busbars, are being incorporated on multi- 
cut modules. Trends toward heterojunction with intrinsic thin layer (HIT), bifacial, 
and interdigitated back contact cells are promising. Just recently, scientists at The 
Australian National University (ANU) have produced a type of bifacial Si solar cell, 
using laser processing, setting a new world record effective power output of approx-
imately 29%, well exceeding the performance of the best single-sided silicon solar 
cell [49]. On the other hand, major market players are likely to invest more in 
research and development to increase the efficiency of photovoltaic cells and find 
more effective material than silicon to build solar cells. However, these improve-
ments will take time and are possible only if solar cells undergo bulk manufacturing 
and installations. In addition, although c-Si remains the dominant PV technology, it 
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would need to continue to compete against evolving alternative PV technologies 
such as cadmium telluride (CdTe), copper indium gallium diselenide (CIGS), and 
perovskite modules. This competition will likely drive innovations for cost reduc-
tions across all technologies while presenting additional opportunities for system 
optimizations. Si PV may be augmented with multi-junction approaches with other 
semiconductors if the processes can be large-area centric and environmentally sta-
ble over the lifetime. Moving forward, new chemical approaches may be needed to 
make sand-to-Si reduction process more energy efficient [50]. Silicon is resilient. A 
42 year-old, 42 W, 3.5 A, 12 V Kyocera solar panel exposed to environment is still 
reported to be working in Concord, NH [51]. Silicon PV has become “too big to 
fail.” The future of solar cells is as bright as the Sun. Photovoltaics is set to become 
a dominant complementary energy technology of the world’s energy portfolio.
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