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PREFACE

This book began as a set of notes for two University Extension courses
presented by the authors for heterogeneous groups that included college
teachers and students, solar cell researchers, utility company engineers, gov-
ernment agency staff, a lawyer, investment counselors, and two people inter-
ested in installing a solar cell system in their Nevada ranch house. Success of
the courses with such a diverse audience suggested making the material
available, considerably reworked and augmented, in book form.

This book is intended both as a self-leaming resource or professional
reference and as a text for use in an undergraduate or first-year graduate
course. A key feature of the book is modular organization. The twelve
chapters, each containing problems and a reference list, may be read in almost
any order, though they are grouped in three parts in order of increasing depth
and complexity. The three parts discuss fundamentals, complete systems, and
possibilities for improvements, respectively.

In Part One, Solar Cell Fundamentals, Chapter 1 gives an overview of
photovoltaic power generation and its appeals. After the nature and the
geographical distribution of sunlight is examined in Chapter 2, principles of
operation of solar cells are developed in Chapter 3, starting from a discussion
of the properties of semiconductors. For this the reader needs no more back-
ground than introductory college courses in mathematics and physics, al-
though additional knowledge of semiconductors will be helpful. Chapter 4
concludes Part One with an examination of the materials and processing
methods used in making conventional pn-junction cells.

Concentrators and Complete Photovoltaic Systems are the subject of Part
Two. Concentrators (Chapter 5) and power conditioning and energy storage
equipment (Chapter 6) may be used with solar cells for increased efficiency,
convenience, and reduced cost. Examples of solar cell applications are given



X PREFACE

in Chapter 7, and the economics of photovoltaic electricity are discussed in
Chapter 8.

Imaginative new approaches for further reducing the cost of solar cells
are discussed in Part Three, Solar Cell Improvements. Chapter 9 describes
new techniques for manufacturing semiconductors, and Chapter 10 examines
thin-film approaches. Novel cell structures and unconventional cell systems
are summarized in Chapters 11 and 12, respectively. .

In addition, nine appendixes provide such information as an annotated
bibliography, a list of solar cell suppliers, and a compilation of operational
photovoltaic systems and their key design features. There is a table of recent
laboratory cell efficiencies arranged by cell material and design. Several solar
cell experiments that can be done with simple laboratory equipment are
described in one appendix. Some readers may find useful the list of abbrevi-
ations and acronyms, and the discussion of computer simulations of solar
cells and photovoltaic systems.

Perhaps no book can claim completeness in the coverage of a topic so
interdisciplinary and fast-advancing; ours certainly does not. We have tried
to stimulate thinking in addition to giving information, and hope to provide
a foundation and framework upon which the reader can build further.

While writing this book, we have enjoyed the support and counsel of
many friends whom we wish to acknowledge. Alex Kugushev of Lifetime
Learning Publications suggested to us the idea of writing the book. Professor
Ned Birdsall and many other colleagues urged us on. Joan Stern was the able
editor. Bettye Fuller typed the manuscript. Finally, our families’ support was
invaluable.

Chenming Hu
Richard M. White
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3.1 ELEMENTS OF SOLAR CELL OPERATION 39

In this chapter we shall explore the principles of operation, the electrical
characteristics, and the limits of efficiency of solar cells. Silicon pn -junction
solar cells will often be used as examples, but the principles presented here
are general. The choices of cell materials and structures will be discussed in
more detail in later chapters.

Mathematics is kept to a minimum in this chapter. The occasional long
equations are included for reference purposes and may be bypassed by the
reader. It is hoped that a conceptual, physical, and intuitive understanding of
the operation of solar cells will emerge from studying this chapter. For more
rigorous, mathematical, and formal treatments of this subject, readers should
consult technical journals or other books, for example, Hovel (1975).

3.1 ELEMENTS OF SOLAR CELL OPERATION

Figure 3.1 illustrates the basic operation of a solar cell. Light photons are
absorbed by the semiconductor and in the process generate electric-charge
carriers called electrons and holes. Electrons and holes diffuse to a
“junction,” either a pn junction as illustrated in Fig. 3.1 or some other type
of junction where a strong internal electric field exists. Electrons and holes are
separated by the field and give rise to electric voltage and current in the
external circuit. This scenario involves several topics that will now be dis-
cussed individually: semiconductors, light absorption and carrier generation,
pn junction, cell current, cell voltage, and efficiency of energy conversion.

Light
photons

A
7
b
7

,,,,,,,,,,,,,,,,,,,
........
:::::::::::::::::::::
lllllllllll

Figure 3.1 Positive and negative charge carricrs are gencrated in a semiconductor as
light photons are absorbed. These carriers, when collected by a pn junction, give rise
to an electric current in the external circuit. Here, the current is shown to power a light
bulb.
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3.2 SEMICONDUCTORS

Good electrical conductors such as copper have conductivities in the range of
10° mho/cm (if 1 volt is applied to two opposing facesofa I cm X 1 cm X 1
cm copper cube, 10° amperes of current will flow between the faces). At the
other extreme, good insulators such as quartz (SiO,) have conductivities in the
range of 107" mho/cm. Semiconductors have conductivities between these
extremes in the range of 107 to 10" mho/cm. Furthermore, the conductivities
of semiconductors may be changed within this range by adding small amounts
of impurities, known as dopants, into the semiconductors. The conductivities
of sufficiently pure semiconductors increase rapidly with rising temperature.
These are the most easily identified traits of semiconductors.

Semiconductors may be elements such as silicon and germanium, or
compounds such as cadmium sulfide (CdS) and gallium arsenide (GaAs), or
alloys such as Ga, Al,_, As where x may be any value between zero and one.
Many organic compounds such as anthracene are also semiconductors (Gut-
mann and Lyons, 1967).

Many of the electronic properties of semiconductors can be explained
with a simple model. Figure 3.2a shows the arrangement of silicon atoms in
the silicon crystal. Silicon is a valence IV element and each atom has four
electrons in the outermost shell. In a silicon crystal every atom has four
nearest neighbor atoms, with each of which it shares two covalent electrons,
thus completing the stable eight-electron shell. It takes 1.12 eV of energy,
known as the bandgap energy of silicon, to separate an electron from the
nuclei and create a free conduction electron. Conduction electrons are usually
referred to simply as electrons. They can move freely and carry electric
currents. The removal of an electron from a nucleus leaves behind a hole or
a void. Electrons from neighboring atoms can fill this hole and thus cause the
hole to move to a new site. This motion of the electrons naturally also carries
electric current. It is easier to think of this conduction of current as due to the
motion of positively charged holes in the opposite direction. The concept of
a hole is analogous to that of a bubble in a liquid; although it is actually the

=|S|l=ﬁl=ﬁl= =ﬁ|=ﬁ]=ﬁ|_ =ﬁa=?|5=ﬁa=
4

=Si=Si=S8i= = |=P/=Si= =As=0a=As=

Lo non [

(@) (b) (c)

Figure 3.2 A simple model of semiconductors: (a@) The electron bond diagram of
pure Si. (b) The diagram of an n-type Si doped with phosphorous atoms. (¢) The
structure of GaAs.
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liquid that moves, it is much easier to think of the motion of the bubble in the
opposite direction.

In a semiconductor having bandgap energy E,, the (conduction) electron
density n and the hole density p have the following relationship:

np = Be 5 = p} 3.2.1)

where B is more or less a constant for all semiconductors (B = 10* cm™),
k is the Boltzmann constant, and 7 is temperature in degrees Kelvin. In pure,
or intrinsic semiconductors, n and p are equal and

n=p=un 3.2.2)

Therefore n; is known as the intrinsic carrier concentration. Table 10.2
shows the E, of some selected semiconductors.

For Si, with E, = 1.12 eV, n; is only about 10" cm™ at room tem-
perature. When one considers that metals have n > 10° cm™ it is clear that
pure silicon is relatively nonconductive. The conductivity of Si may be
increased by adding a small amount of group V elements such as P or As, as
shown in Fig. 3.2b. After contributing four clectrons to fulfill the covalent
bonds, P has a fifth electron that can then easily escape from the P nucleus
and become a free electron. Such impurity atoms are called donors, since they
donate electrons. If the donor density N, is much larger than n;,

n==N, (3.2.3)

and
p=nin=niN, (3.2.4)
For example, a Si sample doped with 10" cm™ of P would have n = 10%
cm™ and p = 10° cm™. Notice that n >> p in donor-doped semicon-

ductors, which are called n-type semiconductors. Here electrons are the
majority carriers and holes are the minority carriers.

Similarly, if group III elements such as B or Al are added into Si, holes
are created. Such dopant atoms are called acceptors since they accept addi-
tional electrons; and semiconductors doped with acceptors are called p -type
semiconductors. If N, is the acceptor density,

p=N, (3.2.5)
and
n=niN, (3.2.6)

In p-type semiconductors, p >> n. Holes are the majority carriers and elec-
trons are the minority carriers.

The above discussion also applies to Ge, another group IV semicon-
ductor. For another example, Fig. 3.2¢ shows the atomic arrangement of
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gallium arsenide. Ga is a group III element and As is a group V element. The
most common donors of GaAs are group VI elements such as S, which
substitutes for As. The most common acceptors of GaAs are group II ele-
ments such as Te, which substitutes for Ga. Si, a group IV element, can be
either a donor or an acceptor in GaAs, depending on whether it substitutes for
Ga or As, which in turn depends on the temperature at which Si is introduced
into GaAs.
The electrical conductivity o of a semiconductor is

= quan + qup (3.2.7)

where u, and u, are the electron and hole mobilities, which are two charac-
teristic parameters of the semiconductor and, for a given semiconductor, are
somewhat dependent on doping density and temperature. The conductivity is
roughly proportional to the majority carrier density. Figure 3.3 shows the
conductivities of p- and n-type Si. It is common to specify the dopant type
and conductivity of a sample. From Fig. 3.3, the dopant density can be found.

One often encounters a graphical représentation of semiconductors
known as the energy-band diagram. The upper line in Fig. 3.4a is the
conduction-band edge, representing the lowest energy that conduction elec-
trons may have. The lower line is the valence-band edge or the lowest energy
that holes can have. The two lines are, of course, separated by the bandgap
energy E,. Most electrons have energies within a few AT above the
conduction-band edge. Most holes have energies within a few 4T below the
valence-band edge. Seeking the lowest energy point, an electron moves
downward and a hole moves upward in the energy-band diagram—a fact that
happens to fit the bubble analogy of holes well.

Since the conduction-band edge represents the energy of an electron at
rest (zero kinetic energy), it must reflect the variation of electric potential. In
Fig. 3.4b, the left end of the sample is at a potential (defined by convention
for a positive charge) 2 volts higher than the right end. The electron potential
energy then is 2 eV lower at the left end. The consistency of the pictures
presented so far may be verified by one observation. The voltage source in
Fig. 3.4b creates a field pointing to the right in the sample. Electrons would
be accelerated to the left and holes to the right. This means that electrons
move downhill and holes move uphill in the accompanying energy diagram,
as expected.

3.3 LIGHT ABSORPTION AND CARRIER GENERATION

Each semiconductor is characterized by a bandgap energy E,, the energy
needed to free an electron from the nucleus and thus create one electron-hole
pair. This energy can be supplied in the form of light. Each light photon has
energy hv, where /1 is the Planck’s constant and v is the frequency of the light
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wave. The energy hv can be expressed as

c 1.24
hv(eV) h)\ A(um) (3.3.1)
where c is the speed of light and A is the light wavelength. For example, each
light photon of 0.62 um wavelength has 2 eV energy. Semiconductors can
absorb photons having hv > E,. The energy of each absorbed photon is
consumed by raising a valence-band electron into the conduction band and
creating one electron and one hole.

Each photon having hv greater than E, (up to several E,) is capable of
generating one and only one electron-hole pair. The excess energy is dissi-
pated as heat. Photons with hy < E, are basically not absorbed by the
semiconductor and cannot generate electron-hole pairs. This fact plus the
spectral distribution of solar radiation lead to the conclusion that the max-
imum photon-absorption rate or carrier-generation rate per unit area is a
function of E, of the semiconductor, as shown in Fig. 3.5. Figure 3.5 is also
a plot of the cell-current density assuming that all the light-generated carriers
contribute to the cell current. The actual carrier-generation rate may be less

60 T L] T L] Ll T T
E S50}
2 13
<
£
S | g
z 40 3
i -
z 12 5§
g 30 gg
3 YY)
) £
E
S 11
E i
!
= W0}

0 i i 1 A ] 1 L 0

1.2 1.6 2.0 24
Bandgap E,, ¢V

Figure 3.5 The carrier-gencration rate and the maximum available cell current per
unit area of ccll as a function of the bandgap encrgy of the cell material. (See Chap. 2
for explanation of the air mass number.)
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because of, for example, light reflection at the cell surface; and the actual cell
current may be yet less because of incomplete collection of the carriers, as
discussed in Sec. 3.6. The important fact is that cells made of narrow bandgap
(small E;) materials can be expected to generate more current.

There is a more subtle aspect to light absorption. Photons are not ab-
sorbed immediately upon incidence on the semiconductor surface. Rather,
some photons can travel a considerable distance in the semiconductor before
being absorbed. In general the photon flux, number of photons per square
centimeter per second, decreases exponentially with the distance of travel x

F(x) = F(0O)e™ (3.3.2)

Therefore, the rate of photon absorption and hence the rate of carrier gener-
ation per unit volume is

_ —dF() _

G e aF(0)e™ (3.3.3)

a is called the absorption coefficient and is the inverse of the average photon
penetration depth. As shown in Fig. 3.6, a is a function of A or hv. a is

r{ v 1 v 1 v 1 v1r 17+ 717 71 117 T717717]

J—Solar spectrum—|

1o |
10 b
10* |

100 L

Absorption coefficient a, cm™'

10" [ P P U S SRR REPEE RPN R S T

1.0 1.8 2.6 34 4.2 5.0

Photon energy hw, eV

Figure 3.6 Light absorption cocfficient as a function of photon encrgy. Si and GaAs
typify the indircct- and direct-gap semiconductors.
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essentially zero for hvy < E,* and larger than 10° cm™' for large Av. In the
GaAs case, this transition in a occurs rather abruptly; in Si, it occurs gradu-
ally. An abrupt change in a from O for hv < E, to a value larger than 10
cm™! for hv > E, is characteristic of a class of semiconductors called the
direct-gap semiconductors. Besides GaAs, this group includes InP, CdS, and
Cu,S. The behavior of Si is characteristic of the other group called the
indirect-gap semiconductors, including Ge and GaP. It is difficult to predict
whether a semiconductor is of the direct-gap type or the indirect-gap type
since the difference is caused by the different electronic structures of the
semiconductor crystals in a complicated way.

The effects are clear. Figure 3.7 shows that Si, an indirect-gap semicon-
ductor, cannot absorb nearly all the photons with hv > E, until the sample
is at least 100 um thick. By contrast, GaAs, a direct-gap semiconductor, can
do so with a sample 1 um thick. Direct-gap semiconductors, then, are more
suitable materials for “thin-film” solar cells. In general, less (thinner) direct-
gap semiconductor material is required for making solar cells than is indirect-
gap semiconductor material. This may be an important consideration in the
selection of solar cell materials.

3.4 CARRIER RECOMBINATION

Echoes in a canyon eventually die out; water stirred by a cast stone will regain
its calm. Nature provides means for things to return to their equilibrium
states. If the carrier concentrations are made to exceed their equilibrium
values given in Egs. (3.2.3) to (3.2.6), such as by photo-carrier generation,
the excess carriers die away by recombination. The rate at which excess
electrons and holes recombine and annihilate each other in pairs is

(cm™3s™")

. . n — Iy = Po
Recombination rate, per volume per second = =2_P
T T

3.4.1

no and po are the equilibrium electron and hole densities; 7 is the re-
combination lifetime or simply the lifetime of the carriers.

Long lifetimes are desirable if not essential for achieving high solar cell
efficiencies. In direct-gap semiconductors of moderately high doping densi-
ties, the dominant recombination mechanism is usually the band-to-band
recombination illustrated in Fig. 3.8a. Clearly, the higher the majority carrier
concentration, the higher the probability of electrons’ meeting and re-
combining with holes; thus one finds

* Measuring the edge of the absorption spectrum is in fact the most common way of finding
the E, of a semiconductor.
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Figure 3.7 Maximum available cell current density and rate of photon absorption as
function of cell thickness.

C
Thand-band = m (3.4.2)
This recombination mechanism is the reverse of photon absorption. It is
therefore more likely in direct-gap semiconductors, for which C = 10"
s*cm™>, than in indirect-gap semiconductors, for which C = 10" s-cm™?
(Varshni, 1967).
Figure 3.8b illustrates the Auger recombination. Since two majority
carriers are involved,

S CICHINC) Q
ana— Photon Y fetilc'g:nbination
® ® 00 ®

(a) » ©

Figure 3.8 Important recombination mechanisms: (@) Band-to-band recombination is
the reverse of photon absorption and important in direct-gap semiconductors. (b)
Auger recombination is dominant in heavily doped semiconductors. (¢) Re-
combination through traps is dominant in lightly doped Si.
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D
(doping density)?

Tauger = (3.4.3)
Auger recombination may be dominant in most heavily doped semicon-
ductors.

For lightly doped semiconductors, recombination through recombination
centers (also known as deep levels or traps) may dominate. This is illustrated
in Fig. 3.8¢. In such materials,

1

UO'TNT

Tip = (3.4.9)
where ¢ is the thermal velocity of the carriers, o is the capture cross-section
of the traps, and Ny is the trap concentration. Some chemical impurities in Si
such as gold and platinum have large or and therefore must be avoided in
solar cells. Many semiconductor processing steps can create crystal imper-
fections (see Chap. 4), which behave as traps. It is possible for a silicon
sample having a lifetime as long as several hundred microseconds at the
beginning of the solar cell fabrication process to emerge at the end of the
process with a lifetime shorter than one microsecond.

Finally, since the total recombination rate is the sum of the three separate
recombination rates,

[ A e 545
T Thand-band TAuger Tirap

Figure 3.9 shows that recombination lifetime can vary randomly over a
large range due to unintentionally introduced recombination centers. The only
predictable trend is that carrier lifetimes tend to fall off at high doping
densities, presumably due to Auger recombination and, in the case of direct-
gap semiconductors, band-to-band recombination.

Another concept closely related to recombination lifetime is diffusion
length. Suppose there is a steady source of carrier generation at one plane in
a sample; the minority carriers will diffuse away from the plane while re-
combination diminishes their numbers. The result is an excess-carrier-density
profile that decreases exponentially with distance from the plane with a decay
length called the diffusion length, L (Muller and Kamins, 1977),

L = ViTutqg = VDT, 3.4.6)

where D = kTu/q is the diffusion coefficient. Usually L and D are accom-
panied with subscripts » or p 1o denote whether electrons or holes are being
considered.

3.5 pn JUNCTIONS

All practical photovoltaic cells have intentionally built-in asymmetry, i.e.,
one side of the cell is different from the other side. Without some asymmetry,
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Figure 3.9 Recombination lifetime in n-type Si measured by different investigators
(indicated by differcnt symbols). At high doping densities, the lifetimes fit Eq. (3.4.3)
with D = 10"'s-cm™®. 7, has similar dependence on po.

there would be no reason for current to flow in one direction rather than the
other (assuming uniform illumination in both directions) and the only recon-
ciliation would be that no current flows in either direction. When the asym-
metry consists of a p-type semiconductor on one side and an n-type semicon-
ductor on the other, as shown in Fig. 3.10a, the structure is known as a pn
Junction. In this section, we shall discuss unilluminated pn junctions and
remark on the general properties of some other junction structures of interest.

Due to the differences in electron and hole concentrations on the two
sides, there is a strong tendency for electrons to diffuse from the  side to the
p side and for holes to diffuse in the opposite direction. Such diffusions would
cause positive charges to appear on the.n side and negative charges to appear
on the p side (Fig. 3.10a). The resultant double layer of charges sets up an
electric field. The field in turn creates an internal potential drop at the junc-
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Figure 3.10 (a) pn junction. (b) and () Energy-band diagrams with no voltage and
with V applied across the junction.

tion. This condition is illustrated in Fig. 3.10b by the use of an energy
diagram. The tendency of the electrons to diffuse to the right is balanced by
their tendency to move downward in an energy diagram (see Sec. 3.2) or to
be stopped by a potential barrier. To exactly counterbalance the diffusion
tendency, the built-in voltage can be shown to be (Muller and Kamins, 1977)

3.5.1)

The space containing the two charge layers is called the depletion region or
the space-charge region.

When a bias voltage is applied to the junction with the p side positive with
respect to the z side, the pn junction is forward-biased and the energy diagram
is as shown in Fig. 3.10c. The potential barrier is not high enough to balance
the diffusion tendency and electrons are injected into the p side and holes
injected into the n side with a resultant current flow. For reference and without
proof or discussion, we now list the basic equations (Muller and Kamins,
1977, or Grove, 1967, or any textbook on semiconductor electronics) that
govern the behaviors of the minority carriers. (See Fig. 3.10a for the geom-
etry of the junction.)

4y _ M = Mo _ o (3.5.2)
dx qTa

electrons on p side

J, = qunE + gD, “11—'-'1‘ (3.5.3)
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dly L Pn =P _ g (3.5.4)
dx q7, .
holes on n side
ipa
J, = qup,E — gD, (‘f (3.5.5)
The boundary conditions are
Pu = P x = (3.5.6)
n, = e’ x=x+ W (3.5.7)
- 4 =
Sp(pn - pu()) - D’,E - H‘I’an[I x=0 (3'5-8)
d
S.(n, = m0) = —D, ‘7"‘8 -k,  x=H (3.5.9)

J is the current density, u is the mobility, S is the surface recombination
velocity, and D = kTu/q is the diffusion coefficient. The subscripts # and p
indicate electrons or holes except for n, and p,, which are the electron
concentration on the p side and the hole concentration on the » side, re-
spectively. The subscript 0 stands for equilibrium.

If the doping levels on the two sides are uniform, then the electric fields
outside the depletion region, E, and E,, are negligible and the solution to
Egs. (3.5.2) through (3.5.5) is

Pa=pro=C) cosh = +Cy sinh =~  x=x, (3.5.10)
L, L,
np,—n,0=C, cosh Ll+ C, sinh - Z x+W=x=sH
(3.5.11)

Using the boundary conditions of Egs. (3.5.6) through (3.5.9), C, through C,
can be found and the injected current density (A/cm?) is

Jinj=Jo (e~ 1) (3.5.12)
S L S L H' H:
e Lind _L+ =L n —-_ H —_
J — D[) n; D[) OSh Lp SInh L,p + D l D,, COSh Ln +Slnh L"
b= g —L— Zn i
LNSL X; X; LNSL H' H'
d Opp L4 has A z inh — —
D, sinh L cosh L D. sinh L"+cosh L
(3.5.13)

Jo is known as the reverse saturation current of the junction. We shall see
later that it is desirable to minimize J, of a solar cell. It is only necessary to
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remember from Eq. (3.5.13) that the first term represents hole injection into
the n region and that, to minimize it, N, and L, should be made large and S,
small (few recombinations at the front surface). The second term represents
electron injection into the p region and can be reduced by making N, and L,
large and S, small. Even for arbitrary and nonuniform N,, Ny, E, 7, and D,
Eq. (3.5.12) is still valid; however, it is impossible to express J, in a closed
form in the general case.

While the current represented by Eq. (3.5.12) is the dominant one in
high-quality Si pn junctions, it may not be dominant in low-quality junctions
of Si or junctions of semiconductors with high E, (therefore small n %y such as
GaAs. Often, another current called the depletion-region-recombination cur-
rent is significant. This current results from the recombinations that occur
within the depletion region. It can be shown (Grove, 1967) that this current

100 mA

]

T

10 mA

I mA

Current

100 nA

10 uA |

I pA 1
0 0.2 0.4 0.6 0.8 1.0 1.2

Forward voltage, V

Figure 3.11 /-V characteristics of high-quality pn junctions at 25°C. Large arca pn
junctions typically show higher currents at the low voltage range.
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density is
J, w“wq”" (3.5.14)

26, +Nd
—(V 5.
\/ Vy — NN,, (3.5.15)

€ is the permittivity of the semiconductor. Also, at high current levels, the
so called high-level-injection effect invalidates Eq. (3.5.12) and makes Jiy;
follow a e?"* relationship. Figure 3.11 shows some actual current-voltage
curves and highlights the effects of temperature and bandgap energy. Often,
over a current range the /-V characteristics may be fitted to

J = Jo(e? = 1) (3.5.16)

where vy is between 1 and 2 and J, and vy are determined by curve fitting. It
will be seen later that good solar cell performance demands small Jo and 7.

Figure 3.12 plots Eq. (3.5.16) on a linear current scale. Clearly, a pn
junction passes large current in one direction only. Therefore, a pn junction
is a rectifying junction. As a practical device, a pn junction is called a rectifier
or a diode.

Many other types of junctions also exhibit the behavior represented by
Eq. (3.5.16). They include certain metal/semiconductor or Schottky junc-
tions, electrolyte/semiconductor junctions, and junctions between two dis-
similar semiconductors such as Cu,S and CdS. These junctions are interesting
and attractive alternatives to pn junctions as solar cell structures. Any dis-
cussion of solar cells based on Eq. (3.5.16), then, applies to all types of solar
cells and not just to pn junction solar cells.

—25°C

100°C

n P

—K— T Figure 3.12 [-V characteristics and symbol
! 4
14 of a rectifying diode.
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3.6 SHORT-CIRCUIT CURRENT

In this section we analyze the diode current in the presence of light and
introduce the important concept of the short-circuit current.

If the two terminals of a diode are connected through a conductor (short
circuit), no current will flow in the circuit according to Eq. (3.5.16), since the
diode voltage is zero. A delicate balance exists between the tendency of
carrier flow by diffusion and the impeding effect of the potential barrier at the
junction. The balance is tipped when light shines on a diode, as shown in Fig.
3.13. A current, aptly called the short-circuit current, I, flows in the circuit
from the p-side terminal to the n-side terminal.

The most convenient way of analyzing the short-circuit current is to
divide the solar spectrum into many segments, each having a narrow range
of wavelength, and find the current due to each spectral segment. Since each
spectral segment is essentially monochromatic, it may be assigned a single
wavelength A and an absorption coefficient a(A). If the number of incident
photons in this spectral segment per square centimeter per second is F(A), the
carrier-generation rate (cm™ s™') [Eq. (3.3.3)] is

G(x) = aF(l — R)e™™ (3.6.1)

where R is the reflectivity of the solar cell surface and is in general a function
of A. The minority carrier continuity equations are

% - % + G(x) =0 for electrons in p-type material
(3.6.2)
and
ﬂe Pn = Pno _ - .
+ -G =0 for holes in n-type material
dx q7p
(3.6.3)

J. and J, are given in Egs. (3.5.3) and (3.5.5). The boundary conditions,

Light

Figure 3.13 Schematic showing the di-
rection of short-circuit current generated
—k— by light. The front layer (n-type in this
illustration) is usually a diffused region;
the p-region is the bulk or the base.
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Eqgs. (3.5.6) through (3.6.9), are applicable except that V = 0 (short circuit)
in Egs. (3.5.6) and (3.5.7). Again assuming zero electric fields outside the
depletion region, the general solution to Eq. (3.6.3) is

Pa(X) — po = A cosh {— + B sinh = — afd - Ry e (3.6.4)

, L, aLl-1

A and B can be determined from the boundary conditions and the resulting
hole photocurrent at the junction, x = x;, is

J = gF(1 — R)al,
? a’l}— 1
Sl +al, — e Sk cosh 2 + sinh ﬁ)
DI’ DP LP Ll’ —ax
—al,e™v
ok sinh 2 + cosh 2%
D, L, L,
(3.6.5)

This is the photocurrent due to the holes generated in the top layer of a
n/p (n on p) junction solar cell and collected by the junction. Similarly, Eq.
(3.6.2) can be solved to yield the photocurrent due to electrons collected at
the junction from the p layer behind the junction,

- qF(1 — R)al,

* a’l? -1

e-a(l,#“’)

SaL, H’ it . H' —alt’
A — - + — +
D, (cosh L e ) sinh I al,e

X - . .6.
ok Saly sinh H' + cosh H 000
Dll LII Ln

where x;, W, H', and H are defined as in Fig. 3.10.

The electric field in the depletion region is so high that nearly all the
light-generated carriers are swept out of the depletion region before they can
recombine. The photocurrent due to the depletion region is therefore equal to
the number of absorbed photons multiplied by ¢:

Jou = qF(1 — R)e (1 — e™°%) (3.6.7)
Je(A) =J, + Jp + Ja (3.6.8)

W is given in Eq. (3.5.15). The total short-circuit photocurrent J,. is the sum
of Egs. (3.6.5), (3.6.6), and (3.6.7). These three equations can be rewritten
for p/n cells by interchanging the subscript # with subscript p. The short-
circuit current is a function of the cell design and is proportional to the photon
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flux. To isolate the effects of the internal cell design parameters, one often
studies the spectral response of the cell
Jic(A)
SR = ——— 3.6.9
gF(1 — R) ( )
This internal spectral response is simply the ratio of the number of collected
carriers to the number of photons entering the cell. When the surface
reflectivity is considered a cell design parameter, one also speaks of an
external spectral response

J(A)
qF

Clearly SR is always greater than SR, and both are less than unity. The
spectral response is also known as the collection efficiency, Nean(A)-

Figure 3.14 shows the calculated internal spectral response of several
silicon solar cells. For wavelengths shorter than 4000 A, photons are almost
completely absorbed in the front n region. In this wavelength range, n.an(A)
is determined by Xx;, s,, and 7,, which is assumed to be 3 ns. Between 5000

SR = (3.6.10)

nip solar cell - Tyo T oy [ seem-s] 7. (o] #mm) | n(aMO)

(computed)
1 0.4 10* 3 0.3 0.71
2 0.1 10° 3 0.3 0.79
3 0.2 10 3 0.3 0.83
4 0.2 10? 12 1.0 0.88

Non (A)s %

0 L 1 L 1
2000 4000 6000 8000 10,000 12,000

Wavelength, A

Figure 3.14 Caiculated internal spectral responses of Si solar cells. Assumptions:
7 = 3 ns, S, — =. (Wolf, 1971.)
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A and 9000 A, the bulk lifetime, 7, and x; are important. Most of the usable
solar insolation falls in this spectral range. Beyond 9000 A, photons have long
penetration depths in Si. Therefore the cell thickness and the recombination
velocity at the back surface, S,, assumed to be infinite, are important.

The total cell short-circuit current is the sum of the contributions fromall
the spectral segments

Je = X qF (A1 = RA)ISR(A) (3.6.11)
The total collection efficiency is
New = Judq Y, F(A) (3.6.12)

g2, F(A) is simply the maximum available short-circuit current (plotted in
Fig. 3.6). Typical solar cells collect 60 to 90 percent of the maximum possible
current.

3.7 EFFICIENCY

In Sec. 3.5 we have analyzed the diode current under voltage bias in the dark,
and in Sec. 3.6, the diode current in the light without bias (short-circuit).
When both light and voltage bias are present, the total diode current is the sum
of /. and the dark diode current.

I(V) = I, + dark diode current as function of V
= [ = I[ed"D — ] 3.7.h

following Eq. (3.5.16). Figure 3.15a illustrates this summation. If light
intensity varies, /. varies and the /-V curve would move as a whole up and
down in the figure. Figure 3.15b is the equivalent circuit of a solar cell. The
output voltage and current of a solar cell is determined only when a load is
connected to the solar cell. An ideal battery load, which has fixed terminal
voltage, is assumed in Fig. 3.15c, while a resistive load is assumed in Fig.
3.15d. When the load is a short circuit (V,,, = 0), I,y is simply /... When the
load is an open circuit (/s = 0), the corresponding V,, is called the open-
circuit voltage, V... From Eq. (3.7.1)

Ve = ﬂln (ﬁ + l) (3.7.2)
q lo
The power output is
Pouw = Vo X Loy 3.7.3)

By observation of the /-V curve, one expects that a particular pair of V,,
and [, called V,, and /,, will maximize P,,.
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max Py =P, =V, X I, (3.7.4)

V., can be found by substituting /,, in Eq. (3.7.3) with I, — I,
X [e@s*D) — ], differentiating P, with respect to V,,, and setting the result
equal to zero. Once V,, is known, /,, and P, can be calculated. Depending on
qVoc! YT, V,, is typically 75 to 90 percent of V,., and /,, is typically 85 to 97
percent of I,.. It is useful to define a fill factor,
P
FF = ——Vm x 1. (3.7.5)
which is just the ratio of the area of the largest rectangle that can fit under the
I-V curve to the product V. X /.. The maximum possible power output can
now be expressed as

Fn = Voo X I X FF (3.7.6)

FF is a function of gV,./¥T, or In [({./Io) + 1] as shown in Fig. 3.16.
The power conversion efficiency of a solar cell is

1
lw
V« 1 Iout
\ v + +
Dark 1. V V. |Load
8%
(@ b)
1 — Battery load 1
E——————=| line
T O e
| Resistive
I\ load line
|
1
| V..
v 1 v
Ve Vo

() (d)

Figure 3.15 (a) By superposition, /.. plus the dark current yields the /-V curve of a
solar cell. (») Ccll I-V curve and load determine the output current and voltage. (c)
An ideal battery load. (d) A resistance load.
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LIGHT SENSORS; PHOTODIODES AND PHOTOCONDUCTORS

Referring to Fig. 3.15a, a short-circuited or reverse-biased diode (negative V)
passes no (or negligible) current in the dark, and in the light passes /.., which
is proportional to the light intensity. By measuring the reverse current one can
gauge the light intensity. When used in this fashion the device is called a
photodiode.

Photodicdes, often made of silicon, are used, for example, as the detectors
or receivers in the emerging fiber-optical communication systems. In such
systems, signals are transmitted as variations in light intensity through glass
fibers as thin as human hair. The glass is of such clarity that light is attenuated
by as little as 10 percent in traveling through a 1-km length of the fiber.

Another common type of light sensor is the photoconductor. Photo-carrier
generation incrcascs the electron and hole densities in a semiconductor and thus
increases its conductivity (see Eq. 3.5.7). By measuring the conductance
change (change of current under constant applicd voltage), one can sense the
light intensity. CdS photoconductor sensors are widely used in the exposure
systems of cameras. Unlike Si, CdS does not respond to infrared light and thus
matches human eyes more closely.

P _ Vo X1 X FF
" = B incident solar power (3.7.7)

In order to achieve high conversion efficiency, it is clearly desirable to have

1.0
11
09| Vo Voo
08 F
FF
0.7}
0.6
0.5 1 1 L i il )l
0 5 10 15 20 25 30 35
qVol YkT

Figure 3.16 V,./Vi. In/l., and FF as functions of gV./ykT. Note that
qu/‘ykT = ln(l‘c/ln + l)-
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high I, or high collection efficiency, high V. or low dark current, and high
fill factor or a sharp corner in the I-V curve.

Present-day Si solar cells have efficiencies between 12 and 17 percent
under one sun (AM ) illumination. Figure 3.17 is an accounting sheet of the
energy losses (Wolf, 1971). In the solar spectrum, 26 percent of the energy
is in the photons having hv < 1.1 eV. Of the remaining useful photons, most
have energy much larger than 1.1 eV. The excess energy is wasted since there
is no difference between the electron-hole pairs generated by a 1.1-eV photon
and by a 2.5-eV photon. Forty-one percent of the energy in photons is so
wasted. Even an ideal cell can only turn the remaining 0.78 X 0.59 = 0.44
or 44 percent into electricity. Depending on the cell design and the material
parameters, real cells have efficiencies between 12 and 17 percent.

3.8 FACTORS AFFECTING THE CONVERSION EFFIENCY

Bandgap Energy

The relationship between V,. and E, can be illustrated by assuming that /;,; in
Eq. (3.5.12) is the dominant diode current

Ve =—In= 3.8.1
q Jo ¢ )

From Egs. (3.5.13) and (3.2.1)

Ny N,
= Be EekT (% + %) (3.8.2)
d a

where the definitions of C, and C, are obvious from Eq. (3.5.13). Substituting
(3.8.2) into (3.8.1)

E, kT [B(C,  Ca
=2 - —n|—(2+ 8.
e~ E-in [JQ(N,, N)] (3.8.3)

Since it is logarithmic, the second term in Eq. (3.8.3) is more or less a
constant and is typically 0.5 V. Thus, Si has E, = 1.12 eV and silicon solar
cells have V. = 0.55 V; GaAs has E, = 1.43 eV and GaAs solar cells have
Ve =09V.

V.. increases with increasing E,. On the other hand, in Fig. 3.7 we have
seen that the maximum possible J,. decreases with increasing E,. As a result,
we may expect solar cell efficiency to peak at a certain E,. This is borne out
by Fig. 3.18, which plots calculated conversion efficiencies for unity col-
lection efficiency, 10'7 cm™* doping concentration and typical lifetimes.
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Total incident energy

Insufficient photon
X 0.74 energy, hv < E,
Excessive photon
x 0.59 energy, hv > E,
on = 0.9
Neon = 0.7 el
Vo =06%
q
Ve = 0.5 ’—f; FF =039
FF = 0.8
n=21%
7= 12% Figure 3.17 Accounting of the energy
losses in a typical low efficiency and a
hypothetical, very high efficiency, Si
Low 7 High 5 solar cell.

It is worth noting that the “maximum” efficiencies shown in Fig. 3.18 can
be exceeded in concentrator systems (see Chap. 5) and in systems where
several solar cell materials (see Chap. 12) or materials having graded band-
gaps (see Chap. 11) are employed.

Temperature

Figure 3.18 also shows that n decreases with increasing temperature. A
reading of Sec. 3.6 would show that / is insensitive to T. It is V. that is
responsible for the temperature dependence. From Eq. (3.8.3)

e _ 1dE; k| [A(CF + _C_)]

ar q dr q Jse A—,d N,
1dE, 1(E,
==L _(E_y 3.8.4
q dTr T(-q ) -84

For 8i, dEg/dT = —0.0003 eV/°C, E,/jq — Vi = 0.5 V, therefore
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Figure 3.18 Calculated upper limits of efficiency. Assumptions: Unity collection
efficiency, 10'7 cm~? doping, typical lifetimes. These limits may be exceeded by
using light concentration or employing more than onc solar cell material. (Rappaport,

1959.)

dV,./dT = —2 mV/°C. For every 1°C increase in temperature, V. drops by
about 0.002/0.55 = 0.4% of its room temperature value, and hence 7 drops
by about the same percentage. For example, a Si cell having 20% efficiency
at 20°C will only be about 12% efficient at 120°C. For GaAs, Vi drops by 1.7
mV or 0.2% per °C. These calculated values agree well with measured
temperature sensitivities. In Eq. (3.8.4), the dE,/dT term can usually be
neglected. dV,,./dT, then, can be predicted from the knowledge of E, and V.

of any given cell.
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Recombination Lifetime

Long carrier-recombination lifetimes are desirable mainly because they help
achieve large /... In indirect-gap materials such as Si, significant numbers of
carriers are generated as far as 100 sm from the junction, and recombination
lifetimes longer than | us are desirable. In direct-gap materials such as GaAs
or Cu,S, recombination lifetimes as short as 10 ns may suffice. Long lifetimes
also reduce the dark current and increase V..

The key to achieving long recombination lifetimes is to avoid introducing
recombination centers during material preparation and cell fabrication. Proper
but often elusive “gettering” steps in the fabrication process can improve
lifetimes by removing the recombination centers.

Light Intensity

In Chap. 5 we shall discuss the concept of focusing sunlight on solar cells so
that a small solar cell can produce a large amount of electric power. Assuming
that the sunlight intensity is concentrated by X times, the input power per cell
area and J, both increase by X times. V., according to Eq. (3.8.3), also
increases by (k7/q) In X, e.g., 0.12 V for X = 100. The output power
therefore increases by more than X times and the conversion efficiency is
higher as a result of sunlight concentration.

Doping Density and Profile

Another factor that can have a significant effect on V. is the doping density.
Although N, and N, appear in the logarithmic term in Eq. (3.8.3) they can also
be easily changed by orders of magnitude. The higher the doping densities,
the higher is V... A phenomenon known as the heavy doping effect has
recently received much attention. Because of the deformation of the band
structure and the change in electron statistics at high doping concentrations,
N, and N, in all the equations should be replaced by (N,). and (N,).r, which
are shown in Fig. 3.19a. Since (Na)er and (V). exhibit peaks, it may not be
advantageous to use very high N, and N,, particularly since the lifetimes tend
to decrease at high doping densities, probably due to Auger recombination as
discussed in Sec. 3.4. Figure 3.19b illustrates this point.

At the present time, the base doping density is usually about 10' cm™?
in Si solar cells and about 10'" cm™ in cells of direct-gap materials. The front
diffused region is usually doped to higher than 10" cm™? in order to minimize
the series resistance, which will be discussed later. The heavy doping effect
is thus more important in the diffused region.

When N, and N, or better, (N,)er and (V). are not uniform but decrease
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Figure 3.19 (a) The high doping effect: The cffective doping density saturates or
even drops with increasing doping density.
(b) Vo as a function of the bulk doping density. (Godlewski et al., 1977.)

toward the junction, electric fields are set up in such directions as to aid the
collection of photo-generated carriers. These fields improve /.. Such non-
uniform doping profiles are usually impractical in the base region of the cell.
They are natural in the diffused region—provided that attention is paid to the
heavy doping effect.
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Surface Recombination Velocities

Low surface recombination velocities help enhance /... They also improve V
by reducing /,. The recombination velocity at the front surface is difficult to
measure and is often assumed to be infinite (a perfect trap of carriers). If the
back of the cell is alloyed to a metal contact, the recombination velocity at
the back surface would also be infinite. In recent years, however, a design
called the back-surface field (BSF) cell (Mandelkorn et al., 1973) has become
popular. Figure 3.20 shows the structure. An additional p™ layer is diffused
into the back side of the cell before the metal contact is deposited. As the
energy diagram in Fig. 3.20 shows, the p/p” interface presents a barrier to
the electrons that would have easily reached the ohmic contact and re-
combined there. It can be shown that the recombination velocity at the p/p*
interface, which is now considered the back surface for evaluating Egs.
(3.5.13) and (3.6.6), can be expressed as (Hauser, 1975)

No Dut . Wy

N.- L. coth L. (3.8.5)
where N,+, D,+, and L,+ are the doping density, diffusion coefficient, and
diffusion length in the p* region. If W,- = 0, then §, = =< as expected.
However, if W,- is comparable to L,- and N,- >> N,, then §, can be assumed
to be zero. The effects of S, on J, V.. and 7 are illustrated in Fig. 3.21. Note
that both J. and 7 show a peak when §, is small.

S, =

Series Resistance

In any real solar cell there is some series resistance, which can arise from the
lead, the metal contact grid, or the bulk cell resistance. However, the domi-

Light | # P P’

VAN l—Metal contact

TSNS

Figure 3.20 Back surface field
cell. The field atthe p /p~ junction
retards the flow of the electrons to-
ward the back surface.
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Figure 3.21 Effects of the back surface recombination velocity on cell performance.
Note that 1 peaks at certain cell thicknesses when S, is small.

nant source of series resistance is usually the thin diffused layer. Current
collected at the pn junction in Fig. 3.1 must flow in the n layer to the closest
metal line, and this is a resistive path. Clearly, the series resistance can be
minimized by spacing the metal lines closely.

The effect of a finite series resistance, R, is to shift the /-V curve in, say,
Fig. 3.15d to the left by 7 X R,. Roughly speaking, this has the effect of
reducing V,, by I, X R,. If I, X R, <<V, the impact on 7 is minimal. This
is usually the case except when the material has very high resistivity, such as
with many amorphous and organic semiconductors, or when /,, is large, as in
a concentrator system.

Metal Grid and Optical Reflection

The metal contact grid on the front surface is opaque to sunlight. To maximize
1., the area occupied by the metal grid should be minimized. In order to keep
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R, low, the general rule is to make the metal grid in the form of closely
spaced, fine lines.

Not all the light can enter Si because of optical reflection. The reflectivity
of a bare Si surface is about 40 percent. It can be reduced by the use of
antireflection coatings. For a single-frequency light incident on the cell at a
right angle, the reflectivity can be made zero by a single coating one-fourth
wavelength thick and having an index of refraction equal to \/n, where n is
the index of refraction of Si. More than 90 percent of the usable photons in
the solar spectrum can be transmitted into Si when a 600-A coating of Ta,0s
is applied; 84 percent is transmitted with a 10600-A coating of SiO,. Better
results can be achieved with multiple-layer coatings (Wang et al., 1973). Less
is transmitted when light is incident at an oblique angle.

3.9 SUMMARY

Many structures, such as pn junctions and metal-semiconductor junctions,
exhibit a distinctive rectifying /-V characteristic as shown in Fig. 3.12. Under
illumination, their I-V curves are shifted parallel to the current axis as shown
in Fig. 3.15a4. Connected to a load, the device would operate in the quadrant
of positive voltage and positive current (Fig. 3.15), thus providing power to
the load.

The conversion efficiency of a solar cell is the ratio of its output electrical
power to the input light power. To achieve high efficiency. it is desirable to
have large short-circuit current, high open-circuit voltage, and large fill fac-
tor. The short-circuit current is higher if the solar cell is made from materials
with small energy gap, E,. Good fabrication processes and good cell design
can also increase the short-circuit current by minimizing carrier re-
combination. Solar cells made of material having a large E, tend to have
higher open-circuit voltage. Fill factor is a measure of the sharpness of the
knee in the I-V curve. It can be lowered by the presence of series resistance
and tends to be higher whenever the open-circuit voltage is higher. The
conversion efficiency increases with increasing light intensity and decreasing
temperature.

The highest efficiencies are expected from solar cells made from materi-
als with E, between 1.2 and 1.6 eV. For thin-film cells, direct-gap semicon-
ductors, which absorb photons near the surface, are preferable. The most
common solar cells, silicon pn-junction cells, have efficiencies ranging be-
tween 12 and 17 percent.
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PROBLEMS

3.1 Solar cell current versus bandgap What is the relationship between the left- and
right-hand vertical scales of Fig. 3.5? In your own words explain why cells made of
narrow bandgap materials may be expected to generate more current.
3.2 Simiplification of diode current expression

(a) Find the expression for Jo (3.5.13) in the limiting case of S, = §, = =.

(b) Further simplify the expression by assuming X; >> L,and H' >> L,. The
resultant expression should be familiar if you have studied the theory of pn junctions.
3.3 Derivation of solar cell 1-V expression

{(a) Show that Eq. (3.6.4) satisfies Eq. (3.6.3).

(b) Find A and B in Eq. (3.6.4) from the boundary conditions.

(c) Using the results of (b), verify Eq. (3.6.5).
3.4 Cell efficiency In your own words, discuss Fig. 3.14.

3.5 Calculation of cell efficiency Assuming that a Si solar cell has J.. = 35 mA/cm?
under AM1, from Fig. 3.5 find ncon. Assuming that its Jo = 107" mA/em?, find V.
and FF from Fig. 3.16 and its caption. Finally, follow the example of Fig. 3.17 to
find the efficiency of this cell. Note that n can be found more directly from
P = Jio X Vo X FF and the AMI radiation intensity given in Chap. 2. Try it.
3.6 Temperature effects Derive Eq. (3.8.4). Using the information in Fig. 3.18, plot
two curves of 7 versus T for Si and GaAs, respectively. Compare them with the
discussion in the text following Eq. (3.8.4).

3.7 Factors affecting cell efficiency Are Jic, Voe, and 7 improved, degraded, or not
significantly affected when each of the following is increased: T, T, E,, S, sunlight
concentration ratio, N, and N,,, cell thickness, series resistance, cell reflectance?





