[image: image1.png]



RENEWABLE ENERGY

ENS 4300

TERM PAPER

PHOTOVOLTAIC CELLS

OPERATION, TECHNOLOGIES, 

AND CURRENT TRENDS
STUDENT

DANIEL I. SANGINES

900-03-5697

PROFESSOR

MR. FRANK LESLIE
SPRING 2004

INTRODUCTION

In 1839 the French Physicist Edmond Bequerel discovered the photovoltaic effect, while working with a wet cell battery [Boyle 92]. This discovery would lead to the development of the first photovoltaic (pv) cells a few years later. By the 1950’s the first conventional photovoltaic cells were produced at Bell Labs and were not used until the 1960’s, to provide electricity for satellites [19]. The oil crises of the 1970’s and the improvements in manufacturing techniques increased the interest in alternative energy sources, and research in photovoltaic cells grew exponentially. By the 1980’s several consumer electronics such as calculators, watches, radios and lanterns included a solar cells [19].

Currently, new pv technologies are being researched daily and several millions of solar cells are sold each year. The Florida Solar Energy Center claims that the “industry’s production of PV modules is growing at approximately 25 percent annually”[19] and many people claim that we are living in a “solar revolution”.

However, the current price of solar cells cannot compete with the cheap energy sources provided by electric utilities. The efficiency of the pv cells, and their manufacturing cost raises the price per watt to about $4 while utilities provide it for less than 20 cents.

This paper attempts to briefly explain how a solar cell works, cover current and future technologies, as well as cover some aspects of the photovoltaic energy economy.

PHOTOVOLTAIC CELL OPERATION

A photovoltaic cell is made of a semiconductor such as silicon, and it converts sunlight into dc electricity. The diagram of a pv cell and it’s operation is shown in figure 1.
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Figure 1  - Diagram of a Photovoltaic Cell

(http://www.fsec.ucf.edu/pvt/pvbasics)

Sunlight is composed of millions of photons, which hit the doped silicon on the solar cell. When they do so, each photon, if they have sufficient energy, will free an electron from the doped silicon. These freed electrons can travel around the material and if they reach an external current path they will create a current. This dc current can be used to power certain electronics or can be inverted into ac current to power common household electronics [19]. 
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Figure 2  -Basic Structure of a generic silicon pv cell

(http://www.howstuffworks.com/solar-cell.htm)

The pv cell is made of several different layers as shown in figure 2. The cover glass protects the cell from the environment while the antireflective coating prevents sunlight from reflecting away from the shiny silicon surface. The contact grid provides a path for electrons to flow out of the cell. The n type and p type silicon cause the electric field, which will cause the cell’s voltage [20].

The power produced by a single cell is not enough for common applications, so they are grouped in modules, many modules make a panel, and several panels make an array. This concept is shown in figure 3.
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Figure 3 – Cells, Modules, Panels and Arrays

(http://www.fsec.ucf.edu/pvt/pvbasics/)

Unfortunately, each solar cell absorbs only about 15% of the sunlight’s energy, which lowers its efficiency significantly [20]. This is caused by the difference in wavelengths of each component of the spectrum of visible light. A lower part of the spectrum won’t have enough energy to free an electron, while the higher end will have more than enough energy, part of which will go to waste [20]. These effects “account for a loss of around 70% of the radiation incident to the cell” [20]. 

However, scientists have been working on new technologies to improve the efficiencies of solar cells, some of which are very promising.

CURRENT PHOTOVOLTAIC CELL TECHNOLOGIES

There are various types of photovoltaic cells in the market today, however most of them fit into one of three basic categories: crystalline silicon cells, thin film systems, and concentrators. [1] 

CRYSTALLINE SILICON CELLS

Single Crystal Silicon Cells

The majority of solar cells are constructed using single crystal silicon. This method is the most efficient but it is also the most expensive, since it’s manufacturing is more complex. 

First, the silicon must be purified, then a seed crystal must be placed in the liquid silicon and drawn using the Czochralski method, as shown in figure 1.

[image: image6.png]seed holder

(water cooled)

seed

growing ¢

melt
crucible
thermocouple
heater

controlled
atmosphere

vessel

4, (water cooled)




Figure 4- The Czochralski Method

(http://www.mpi-stuttgart.mpg.de/crystal/czochralski.pdf)

This method is “slow, requires highly skilled operators, and is labor – and energy –intensive” [Boyle, pg. 103]. The crystal obtained from such process is called an ingot and must be sliced, using an extremely hard and fine saw, usually with a diamond tip. Very thin wafers (200 to 400 (m) are obtained after sawing, then they are cut into a rectangular shape, these sawing processes combined wastes about 50% of the silicon ingot [4].  “This thin wafers are then polished, doped, coated, interconnected and assembled into modules and arrays”[5].

Even though they are more difficult to manufacture these single crystal silicon cells have several advantages:  a higher efficiency (15- 20 %) due to their “uniform molecular structure”[Mah, pg. 3], they are highly reliable with a lifetime of 20 to 30 years, they require little maintenance once installed, and they are suitable for use in different environments [6].

Polycrystalline Silicon Cells

“Polycrystalline silicon essentially consists of small grains of monocrystalline silicon” [Boyle, pg 104]. These cells are also sawed from an ingot and involve the same losses as crystalline silicon. However, they are cheaper to manufacture since the difficult task of making a single crystal ingot is avoided. These cells can also be manufactured using the edge-defined film-fed growth (EFG), also called ribbon growth [5]. In this method sawing is not required since the silicon is grown directly into sheets, and can be one-third the thickness of regular crystalline cells since the polycrystalline material is much stronger [5].   

A picture of a 10 by 10 polycrystalline silicon solar cell is shown in figure 2. The “grain boundaries between crystals act as sinks for holes and electrons, hence, they appear dark in OBIC” [7]
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Figure 5 - OBIC image 10x10cm

 polycrystalline silicon solar cell

(http://www.science.uwaterloo.ca/physics/research/confocal/scapp.html)

The main disadvantage of the polycrystalline cells is it’s lower efficiency (10 to 14%)

[5].  The efficiency is lower than single crystal cells since “the light generated charge carriers recombine at the boundaries between the grains within the polycrystalline silicon” [Boyle, pg. 104]. 

There are several techniques that can be used to increase the efficiency of the polycrystalline cells, such as making larger grains and placing them in a top to bottom orientation, which allows “light to penetrate deeply into each grain” improving performance [2].

THIN FILM SYSTEMS

In thin film systems a thin layer of silicon is deposited on an inexpensive supporting layer, such as metal, glass and in some cases plastics [1].  Amorphous silicon is most commonly used for thin film modules since it has a high light absortivity, making it possible to make PV cells 1 (m thick [5].  The silicon can be directly sprayed onto the supporting layer decreasing the cost of the module substantially. Mitsubishi incorporated these inexpensive modules into roof tiles as shown in figure 3.
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Figure 6 – Built in –Roof tile Thin Film PV Module

(http://www.mhi.co.jp/power/e_a-si/)

Unfortunately, thin film amorphous silicon cells have a much lower efficiency then the crystalline cells mentioned earlier. Currently, the maximum efficiency, as tested in laboratories, is 12% [2]. Furthermore, the efficiency degrades over a few months of operation to about 4% [2]. 

Other thin film technologies using Copper Indium and Diselenide Cadmium Telluride are being developed and may have a higher efficiency than their silicon counterpart [5].

CONCENTRATORS

Concentrators increase the output of a PV system by utilizing specialized lenses to concentrate the sunlight on the cells [1]. The concentration ratio can vary from “two to several hundred or even thousands of times”, therefore such a system requires fewer cells decreasing it’s overall cost [Boyle pg 110]. The biggest disadvantage to a concentrator system is the fact that it will only function is it is hit with direct sunlight and will not work if the day is cloudy [1].  To provide a significant output these systems must be able to track the sun, if this is done mechanically the cost increases exponentially. Figure 4 shows a detailed diagram of the required components.
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Figure 7 – Concentrator System

(http://www.ece.umr.edu/links/power/Energy_Course/energy/Renewables/pv/Cell_manuf/concentrators.html)

FUTURE PHOTOVOLTAIC CELL TECHNOLOGIES
There are several photovoltaic cell technologies being researched by major companies and some universities around the world. Some examples are: multi-junction PV cells, silicon spheres, and organic solar cells, [2]

MULTI-JUNCTION PHOTOVOLTAIC CELLS

A lot of research is being performed on multi-junction cells since they can “have efficiencies of more than 35% under concentrated sunlight”[11]. It obtains such a high efficiency since it captures a “larger portion of the solar spectrum” by using multiple cells with different bandgaps [11]. The first cell has the highest bandgap, and will absorb the photons with the highest energy at the “blue end of the spectrum [Boyle 110]. The next cells will keep absorbing photons with energies higher or equal to their bandgaps. Using such a method utilizes the sunlight received much more effectively.
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Figure 8 – A Triple Junction Cell

(http://www.nrel.gov/ncpv_prm/pdfs/33586P18.pdf )

SILICON SPHERES

This is a fairly new and promising technology, which was developed by Texas Instruments [Boyle 111]. Currently, the company that owns the patents is Spheral Solar Power and as they claim on their website, their “technology comprises of thousands of tiny silicon spheres, bonded between thin flexible aluminum foil substrates to form solar cells, which are then assembled into durable, lightweight modules” [12]. 
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Figure 9 – Silicon Spheres

(www.SpheralSolar.com)
The flexibility of these modules is their greatest benefit since they can be used on “buildings, roof tiles, automotive, and many other consumer products” [12].

The prototypes of this new technology have reached efficiencies of more than 10% [Boyle pg 111] and they can be manufactured at a lower cost [12].

ORGANIC PHOTOVOLTAIC CELLS

Even though this technology was first developed in 1986, currently it has attracted a lot of attention [17]. Princeton University published an article in Nature magazine last September, where it claimed to have “developed techniques that may finally make organic photovoltaic cheaper than existing silicon-based photovoltaic solar cells”[17].

Their achieved a 3% efficiency, and with this technology solar cells could be painted or printed onto a roll of plastic, and also come in different colors [17].  

On October 2, 2003, CNN published an article about a technology discovered by STMicroelectronics that could lower the cost per watt to $0.20 [14]. STM claims that they can lower the price per watt produced by using organic materials such as plastic to produce the PV cells, with an efficiency of 10% [14]. 
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Figure 10 – Flexible large area solar cell

(http://www.ipc.uni-linz.ac.at/publ/1999/1999-20.pdf)

If organic pv cells can obtain such high efficiencies at such a low cost they could help solve the world’s energy problems. However, several more years of research are needed to obtain such results.

CURRENT TRENDS
Over the years the use of photovoltaics has increased exponentially, but from figure 11 we can see that they represent only 1% of the national energy supply. With future development of pv technologies, decrease in their prices and an increase in the price of fossil fuels this technology should become much more predominant.
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Figure 11 – Renewable energy consumption in Nation’s Energy Supply. 2002

(http://www.eia.doe.gov/cneaf/solar.renewables/page/rea_data/figh1.html)

We can observe this pattern in table 1, where we can see that the number of person-years has nearly doubled in the USA since 1993, even though the price for fossil fuel generated electricity was lower than in the past. We can determine that an increase in regular electricity would probably boost the person-years to a much higher level.  

Table 2 shows that the number of shipments (peak kilowatts) has increased by more than 25% from the year 2000 to 2002 even though there has been a slight increase in price.  We can also observe that single crystal remains by far the most popular technology and took up 67% of the pv cell shipments in 2002.

Table 3 shows the annual shipments of photovoltaic cells and modules from 1993 to 2002. In 1993 there were 19 companies that shipped 20,951 peak kilowatts of modules. By 2002 this number had increased to 112,090, more than a 400 percent increase in less than ten years.

On table 4 we can observe that wholesale distributors made almost half off all shipments in 2002. Table 5 shows that the largest consumer of pv technologies is the industrial sector (32,218), followed closely by the residential sector (29,315), a change from the previous year. This table also shows that the majority of the cell’s peak kilowatts are used for grid interactive electricity generation (33,983) while 21,693 are used for remote electricity generation.

From these tables we can summarize that the photovoltaic market has grown significantly over the last couple of years, and it does not seem to be directly related to the price of conventional fuels.  However, if the price of fossil fuels keeps rising the pv market is probably going to bloom and the demand would cause better efficiencies and lower prices to appear very quickly.

	 Table 1. Employment in the Photovoltaic Manufacturing Industry, 1993-2002

	Year
	Number of 
Companies
	Number of 
Person-Years

	1993
	19
	1,431

	1994
	22
	1,312

	1995
	24
	1,578

	1996
	25
	1,280

	1997
	21
	1,736

	1998
	21
	1,988

	1999
	19
	2,013

	2000
	21
	1,913

	2001
	19
	2,666

	2002
	19
	2,696

	Source: Energy Information Administration, Form EIA-63A, “Annual Solar Thermal Collector Manufacturers Survey.”

(http://www.eia.doe.gov/cneaf/solar.renewables/page/rea_data/table34.html)


	Table 2. Photovoltaic Cell and Module Shipments by Type, 2000-2002

	Type
	Shipments (Peak Kilowatts)
	Percent of Total

	
	2000
	2001
	2002
	2000
	2001
	2002

	Crystalline Silicon
	  
	  
	  
	  
	  
	  

	   Single Crystal
	51,922
	54,736
	74,717
	59
	56
	67

	   Cast and Ribbon 
	33,234
	29,915
	29,406
	38
	31
	26

	   Subtotal
	85,155
	84,651
	104,123
	97
	87
	93

	Thin-Film Silicon 
	2,736
	12,541
	7,396
	3
	13
	7

	Concentrator Silicon
	329
	474
	571
	*
	*
	*

	Other a 
	0
	0
	0
	0
	0
	0

	   Total
	88,221
	97,666
	112,090
	100
	100
	100

	   a Includes categories not identified by reporting companies.
    * = Less than 0.5 percent.
    Notes: Data do not include shipments of cells and modules for space/satellite applications. Totals may not equal sum of components due to independent rounding.
    Source: Energy Information Administration, Form EIA-63B, “Annual Photovoltaic Module/Cell Manufacturers Survey.”

(http://www.eia.doe.gov/cneaf/solar.renewables/page/rea_data/table28.html)


	Table 3. Annual Shipments of Photovoltaic Cells and Modules, 1993-2002

	Year
	 
Number of
Companies
	Photovoltaic Cell and Module Shipmentsa
(Peak Kilowatts)

	
	
	Total
	Imports
	Exports

	1993 
	19
	20,951
	1,767
	14,814

	1994 
	22
	26,077
	1,960
	17,714

	1995 
	24
	31,059
	1,337
	19,871

	1996 
	25
	35,464
	1,864
	22,448

	1997 
	21
	46,354
	1,853
	33,793

	1998 
	21
	50,562
	1,931
	35,493

	1999 
	19
	76,787
	4,784
	55,562

	2000 
	21
	88,221
	8,821
	68,382

	2001 
	  19 b
	97,666
	10,204
	61,356

	2002 
	 19 
	112,090
	7,297
	66,778

	   aDoes not include shipments of cells and modules for space/satellite applications.
   b British Petroleum (BP) purchased Solarex in 2000. In 2000, they submitted individual forms; in 2001, they submitted one merged form, decreasing the total number of companies that submitted forms.
   Note: Total shipments as reported by respondents include all domestic and export shipments and may include imported collectors that subsequently were shipped to domestic or foreign customers.
  Source: Energy Information Administration, Form EIA-63B, “Annual Photovoltaic Module/Cell Manufacturers Survey.”

(http://www.eia.doe.gov/cneaf/solar.renewables/page/rea_data/table26.html)


	Table 4. Distribution of Photovoltaic Cells and Modules, 2000-2002

	 
Recipient
	Shipments (Peak Kilowatts)

	
	2000
	2001
	2002

	Wholesale Distributors 
	50,568
	59,799
	62,651

	Retail Distributors
	4,345
	5,302
	8,270

	Exporters 
	2,648
	4,441
	449

	Installers
	6,055
	10,810
	11,538

	End-Users
	2,600
	1,482
	4,012

	Module manufacturers 
	19,451
	14,045
	23,784

	Other a
	2,553
	1,787
	1,386

	   Total 
	88,221
	97,666
	112,090

	   aOther includes categories not identified by reporting companies.
   Note: Totals may not equal sum of components due to independent rounding.
   Source: Energy Information Administration, Form EIA-63B, “ Annual Photovoltaic Module/Cell Manufacturers Survey.”

(http://www.eia.doe.gov/cneaf/solar.renewables/page/rea_data/table27.html)


	Table 5. Shipments of Photovoltaic Cells and Modules by Market Sector, End Use, and Type, 2001 and 2002
(Peak Kilowatts)

	 Sector and End
Use Market 
	Crystalline
Silicon a
	Thin-Film
Silicon
	Concentrator
Silicon
	Other
	2002
Total
	2001
Total

	  Industrial
	30,471
	1,747
	0
	0
	32,218
	28,063

	  Residential
	26,513
	2,802
	0
	0
	29,315
	33,262

	  Commercial 
	18,322
	1,985
	271
	0
	20,578
	15,710

	  Transportation 
	12,849
	83
	0
	0
	12,932
	8,486

	  Utility 
	7,176
	164
	300
	0
	7,640
	5,846

	  Government b
	8,381
	184
	0
	0
	8,565
	5,728

	  Other c 
	410
	431
	0
	0
	841
	571

	Total
	104,123
	7,396
	571
	 0
	112,090
	97,666

	End Use
	 
	 
	 
	 
	 
	 

	  Electricity Generation
	 
	 
	 
	 
	 
	 

	    Grid Interactive
	30,333
	3,350
	300
	0
	33,983
	27,226

	    Remote
	19,411
	2,282
	0
	0
	21,693
	21,447

	  Communications
	16,883
	407
	0
	0
	17,290
	14,743

	  Consumer Goods 
	3,238
	162
	0
	0
	3,400
	4,059

	  Transportation 
	15,855
	173
	0
	0
	16,028
	12,636

	  Water Pumping
	7,322
	210
	0
	0
	7,532
	7,444

	  Cells/Modules To OEM d 
	7,034
	564
	271
	0
	7,869
	6,268

	  Health
	4,047
	155
	0
	0
	4,202
	3,203

	  Other e 
	0
	93
	0
	0
	93
	641

	Total
	104,123
	7,396
	571
	0
	112,090
	97,666

	   a Includes single-crystal and cast and ribbon types.
   b Includes Federal, State, local governments, excluding military.
   c Other includes shipments that are manufactured for private contractors for research.
   d Original equipment manufacturer.
   e Other uses include shipments of photovoltaic and modules for other uses, such as cooking food, desalinization, distillation.   
   Note: Totals may not equal sum of components due to independent rounding.
   Source: Energy Information Administration, Form EIA-63B, "Annual Photovoltaic Module/Cell Manufacturers Survey."

(http://www.eia.doe.gov/cneaf/solar.renewables/page/rea_data/table30.html)


CONCLUSION
Over the last twenty years there has been a great increase in the photovoltaic industry and market, some experts even call it a solar revolution. There have been several advances on the pv technologies and efficiencies have been increased and prices have been dropped.

Many current technologies such as the organic pv cells seem very promising, but may take many years before they can be commercially viable.

Today, most of the electricity is produced by contaminating electric utilities, which are burning up precious fossil fuels. Governments must stop subsidizing the cost of these conventional fuels and they must create incentives for the development of future alternative energy sources. If given a chance the photovoltaic industry could be the solution to most of the world’s energy needs. But as long as fossil fuels are cheap there will be no major change, and if we don’t act today the solar revolution might come too late. 
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