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SOLAR CELLS

Solar cells are devices which convert solar energy directly into
electrical energy. These devices are usually made of semicon-
ducting materials, such as silicon or gallium arsenide. Silicon,
a group IV element in the periodic table, exhibits properties
that lie between a metal (conductor) and an insulator (non-
conductor), and therefore falls in the semiconductor category.
Semiconductor properties are essential in obtaining solar cell
characteristics. Properties of semiconductor materials can be
modified by introducing controlled amounts of other materi-
als—commonly referred to as impurities. In silicon, the addi-
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tion of group V elements (phosphorus, arsenic, etc.) provides 1000�C) to form the junction. Then, front and back metal con-
n-type impurities, or donors, creating n-type silicon (having tacts are deposited. Solar cells can be of any shape; however,
negative charge carriers, electrons); while the addition of circular, square, and rectangular are most common. A typical
group III elements (boron, aluminium, etc.) provides p-type silicon solar cell produces a voltage of more than 0.5 V and
impurities, or acceptors, creating p-type silicon (having posi- current proportional to solar cell area and intensity of the
tive charge carriers, holes). When n- and p-type silicon are sunlight. The solar light intensity on the cell surface is some-
brought together, the resulting interface is called a p–n junc- times increased by using a lens or a reflector, which together
tion, and the whole structure is generally called a diode. The with the cell forms a concentrator system. Various improve-
junction is the heart of the solar cell and is instrumental in ments in cell material, design, and processing result in an
converting sun’s energy, in the form of photons, into electri- increase in current-voltage values leading to enhanced energy
cal energy. conversion efficiency.

The semiconductor material absorbs a large portion of the Solar cells connected in series and/or parallel combina-
incoming solar photons, and the device converts their energy tions, referred to as a solar array, are designed to provide
to electrical current. A corresponding photovoltage is formed specific power requirements. The power produced by solar
in the device terminals. The absorption process takes place cells/arrays can be used for various applications, ranging
between the valence and conduction bands of the semiconduc- from microwatts to megawatts: that is, from operating a
tor. Incoming solar photons excite electrons from the valence wristwatch to large electric power stations. The photovoltaic
band to the conduction band and leave a similar amount of or solar cell technology offers several advantages—no need
empty states (holes) in the valence band. The minority elec- for dependence on depleting fossil fuel, low maintenance, long
trons thus generated in the p-type side of the junction diode, life, nonpolluting (except possibly during manufacturing), and
as well as the minority holes generated in the n-type mate-

modularity, as solar cells/arrays can be added anytime to in-rial, diffuse, on average, a distance that is called the minority
crease power. The drawbacks are low sunlight intensitycarrier diffusion length. If the minority carriers diffuse to the
(1 kW/m2 on Earth’s surface, at most), availability duringp–n junction, they are separated by the built-in electric field
daytime only, and high cost per unit power in comparisonin the p–n junction of the device. This phenomenon is called
with other energy production methods. However, solar cellthe photovoltaic (PV) effect. The light-generated current is
prices are decreasing at the same time as their manufactur-then collected by the front and back metal contacts. The front
ing capacities are increasing.metal contact is usually patterned in the form of a grid, in-

stead of just a continuous metal layer, to let the incoming
light penetrate inside the solar cell. An antireflection coating
is also usually deposited on top of the device to prevent losses SOLAR RADIATION
due to reflection of the light. Figure 1 shows the basic solar
cell device structure. In Figure 1, the device has a p-on-n po- Solar radiation consists of a wide spectrum of photons. The
larity, which means that the emitter layer is a p-type mate- largest portion of solar energy is located in the visible part of
rial, and the base layer an n-type material. the solar spectrum, between 300 nm and 700 nm. The photon

The photovoltaic effect was first observed by Becquerel in spectrum follows roughly the spectrum of a black-body emit-
1839. However, it was not until 1954, 115 years after the dis- ter at a temperature of about 5800 K. The solar spectrum
covery of PV effect, that the first practical solar cell device differs from the black-body spectrum, however, due to solar
(based on silicon) was developed at Bell Telephone Labora- physics and also due to light absorption and scattering in the
tories (see Refs. 1–3 for the history of the PV effect and solar Earth’s atmosphere. The ultraviolet part of solar radiation is
cells). To fabricate a very simple solar cell, a high concentra- largely absorbed by the ozone layer in the upper atmosphere,
tion of p and n impurities are diffused into n and p silicon and other gases in the atmosphere absorb at other wave-
base substrate, respectively, at high temperatures (900� to

lengths.
The solar constant is defined as the power input of solar

radiation per unit area at the average Earth’s distance from
the sun, about 150 million kilometers. The value for the solar
constant is 1367 W/m2 (this value varies somewhat depending
on the standard used). On the Earth’s surface, the power in-
put decreases to below 1000 W/m2. Air mass (AM) number is
defined roughly as the amount of atmospheric air masses be-
tween the sun and the solar cell. Therefore, in space, the solar
spectrum contributing to the solar constant is marked as air-
mass zero spectrum (AM0). On the Earth’s surface, when the
sun is at the zenith, the condition is AM1. A standard test
condition is marked as AM1.5, or AM1.5D (D implies direct
illumination), and this corresponds to a situation where the
sun is 45� from the zenith. One may add the letter ‘‘G’’ to this
abbreviation to refer to the global spectrum, in which also the
scattered light from the sky is added to the AM1.5D spec-
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Incoming solar light Antireflection
coating

Grid bus
bar

Back metal contact trum. The total energy input of the AM1.5G standard spec-
trum is 962 W/m2, although the standard measurement condi-Figure 1. Basic structure of a solar cell device.



620 SOLAR CELLS

The minority carriers are swept over the junction only if their
diffusion lengths are long enough. Figure 3 shows the minor-
ity carrier generation process and movement in the p-on-n
type solar cell energy band diagram. In a well-designed solar
cell, most of the generated minority carriers are thus collected
by the junction before they recombine with the majority carri-
ers. This current, which is formed by the minority carriers
swept over the p–n junction, is called photocurrent, and its
direction is that of the reverse of the diode forward current
flow. Because the operation of the solar cell is based on the
minority carriers, their dynamics is of crucial importance for
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the device. For minority-carrier devices in general, the diffu-
sion lengths of the minority carriers mostly define the perfor-Figure 2. Spectral irradiance of the solar light at Earth’s distance
mance of the device.in space (AM0) and on Earth’s surface (AM1.5G). The total power of

each spectrum is indicated in parentheses. When the solar cell is connected to an external closed cir-
cuit having a load resistor, the photocurrent produces a volt-
age across the load. The polarity of the load voltage causes

tion is 1000 W/m2. Figure 2 shows the most common standard the p–n junction to be biased in the forward direction. As in
spectra, AM0 and AM1.5G, as a function of photon wave- the case of any p–n junction diode, majority carrier diffusion
length. More detailed overview of the solar radiation can be current (‘‘dark’’ current) is then formed, and it opposes the
found in Ref. 4. light-induced minority carrier current in the solar cell. The

To utilize the available solar energy efficiently, the semi- increase of the diffusion current is a consequence of the self-
conductor material for the solar cell has to be chosen in such biasing induced lowering of the built-in barrier at the junc-
a way that the energy difference between the semiconductor tion. Due to the diffusion of the majority holes from the p-side
valence and conduction bands, referred to as the band-gap and majority electrons from the n-side (see Fig. 3) the net
energy of the semiconductor, lies within the photon energy current output of the solar cell decreases. Although the out-

put voltage increases at the same time, at some point the out-band. The band-gap is the most important parameter of the
put power begins to decrease. With a certain value of the loadsolar cell material. If the band-gap is too wide, most of the
resistor, the output power of the solar cell has the maximumsolar photons are transmitted through the material and do
value. The conversion efficiency of the solar cell is defined atnot get absorbed. On the other hand, if the band-gap is too
this point as the ratio of the maximum electrical output powernarrow, most of the photons are absorbed, but a large part of
of the solar cell and of the input light power. Typically, thethe photon energy is lost as heat. Therefore, the optimum
conversion efficiency may vary from 5% to 30%, depending onband-gap energy of the semiconductor material is just below
the semiconductor material and its crystal quality.the maximum intensity regime, 1 eV to 1.5 eV depending on

the air mass of the solar spectrum.
FUNDAMENTAL SOLAR CELL PARAMETERSWith typical single junction solar cells, a large amount of

the incoming solar energy is wasted due to light transmission
Quantum Efficiencyand heat generation, even with an optimal band-gap of the

material. Theoretically, a conversion efficiency of about 30% The quantum efficiency (QE) of a solar cell describes how
cannot be exceeded with single junction cells. Due to de- many electron–hole pairs are collected by the device with one
creased light transmission and heat generation, improved uti-
lization of the solar energy is expected if more than one solar
cell material is used in the device.

BASIC OPERATION OF A SOLAR CELL

The basic parts of a solar cell are the base and emitter layers.
They are doped n- and p-type in such a way that a p–n junc-
tion is formed between these layers. The thicker one of these
two layers is called the base layer, and the thinner layer, usu-
ally on the top part of the device, is called the emitter layer.
As an example, we may have an n-type base layer and a p-
type emitter layer. This kind of solar cell is said to have a
p-on-n polarity. The purpose of the p–n junction is to separate
the light-generated minority carriers from their counterparts
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photons Minority electrons

Majority electrons

Minority
holes

Window

Mirror
(back surface

field)
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EFp Emitter

Base

(majority carriers) before they unwantedly recombine with
Figure 3. Energy band diagram of a solar cell device. Incoming pho-each other. A built-in electric field is automatically formed in
tons generate excess minority carriers (electrons and holes), which

the junction; therefore, in the p-on-n device, the minority are collected by the electric field in the p-n junction. The window and
holes generated in the base layer are swept by the electric mirror layers prevent minority carrier recombination at front and
field to the p-type emitter, where they are majority carriers. back surfaces of the device: Ec � conduction band minimum, Ev �
Similarly, the minority electrons generated in the emitter valence band maximum, EFp and EFn are quasi-Fermilevels in the p-

type emitter and n-type base layers, respectively.layer are swept over the p–n junction to the n-type base layer.
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single photon, having a definite wavelength �. The quantum
efficiency is usually shown as a function of photon wave-
length. The electron-hole pairs generated at each wavelength
sum up to the photocurrent of the device; therefore, the quan-
tum efficiency shows also the solar cell’s capability of produc-
ing electrical current. Basically, ideal photovoltaic conversion
yields one electron-hole pair for each photon, and therefore
the maximum value for the quantum efficiency at any wave-
length is equal to one. The quantum efficiency may describe
either external or internal photovoltaic conversion. The exter-
nal quantum efficiency (e) is defined on the basis of taking
into account all photons entering the cell surface, and it is
therefore decreased due to reflection from the surface and
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from the front metal grid. In the internal quantum efficiency
Figure 4. Internal quantum efficiencies of Si solar cells with differ-(i), only those photons which penetrate inside the solar cell
ent minority carrier diffusion lengths in the base. The photogeneratedare taken into account. The external quantum efficiency
minority carrier collection of the device is enhanced if the diffusiontherefore describes the general behavior of the solar cell de-
length in the base is increased.

vice, and the internal QE describes more the solar cell semi-
conductor material quality. If one considers the active area of
the solar cell not covered by the front metal grid, the only By multiplying the quantum efficiency with the intensity
difference between the external and internal quantum effi- of the solar radiation at each wavelength and integrating the
ciencies is due to reflection (R) from the active area front sur- results over the whole solar spectrum, one obtains the photo-
face, or e(�) � [1 � R(�)]i(�). generated carrier current density, or the photocurrent density

At very short wavelengths, light reflection from the cell
surface becomes dominant. This is one reason why the exter-
nal quantum efficiency decreases rapidly below about 400 nm. JL = q

∫ ∞

0
F(λ)ηe(λ) dλ (1)

At long wavelengths, which correspond to photons having en-
ergies less than the band-gap of the semiconductor material, where q is the elementary charge, and F(�) is the incoming
the quantum efficiency drops to zero because no electron-hole photon flux. If a solar cell consists of an ideal p–n junction,
pairs can be generated by these photons due to their trans- the output current characteristics of the device is a sum of

the constant photocurrent and the opposing exponentiallymission. Between these wavelengths, the internal QE can be
varying forward diffusion current. In the case of an idealnearly one. The QE is decreased, however, if minority carrier
p–n junction, the solar cell voltage–current (IV) characteris-recombination takes place in the bulk material, at the inter-
tics can be drawn by shifting the dark IV curve along thefaces, or at the surfaces of the device.
current axis by the amount of photocurrent (Fig. 6). The pho-Because the penetration length of the photons strongly de-
tocurrent is opposed by the forward diffusion current over thepends on the photon wavelength, and because photocarriers
p–n junction, and by the recombination current in the spacegenerated deep in the device usually have to travel farther
charge region of the diode. For simplicity, the ideal diode dif-before being collected by the built-in field, by evaluating the
fusion current is considered first. In a real solar cell devicequantum efficiency curve one can reach conclusions on the
the recombination currents in the depletion region, interfaces,material and interface quality as a function of depth of the
and surfaces play important roles as well, and are treateddevice. Therefore, quantum efficiency characterization is a

powerful tool for analyzing solar cells. For example, one can
compare the quantum efficiencies of silicon cells having good
and bad crystal qualities and see that the diffusion length
of the minority carriers decreases due to crystal defects. The
degradation can be seen in the long wavelength regime (Fig.
4), because the photocarriers generated deep in the cell must
travel to the junction and often they recombine at the crystal
defects first. In GaAs solar cells, the deteriorating effect of
front surface recombination at short wavelengths can be seen
by comparing quantum efficiencies of cells with and without
a window layer (Fig. 5).

FUNDAMENTAL SOLAR CELL PARAMETERS In
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Operation of the solar cell is based on the generation of pho-
tocurrent under light bias conditions. To calculate the pho- Figure 5. Effect of surface passivation in the internal quantum effi-
tocurrent density of a solar cell, one needs information about ciency of GaAs solar cells. The high surface recombination velocity of
the quantum efficiency of the cell as well as the air mass con- GaAs deteriorates the QE in the short wavelength range if AlGaAs

window layer is not used.ditions (solar spectrum).
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erated photocurrent, and the diode in the circuit represents
the unilluminated dark behavior of the p–n junction.

The open-circuit voltage Voc of the solar cell is defined as
the voltage where the diffusion current and photocurrent ex-
actly cancel each other: that is, the output current is zero.
Therefore, one obtains by solving Voc from Eq. (2),

Voc = kT
q

ln

�
Jph

J0
+ 1

�
(5)

The amount of the forward diffusion current in the junc-

Dark cell

Light biased cell
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Vm

tion is controlled by the magnitude of the resistive load that
Figure 6. Voltage-current characteristics of a solar cell in dark and

is connected to the solar cell (see equivalent circuit in Fig. 7).under light illumination conditions: Pm is the maximum output power
The net output current decreases with increasing load resis-of the cell, with a voltage Vm and current Im; Voc and Isc are the open
tances due to increased voltage across the load, which in-circuit voltage and short circuit current, respectively.
creases the diffusion current exponentially. Because the
power output of the solar cell is the output current multiplied

later. More detailed discussions on the solar cell theory can by the output voltage, there is a maximum output power, Pm,
be found, for example, in Refs. 5–7. The total current density which is equal to the product of the maximum power-point
from the solar cell device, in the case of no recombination cur- current Im and the maximum power-point voltage Vm (Fig. 6).
rents, is The maximum possible current with a given light bias is

obtained when the solar cell is short-circuited (load resistance
J = J0[exp(qV/kT ) − 1] − Jph (2)

is zero). This current is called the short-circuit current Isc of
the solar cell, and it is always larger than Im. Similarly, the

where V is the bias voltage of the junction, k is the Boltzmann maximum possible output voltage is obtained when the exter-
constant, T is the absolute temperature, and nal circuit is open-circuited (load resistance is infinite). The

open-circuit voltage is always larger than the maximum
power-point voltage Vm.J0 = kTn2

i

[
µe

LeNA
+ µh

LhND

]
(3)

Typically, one tries to maximize the fill factor (FF), which
describes the squareness of the IV characteristics betweenis the reverse saturation current of the diode. In Equation
zero voltage and Voc.(3), �e and �h are the electron and hole mobilities, NA and ND

The fill factor of the solar cell is defined asare the acceptor and donor densities in the p–n junction, Le

and Lh are the minority electron and hole diffusion lengths,
and ni is the intrinsic carrier concentration of the semiconduc-
tor, expressed as

FF = VmJm

VocJL
(6)

ni = NCNV exp(−Eg/kT ) (4)
where Jm � Im/A is the output current density of the cell at
the maximum power point (A is the device area). The fill fac-where NC and NV are the effective state densities for conduc-
tor, in the ideal case, depends only on the magnitude of thetion band and valence band, respectively, and Eg is the semi-
dark diffusion current, and therefore on the reverse satura-conductor band-gap energy.
tion current. In a real diode, series and shunt resistances, asThe minority carrier diffusion lengths are related to the
well as recombination currents and other nonideal effects,minority carrier lifetimes �e and �h through the formulae
also make contributions to the fill factor.L2

e � De�e for electrons, and L2
h � Dh�h for holes. De and Dh

The conversion efficiency  is the most important parame-denote to the electron and hole diffusion coefficients, respec-
ter of a solar cell. It is defined as the ratio of the electricaltively. The minority carrier diffusion length (and correspond-
output power to the input light power Pi of the solar cell, oring lifetime) is the most important parameter describing solar

cell material quality for photovoltaic application.
The equivalent circuit of the solar cell is shown in Fig. 7.

The current generator in the circuit represents the light-gen- η = VmIm

Pi
(7)

It is important to note that the conversion efficiency of a solar
cell depends strongly on the solar spectrum and on the light
intensity. In addition, the temperature of the solar cell has
an effect on  due to the temperature dependence of J0. In-
creased J0 causes increase in the dark current, leading to re-
duction in fill factor, open-circuit voltage, and conversion effi-
ciency. Typically, the conversion efficiency of the solar cell

LoadRsh

Rs

J0 [exp (qV/kT) –1

Jph

increases with decreasing temperature, increasing air mass,
and increasing light intensity.Figure 7. Equivalent circuit of a solar cell.
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LOSSES AND CELL OPTIMIZATION Ga0.51In0.49P wide-gap window layer (5–8). If a heterojunction-
based window cannot be applied in a proper way, a graded

Recombination doping profile in the emitter can be used. Such a profile in-
duces a drift field, which guides the minority carriers towardsRecombination of the light-generated minority carriers may
the p–n junction, but it is not so effective as the use of win-take place in several regions within the solar cell, causing the
dow layers. This method is used in solar cells in which thephotocurrent to decrease. Bulk recombination in the emitter
p–n junction is formed by diffusion. A step-graded doping pro-and base layers may be caused by imperfect crystal quality.
file has also been used in InP cells (9), for which a properIn amorphous and polycrystalline materials this kind of re-
wide-gap heterojunction window layer material is difficult tocombination may be very significant. The crystal defects form
find. The effect of strong surface recombination can also bedeep energy levels in the band-gap. These levels may act as
reduced by decreasing the thickness of the emitter layer. Atrecombination centers, or as ‘‘meeting places,’’ for the elec-
the same time, however, the sheet resistance of the emittertrons and holes, and the minority carrier diffusion lengths
layer increases, causing an increase in series resistance.and lifetimes are decreased due to the increased recombina-

As at the front surface, minority carrier recombinationtion in these centers. Additional deep energy levels in the
may take place at the back surface or at the back interface ofband-gap may also be formed by unwanted impurity atoms.
the cell. In this case, a barrier for the minority carriers canIf the solar cell is exposed to high-energy particle radiation
be formed by using a heterojunction-based mirror layer or(usually protons and electrons), damage and deep levels may
just by introducing a heavily doped layer to form a drift elec-again occur in the material. This is a usual condition for solar
tric field, or back-surface field, to prevent recombination atcells used in space conditions (satellites).
the back surface.Electron–hole recombination that takes place within the

In addition to the decrease in the photocurrent, the recom-depletion region (space charge region) around the p–n junc-
tion of the cell forms an additional component to the dark bination processes decrease the fill factor of the solar cell as
current of the diode. This Shockley–Read–Hall (SRH) recom- well. For example, deep trap levels in the solar cell material
bination current can be shown (5) to have the form cause a decrease in the fill factor by increasing the SRH-type

trap recombination in the depletion region of the p–n junc-
tion, thereby increasing the reverse saturation current and
the diode ideality factor. A similar effect is caused by the

Jr = qWni

2√
τeτh

exp
� qV

2kT

�
= Jr0 exp

� qV
2kT

�
(8)

shortening of the minority carrier diffusion lengths due to the
where W is the width of the depletion region of the p–n traps. The interface and surface recombination causes de-
junction. crease in the fill factor when the cell is light-biased. The effect

When Eq. (8) is combined with the ideal diffusion current of the interface recombination on the fill factor cannot be seen
component, shown in Eq. (2) as the exponential term, the to- directly by summing the photocurrent and the dark current,
tal solar cell equation becomes because the minority carrier distributions are different in

dark and light-bias conditions, and therefore different cur-
rent–voltage characteristics result. The reduced fill factor canJ = J0 exp(qV/kT ) + Jr0 exp(qV/2kT ) − Jph (9)

only be seen on the actual load IV characteristics of the so-
This equation is usually approximated with the formula lar cell.

J = Js exp(qV/NkT ) − Jph (10)
Series and Shunt Resistances

where N is the diode ideality factor, having a value between The total series resistance of the solar cell consists of the bulk
1 and 2, and Js is the reverse saturation current density of resistances of the semiconductor materials (including the
the nonideal diode. If the ideality factor is close to 1, the diode sheet resistance of the emitter layer), interface resistances in
is nearly ideal, and the diffusion current dominates the dark the heterojunctions, contact resistances between the semicon-
behavior. An ideality factor close to 2 indicates strong recom- ductor and the metal layers, and metal-layer resistances
bination currents in the depletion region and nonideal mate- (mainly the front grid resistance). Shunt current is caused by
rial quality. leakage currents over the p–n junction. Leakage may be

Surface recombination at the solar cell front surface may caused by defects inside the material, or due to insufficient
have a very important role in destroying the minority carriers cell perimeter passivation. In the ideal case, the series resis-
that have been generated in the emitter layer. Therefore, sur- tance should be zero, and the shunt resistance infinite. Series
face passivation must be provided for the cell. This can be and shunt resistances can be taken into account in the solar
done by growing a passivating oxide layer (as in the case of cell current equation (although not in explicit form; see Ref.
silicon solar cells, the passivating native oxide layer grows 6):
naturally). In the case of III–V semiconductor solar cells, the
surface recombination velocity is normally very high and the
native oxide layer does not provide sufficient passivation.
Therefore, for III–V solar cells the surface passivation is usu-

J
�

1 − Rs

Rsh

�
− V

Rsh
= Js

[
exp

�q(V − JRsA)

NkT

�
− 1

]
− Jph

(11)ally obtained by using a heterojunction barrier for the minor-
ity carriers to prevent them entering the surface. This kind

where Rs is the series resistance, and Rsh is the shunt resis-of layer is usually referred to as a window layer. As an exam-
ple, GaAs solar cells usually have an AlxGa1�xAs or a tance. Typically, the shunt resistance is very large, and the
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equation is simplified to the form

J t Js

[
exp

�q(V − JRsA)

NkT

�
− 1

]
− Jph (12)

High series resistance and low shunt resistance decrease the
fill factor. Low shunt resistance also decreases the voltage of
the cell.

There are several regions within the solar cell that contrib-

Prismatic cover

Grid fingers

Incoming light rays

Solar cell device
ute to the series resistance. The base layer resistance de-

Figure 9. The use of a prismatic cover on the solar cell surface mini-creases when the doping level is increased. However, the mi-
mizes losses which are caused by the grid obscuration.

nority carrier diffusion length in the base layer decreases
with increased doping, and a decrease in the photocurrent is
therefore expected if too high a doping level is used. The sheet where Po is the grid obscuration loss, Ps is the sheet-resis-
resistance of the emitter layer must be optimized together tance loss, Pc is the contact-resistance loss, Pf is the finger
with the grid, taking into account the decreasing minority resistance loss, and Pb is the busbar loss (10). Po can be mini-
carrier diffusion length if the emitter layer doping level is in- mized by decreasing the finger and busbar areas. The sheet-
creased. The contact resistances of the cell can be minimized resistance loss can be minimized either by increasing the
by using proper contact metals having low Schottky barriers. emitter layer conductivity (increasing the doping level) or by
Sometimes a special highly doped cap layer is used between decreasing the finger separation. Usually the sheet resistance
the window layer and the contact metal to decrease the con- is fixed by the carrier collection properties of the emitter;
tact resistance, because the contact resistances are usually therefore the only practical method to minimize these losses
high if the metal is applied directly to the wide-gap window is the design of the finger separation. The contact resistance
layer, due to high Schottky barriers. In Fig. 8, current– is decreased by increasing the grid area. However, this loss is
voltage characteristics for solar cells having ideal and non- usually negligible except in concentrator applications. Losses
ideal p–n junctions, as well as series and shunt resistances, caused by the finger resistance and the busbar resistance can
are shown. be minimized by increasing the cross section of these metal

patterns. The maximum height of these patterns is set by the
metal deposition method; therefore their width is the onlyGrid Obscuration
variable in this case. The finger and grid resistance losses can

The electric current generated in the solar cell device is col-
be further decreased if their geometrical forms are designed

lected by a metal grid, which is patterned on the front surface
carefully.

of the cell (Fig. 1). Usually, the grid consists of narrow fingers
Theoretically, the problem of the grid coverage can be to-

that are electrically connected to a metal bar. This grid pre-
tally avoided if prismatic (Entech) covers are used. The part

vents part of the arriving light from penetrating inside the
of the light that would be reflected by the metal grid is re-

solar cell. If the grid coverage is made smaller by decreasing
fracted into the solar cell by the prismatic cover (Fig. 9). How-

the grid and bar widths, the grid resistance increases due to
ever, in practice, part of the incoming light is additionally ab-

the smaller cross section of the metal patterns. Therefore, the
sorbed in the prismatic cover, or reflected at the interface of

design of the grid pattern is a tradeoff between the resistive
the cell and the cover, and no significant advantage is ob-

losses in the grid and current loss in the cell due to decreased
tained if the metal grid coverage is small. Addition of the pris-

flux of the light penetrating into the device.
matic cover also complicates the manufacturing process and

The total power losses Pt caused by the grid are
causes extra cost. This kind of cover is therefore advanta-
geous only when the grid coverage is exceptionally large, as

Pt = Po + Ps + Pc + Pf + Pb (13)
may be the case in concentrator solar cells, which produce
high photocurrents and in which the grid coverage has to be
large to minimize the high resistive losses.

Reflection

Part of the incoming photons may be reflected from the solar
cell surface without entering the semiconductor. Typically,
30% to 40% of the photons are reflected if the semiconductor
surface has not been coated. Antireflection (AR) coatings are
therefore necessary to avoid this type of loss. The AR coating
is usually formed by depositing dielectric materials having re-
fractive indices between 1.3 and 2.6 (see Table 1 for a list of
typical AR materials). The coating may consist of one or two,
or in some cases even three, layers. By using several layers,
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the AR properties of the coating can be enhanced, but the
manufacture of the solar cell becomes more complex. In theFigure 8. Load IV characteristics of various solar cells: (a) ideal
case of single-layer AR coating, the reflection from the solarp–n junction, (b) nonideal p–n-junction, (c) low shunt resistance, (d)

high series resistance. cell surface may be decreased to less than 20% over the whole



SOLAR CELLS 625

Inverted
pyramid
surface

patterning

Back metal
point contacts

Diffused
regions

Silicon
dioxide
layers

pp+ nn+

Figure 11. Structure of the high-efficiency PERL silicon solar cell:

Table 1. Dielectric Materials Used in Solar Cell AR Coatings

Refractive
Material Index Description

MgF2 1.38 Used in double-layer coatings with ZnS
SiO2 1.48 Plasma-enhanced CVD, used in double-

layer coatings with SiNx

Al2O3 1.6 Used in double-layer coatings with Ta2O5

SiNx 1.9–2.1 Plasma-enhanced CVD, single-layer AR,
double-layer coatings with SiO2

SiO 2.0 Single-layer coatings
TiO2 2.2 Single-layer and double-layer coatings
Ta2O5 2.25 Used in double-layer coatings with Al2O3

ZnS 2.30 Used in double-layer coatings with MgF2

CVD � chemical vapor deposition.
AM1.5G conversion efficiency of 24% has been achieved with this kind
of cell (17).

active wavelength range, and in the case of double-layer coat-
Design of the Antireflection Coatinging, it may be decreased to less than 5%. As an example, the

reflection curve of a silicon solar cell with a one-layer coating The reflection properties of semiconductor materials vary
is shown in Fig. 10. The same figure shows also the internal strongly as a function of light wavelength. By using a single-
and external quantum efficiencies of the solar cell. layer AR coating with proper refractive index and thickness,

In some cell materials, surface texturing can be used to the reflection constant can be dropped to zero at a definite
decrease reflection losses by manufacturing pyramid struc- wavelength. For a single-layer AR coating the optimum re-
tures in the top part of the cell. These pyramids increase the fractive index can be calculated from the formula
light penetration into the cell, and this kind of AR is less
wavelength-dependent. The infrared light rays penetrate in- n1 = √

n0ns (14)
side the cell efficiently, which may decrease the cell conver-
sion efficiency due to cell heating. Surface texturing can be

where n0 is the refractive index of the surrounding mediumalso used to trap light rays in the solar cell in materials that
(usually air), and ns is the refractive index of the substrate.have low absorption coefficient (such as silicon). The textured
The optimum thickness d1 of the single-layer AR coating canreflecting layers can be used on both bottom and top sides of
then be calculated asthe structure. These layers make internal reflection of the

light rays possible, and more than 50 reflections for the rays
inside the cell can be achieved. The advantages of this kind d1 = λ0/4n1 (15)
of structure are that the cell can be made significantly thin-
ner (about ten times) and the effect of bulk recombination in where �0 is the wavelength at the maximum response of the
the material becomes less important, which may increase the solar cell. By increasing the number of layers in the AR coat-
cell voltage. Surface texturing is a standard process in mod- ing one can decrease the reflection over a wide range. The
ern commercial silicon cells. Figure 11 shows an advanced reflection coefficient can be calculated from the formula (see
passivated-emitter, rear locally diffused (PERL) silicon cell also Ref. 11)
using inverted pyramidal surface texturing.

R =
�

n0 − Y
n0 + Y

��
n0 − Y
n0 + Y

�∗
(16)

where Y is the optical admittance of the layer stack. The opti-
cal admittance can be calculated from the equation Y � C/B,
where the parameters C and B are defined by the formula

�
B
C

�
=

[
K∏

j=1

�
cos δ j

i sin δ j
n j

in j sin δ j cos δ j

�] �
1
ns

�
(17)

where the refractive indices of the coating layers are denoted
by nj, j � 1,2,3, . . ., K; K is the number of the layers in a
multilayer coating; and �j is the optical thickness of layer j,
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defined as �j � (2�/�)njdj, where dj is the physical thickness
of the layer, and � is the photon wavelength. Generally, theFigure 10. Internal and external quantum efficiencies of an Si solar
optimized AR coating has the layer with the highest refrac-cell. The difference between these two curves is explained by the re-

flectivity of the light from the surface and from the front grid. tive index on the bottom and the layer with the lowest refrac-
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over the p–n junction. By making an optimal trade-off be-
tween the transmission and phonon processes, the ideal band-
gap for the maximum possible conversion efficiency of the so-
lar cell material can be calculated. The optimum band-gap for
single-junction photovoltaic conversion is about 1.3 eV. In Fig.
13, theoretical maximum conversion efficiencies for single
junction photovoltaic conversion are shown as a function of
semiconductor band-gap for AM0 and AM1.5G spectra.

Photon transmission and phonon emission are among the
most important loss mechanisms in solar cells. Theoretically,
both of them can be decreased by using multiband-gap struc-
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tures such as heterojunction or multijunction solar cells struc-
Figure 12. Reflectivity of a GaAs solar cell with no AR coating, sin- tures. When using various band-gap materials in the solar
gle-layer AR coating, and double-layer AR coating. cell structure, the photons with different energies can be ab-

sorbed with smaller phonon emission losses. In this kind of
structures one can also use materials with narrow band-gaps

tive index on the top of the AR stack. In Fig. 12, the reflecti- to reduce the transmission losses.
vity of a GaAs solar cell is shown with various AR coatings.

The main reason for having an AR coating on the solar Current Collection Optimization
cell is to increase the photocurrent generated in the device.

As seen from Eq. (1), one obtains the photocurrent of a solarTherefore, one should optimize the AR coating according to
cell by multiplying the quantum efficiency and the solar spec-the spectral response properties of the cell. Low reflection is
tral intensity and integrating the product over all relevantimportant at wavelengths near the maximum of the solar
wavelengths. Therefore, to maximize the photocurrent, onespectrum and of the internal QE.
should maximize the wavelength range covered by the quan-To find the maximum possible conversion efficiency for the
tum efficiency. There are several factors which influence thephotovoltaic solar energy conversion is not an easy task, be-
magnitude of the quantum efficiency.cause one has to make assumptions about the development of

Basically, the maximum current from a solar cell one ob-the material quality of present materials, as well as of the
tains by minimizing the band-gap; therefore, the wavelengthavailability of new materials in the future. The material qual-
covered by the quantum efficiency would be extended toity depends significantly on the method which is used to pro-
longer wavelengths. However, one has to take into accountduce it; to improve the material quality might implicate that
the subsequent decrease of the voltage and to find the opti-better and more expensive production methods should be
mum trade-off. With the optimized band-gap material, oneused, making the solar cell not commercially competitive, and
can increase the photocurrent by increasing the thickness oftherefore it would loose our interest. This can be clearly seen
the absorbing layer (typically, base layer). If the material hasfrom the various approaches of the manufacturing of silicon-
indirect band-gap, like silicon, the thickness of the absorbingbased solar cell devices. To assess the possibility for having
layer should be of the order of 200 to 500 �m. In the case ofnew materials in the future available for solar cells is also
direct-gap semiconductors, like GaAs and InP, most of thedifficult, because new semiconductor materials are invented
light is absorbed with a thickness of only 2 to 5 �m.at a fast pace, but the transfer process from the laboratory to

Other factors contributing to the quantum efficiency, andproduction usually takes several years. However, a realistic
therefore to the photocurrent, are the minority carrier diffu-and still interesting approach to evaluate maximum photovol-
sion lengths and corresponding lifetimes. If the diffusiontaic conversion efficiencies might be the evaluation of the pos-
lengths are short (for example, in the base layer, less thansibilities to improve the existing materials used by the photo-
the layer thickness), a large fraction of the minority carriersvoltaic community. For this purpose, all the parameters

which are limiting the present day conversion efficiencies
have to be examined.

Ideal Band-Gap of the Solar Cell Material

When choosing the ideal band-gap for a single-junction solar
cell, a trade-off must be made between the photon transmis-
sion and the phonon emission processes. The narrower the
band-gap is, the more light is absorbed because all radiation
which has higher energy than the band-gap is absorbed, con-
sidering that the absorbing material is thick enough. How-
ever, decreasing the material band-gap leads to larger power
losses due to phonon emission processes of the minority carri-
ers. Phonon emission takes place when the generated minor-
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ity electrons or holes collide with semiconductor lattice atoms. Figure 13. Theoretical conversion efficiencies of solar cells as a func-
If the photon energy is larger than the band-gap energy of the tion of the band-gap energy of the semiconductor material. Higher
semiconductor, the additional energy is absorbed and lost to conversion efficiency can be achieved in AM1.5G conditions than AM0
lattice vibrations (i.e., phonons) through these collisions. This conditions due to smaller phonon absorption losses with the AM1.5G

spectrum. Data obtained from Ref. 7.process takes place faster than the minority carrier collection
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are lost through recombination in the bulk before they are Voltage Optimization
collected by the junction. The diffusion length is strongly de-

Basically, optimizing the maximum power-point voltage Vmpendent on the defect density in the material. Imperfect crys-
implicates the maximum possible values for the open-circuit

tal quality, as well as unwanted deep level impurities, causes
voltage Voc, and for the fill-factor. As seen in Eq. (5), the open-

SRH-type bulk recombination through the induced trap lev-
circuit voltage is strongly dependent on the reverse saturation

els. At low illumination (1-sun intensity), the SRH-lifetime for
current density J0 of the p–n junction. The reverse saturation

minority electrons has the form (12)
current depends strongly on the intrinsic carrier density (Eq.
4), which is an exponential function of the band-gap of the
semiconductor. The wider the band-gap is, the higher is theτn = 1

cnNt
(18)

voltage. However, increasing the width of the band-gap
causes decrease in the photocurrent due to increased trans-where cn � �n�vt� is the electron capture coefficient (�n is the
mission losses.minority electron capture cross section, and vt is the electron

In addition, the reverse saturation current depends onthermal velocity), and Nt is the trap level density. A corre-
three bulk factors of the semiconductor, the doping levels, dif-sponding expression exists for minority holes. Radiative re-
fusion lengths, and mobilities in the base and emitter layers,combination of photocarriers is increased if the doping level
as seen from the formula of the reverse saturation currentis increased in direct-gap materials. The expression for the
(Eq. 3). To maximize the voltage output of the solar cell, oneradiative lifetime with low light illumination level is (12)
should decrease the reverse saturation current as much as
possible. The reverse saturation current decreases by increas-
ing the doping levels and the diffusion lengths, and by de-τr = 1

B(n + p)
(19)

creasing the mobilities in the base and emitter layers. Usu-
ally, increasing the doping level causes decrease in thewhere B is the material-dependent rate of radiative capture
semiconductor material mobilities, but at the same time theprobability, n is the electron concentration, and p is the hole
diffusion lengths decrease as well, which decreases the pho-concentration of the material.
tocurrent. Therefore, one has to find an optimized trade-offAt very high doping densities (generally well above 1018

between the maximum possible doping levels and diffusioncm�3), Auger recombination may cause additional decrease for
lengths. In a balanced situation, the order of magnitude ofthe lifetime and for the diffusion length, especially in the
the emitter layer doping level is about 1018 cm�3, and the baseemitter layer, which is usually highly doped. The minority
layer doping level is about 1017 cm�3.electron and hole lifetimes (�e and �h) can then be calculated

as an inverse sum of all these recombination lifetimes �i, or
Multiband-Gap Structures(for electrons)
The maximum theoretical conversion efficiency for a single-
junction solar cell made of one material is about 30%. Signifi-τ−1

e =
∑

τ−1
i (20)

cantly higher efficiencies of the solar cells are expected if the
photon transmission and phonon emission processes are de-The corresponding minority carrier diffusion length can then

be calculated. In addition to the effect of low bulk material creased by distributing the current generation to more than
one material. Basically, there exist two ways to combine thelifetimes, the photocurrent is also decreased if the surface and

interface recombination velocities are high. The effect of the different materials, heterojunction and multijunction solar
cell structures.surface and interface recombination can be approximated by

the formula (for electrons)
Heterojunction Solar Cells. In the heterojunction solar cells,

the p-n junction is formed between two different materials
(6). The lower material layer (base) is made of narrow-gap

1
τeff

= 1
τe

+ Sf + Sb

De
(21)

semiconductor, and the upper layer (called emitter or win-
dow) is made of wide-gap semiconductor. In this structure,where the effects of the front and back interface (or surface)

recombination velocities Sf and Sb have been taken into ac- the high-energy photons are absorbed in the upper layer and
the low-energy photons in the lower layer. With this struc-count as contributions to the effective minority carrier life-

time �eff. ture, the phonon emission losses are, in theory, decreased by
having the absorbing layer band-gap energies better matchedIn the case of direct-gap semiconductors, the effect of radi-

ative recombination is decreased by the effect known as pho- with the incoming photon energies. In addition, the transmis-
sion losses are smaller because the lower layer band-gap en-ton recycling. This means a situation where a photon, created

by radiative electron–hole recombination, is absorbed in the ergy may be smaller than in typical homojunction structures.
The energy-band diagram of a thin-film heterojunction solarsolar cell and contributes to the minority carrier generation.

Basically, photon recycling can be taken into account in the cell is shown in Fig. 14.
The heterojunction interface quality is never perfect, how-design of the solar cell structure by increasing the internal

reflection of the photons trying to escape from the cell’s active ever. Therefore, recombination current is larger than in typi-
cal homojunctions and the efficiencies of this kind of cell havelayers. This can be made by using Bragg reflector structures,

for example, at the back interface of the solar cell base layer. remained lower than in the best homojunction cells. A typical
example of a heterojunction solar cell is indium-tin-oxideThe Bragg reflectors are tuned to be most effective for pho-

tons with the band-gap energy. The manufacturing of Bragg (ITO) and indium phosphide based structure. In this cell, ITO
layer may, in addition of being the window layer, act as areflectors is, however, difficult.
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about 50% with two junctions to about 72% with 36 junctions
(at AM1.5G conditions) (6).

The growth process of the monolithic multijunction cells is
significantly more difficult than the single-junction process.
Due to the need for current matching, one has to have good
control of the growth rates of the subcells, because the light
is distributed to the various subcells by adjusting the layer
thicknesses. In some cases, the current matching is controlled
by varying the material band-gap energies. Only small varia-
tion in the subcell quantum efficiencies from growth to
growth is allowed, also due to the need for current matching.
To make good quality tunnel diodes one has to achieve high

Incoming
photons

EFp

EFn

Ev

EcWindow

Buffer

Absorber

doping levels and low diffusion for the tunnel layer dopants.
In mechanically stacked structures problems may developFigure 14. Energy band diagram of a heterojunction thin-film solar
from the construction of the mechanical stack as well as thecell structure. The buffer layer is used to decrease the amount of haz-
combination of the cells in the module or panel level. All theseardous misfit dislocations at the heterojunction: Ec and Ev are the

conduction and valence band edges, respectively; and EFp and EFn are factors related to multijunction structures may cause de-
the quasi-Fermilevels in the window and absorber layers, respec- creased yields in the solar cell or panel manufacturing pro-
tively. cesses, in comparison with corresponding single-junction pro-

cesses.

replacement of the contact grid due to its high conductance
properties.

Multijunction Solar Cells. The highest reported solar cell
conversion efficiencies have been obtained with multijunction
structures (also called cascade solar cells; multijunction cells
which have two junctions are called tandem solar cells). These
cells may be divided into two major classes, in monolithic
multijunction cells and mechanically stacked multijunction
cells. As in the case of heterojunction solar cells, the wide-gap
material is located on the top part of the device, but in this
case it forms a complete junction structure and is named the
top cell of the multijunction device. The lowest cell in the
stack has the narrowest band-gap. As an example, the absorb-
able power of the single-junction GaAs cell is compared to the
absorbable power of the triple-junction GaInP/GaAs/Ge struc-
ture in Fig. 15. A monolithic multijunction cell is typically
deposited or epitaxially grown on a single substrate. The
structure consists of two or more homojunction solar cell
structures (subcells) connected in series (Fig. 16). The addi-
tional p–n junction forming the connection between the sub-
cells must be a tunnel junction to achieve a small voltage drop
and minimize losses. The tunneling current flows directly be-
tween the conduction and valence bands of the semiconductor,
thus avoiding the voltage drop caused by the junction barrier.
However, if the tunneling layer material band-gap is nar-
rower than or as wide as the lower subcell band-gap, addi-
tional light absorption and photocurrent losses occur in the
tunnel diode. Typically, the cell has only two output connec-
tions (terminals) in a similar manner as single junction cells.
Due to the series connection, the subcells must be designed
in such a way that they are current matched (all cells gener-
ate the same amount of current), because the output current
of the cell is limited by the less photocurrent-producing cell.
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In mechanically stacked cells there are typically four termi-
Figure 15. Comparison of the absorbable power in a single junctionnals, so that current matching condition is not needed in the
GaAs solar cell (a) and three-junction GaInP/GaAs/Ge cascade solar

cell level. However, to get maximum power output in these cell (b). The area below the AM0 curve describes the whole spectral
structures, current or voltage matching is needed in the mod- energy of the solar radiation, and the shadowed areas mark the theo-
ule or panel level. By increasing the number of junctions (and retical absorbable part of the solar radiation with the semiconductor
materials having different band-gaps), one may theoretically materials. The phonon absorption and transmission losses can be de-

creased with multijunction structures.improve the reachable efficiency of multijunction cells from
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points that contribute to the choice of the solar cell material.
The conversion efficiency, manufacturing cost, and long-term
stability are the most important criteria in terrestrial applica-
tions, but for space solar cells such material properties as
good radiation resistance and light weight are required in ad-
dition. At the panel level one may summarize these require-
ments as the need for minimizing the cost-to-power ratio for
terrestrial panels and maximizing the power-to-mass ratio for
space panels. There does not exist a material that is superior
according to all these criteria. Therefore, one has to make
trade-offs and to take into account the needs of the specific
application where the solar cells are used. Typically, the solar
cell materials are categorized into three main groups, silicon
(single crystal and multicrystalline), thin film materials
(amorphous and polycrystalline), and crystalline compound
semiconductors (mainly for space applications).

GaInP top cell

GaInP tunnel diode

GaAs middle cell

GaAs tunnel diode

Ge bottom cell

Ge substrate

Figure 16. Basic structure of a triple-junction GaInP/GaAs/Ge solar Silicon-based Solar Cellscell. The top, middle, and bottom cells are connected electrically by
tunnel junctions. This cell has only two terminals as a normal single- Silicon is one of the most abundant elements on the earth,
junction solar cell. found in oxide form as sand. This makes it a very cheap semi-

conductor material for solar cells, although the need for high
purity enormously increases its cost. It is extensively used

Typically multijunction cell structures are based on com- in the semiconductor industry because it is the best-studied
pound semiconductors, although a triple-junction cell based material, its process technology is mature, and it is nontoxic
on amorphous silicon and related materials has been demon- and therefore environmentally safe.
strated (13). The best mechanically stacked multijunction cell According to crystal quality, silicon can be divided into four
is based on the GaAs/GaSb structure (14) (Fig. 17). The first main classes: crystalline silicon, multicrystalline silicon
monolithic multijunction cell which has achieved over 30% ef- (grain size 1 mm to 100 mm), polycrystalline silicon (grain
ficiency under unconcentrated AM1.5G conditions is based on size 1 �m to 1 mm), and amorphous silicon, in the order of
the GaInP/GaAs structure (15,16). This structure also has in- decreasing extent of crystalline order (amorphous silicon,
terest in concentrator applications. used mostly in hydrogenated form, is usually categorized as

a thin film material.
Silicon is an indirect band-gap semiconductor. In this typeSOLAR CELL MATERIALS AND STRUCTURES

of material the absorption coefficient is rather low in compari-
son with direct-gap semiconductors (such as GaAs and InP),Historically, there have been two main applications where so-
which means that the absorption layer (base layer) of the so-lar cells have been used. The first practical solar cells were
lar cell must be made rather thick (0.2 mm to 0.5 mm) for adeveloped mainly for space applications in the 1950s. Pow-
significant amount of the incoming light to be absorbed. Theering satellites was the most important use until the energy
thickness of the silicon cells can be decreased, however, bycrisis in the early 1970s. Since then, terrestrial applications
using advanced light-trapping methods.have gained increased research and commercial interest, and

The highest recorded silicon cell conversion efficienciesnowadays the production volume of terrestrial cells is much
have been reported for crystalline material. Crystalline sili-larger than that of space cells.
con cells have been used since the first applications of powerSolar cells can also be categorized in different groups ac-
generation for satellites. The advantage of multicrystallinecording to the material they are made of. There are several
silicon material over crystalline is its lower price. The conver-
sion efficiencies of cells made from it are lower, however, due
to increased bulk recombination in this material.

Intensive silicon material research carried out in the 1930s
and 1940s led to the development of the first practical solar
cell of single crystal silicon at Bell Telephone Laboratories in
1954. These early cells were of p-on-n junction type and had
low energy conversion efficiency of 6%. The oil crisis in the
beginning of the 1970s and the realization that fossil fuel
sources were limited generated renewed interest in solar cell
technology and since then it has made tremendous progress.
Complex cell designs have been developed to increase the cell
efficiency. Use of concentrated light approach on solar cellsGaSb bottom cell

GaAs top cell

has been investigated. All these efforts were made to reduce
the solar cell cost per watt of the produced power. The presentFigure 17. Mechanically stacked double-junction GaAs/GaSb solar
single crystal silicon cell cost is more than 100 times lowercell. This kind of multijunction cell has four terminals, two for both

top and bottom cells. than in late 1950s. At these levels many terrestrial applica-
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tions became cost effective. To reduce the cost of solar cells, the trap level density is low, the dominating bulk recombina-
tion mechanism is Auger recombination. The radiative recom-lower quality silicon, multicrystalline (partial ordering of

atoms) and amorphous (random ordering of atoms) silicon bination processes are weak in silicon. The effect of surface
recombination is reduced by good passivation of the cell emit-materials were also developed. To further reduce the cost,

screen printing process technology for fabricating solar cells ter (cell front surface) by a thermally grown silicon dioxide
layer. In metal–semiconductor contacts, the interface area iswas also commercialized.

However, to achieve highest cell efficiency one needs to use minimized (with point contacts) and the contact areas are
heavily diffused to cause opposing electric fields in the contacthigh purity silicon. Laboratory single crystal cells on rela-

tively small area have resulted in efficiency of 24% under nor- regions to prevent minority carriers entering the contact area.
Also, the low absorption coefficient of silicon leads to lightmal sunlight. There is a big difference in energy conversion

efficiency between laboratory cell and large area silicon cells penetration through the cell without absorption. In the PERL
cell, this effect is decreased by enhancing the light trappingproduced commercially. Normally the production cell effi-

ciencies lie between 14% and 15%. of the cell by using inverted pyramid surface texturing with
asymmetric geometry, and back surface design for high re-Multicrystalline silicon is a low purity material compared

to single crystal silicon as multicrystalline silicon is grown by flection. In addition, the bulk SRH and Auger recombination
losses of the cell are decreased by reducing the physical thick-casting technique as compared to crystal pulling. Extensive

development efforts made on this technology led to laboratory ness of the cell; if the light can be absorbed in a thin struc-
ture, the minority carriers are collected before recombinationcell efficiencies approaching 18% under normal sunlight.

These cells are very promising for many low-cost photovoltaic even in material with poor diffusion length. Although these
kind of cells have very good performance, approaching theapplications and are in commercial production.
theoretical limits of single-junction photovoltaic conversion
with Si, the need for several lithographic steps in the processAdvanced Crystalline Si Solar Cells
has hindered the commercial utilization of this design. The

Silicon material and solar cells made from this material have structure of the PERL cell is shown in Fig. 11.
made tremendous advances during the past 50 years. Work In the gridless back-point-contact approach, both n- and p-
continues to further improve the performance of these cells type contacts are made on the back side of the Si cell, while
by better design and processing. It is expected that silicon the front surface is fully active and is textured (18). In this
cells approaching 20% efficiency will be produced commer- approach, the grid losses are totally avoided, and therefore
cially for space use. The development of state-of-the-art mi- such a cell is excellent from the point of view of concentrator
croelectronic devices based on silicon technology and the applications.
strong awareness and demand for nonconventional energy
sources have greatly improved silicon solar cell technology.

Thin Crystalline and Polycrystalline Si Cells

For terrestrial applications, the main driver has been to re-Passivated-Emitter, Rear Locally Diffused Silicon Solar Cells.
The main loss mechanisms in conventional silicon solar cells duce the solar cell cost. During the last 25 years silicon solar

cells became cost-effective for many applications due to ad-are bulk and surface recombination, as well as interface re-
combination at the metal–semiconductor contacts. These re- vances in material and cell technology, and efforts are contin-

uing. The cost of the starting silicon substrate is more thancombination losses have been minimized in the PERL silicon
solar cell, which holds the record for silicon cell conversion half of the solar cell cost. Due to their low absorption coeffi-

cient, crystalline silicon cells have to be made thick. To de-efficiency of 24% in the terrestrial AM1.5G spectrum (17) (see
Table 2). In PERL cells, the bulk recombination is decreased, crease the bulk crystal costs, one should reduce the thickness

of the silicon substrate and enhance the absorption in thisfirst of all, by achieving good bulk silicon crystal quality. If

Table 2. Best Confirmed Solar Cell Conversion Efficiencies under AM1.5G Spectrum

Eff. Area
Material (%) (cm2) Description (test year)

Si (crystalline) 24.0 4.00 (ap) PERL, UNSW (1994)
Si (thin crystalline) 21.5 4.044 (ap) 47 �m, UNSW (1995)
Si (multicrystalline) 18.6 1.0 (ap) Georgia Inst. of Tech. (1995)
Si (polycryst. thin film) 9.4 1.0 (ap) 3.5 �m on glass, Kaneka (1997)
Si (amorphous) 12.7 1.0 (da) Unstabilized, Sanyo (1992)
GaAs (crystalline) 25.1 3.91 (t) AlGaAs window, Kopin (1990)
InP (crystalline) 21.9 4.02 (t) Epitaxial, Spire (1990)
CdTe (polycrystalline) 16.0 1.0 (ap) 3.5 �m, Matsushita (1997)
CuInGaSe2 (polycrystalline) 17.7 0.41 (t) On glass, NREL (1996) (Ref. 41)
GaInP/GaAs (crystalline) 30.3 4.00 (t) Double-junction, Japan Energy (1996)
a-SiC/a-Si/a-SiGe (amorph.) 13.5 0.27 (da) Triple-junction, unstab., USSC (1996)

Results are collected from Ref. 40 unless otherwise noted.
Note: ap � aperture area, da � designated illumination area, t � total area, UNSW � University of New South
Wales, NREL � National Renewable Energy Laboratory, USSC � United Solar Systems Corporation.
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material. A solution to the problem is to use advanced light- Hydrogenated Amorphous Silicon. Hydrogenated amor-
trapping methods to confine the light inside a thin crystalline phous silicon material (a-Si : H) has been believed to lead to
silicon cell. These cells may have thicknesses of the order of lower solar cell manufacturing costs, since one needs a thin
50 �m, which is about one-fifth or less of the usual thickness. material layer compared to crystalline or multicrystalline sili-
An efficiency of 21.5% has been demonstrated for a cell of this con. This material is highly disordered and has large number
kind, which was only 47 �m thick (19). However, the manu- of defects; therefore, efficiencies are quite low (4% to 5%). At
facture of this cell needs several lithographic steps, thus lim- these low efficiencies, it is not cost effective for various terres-
iting the commercialization of the device. trial applications. However, amorphous cells are very popular

Thin silicon substrates in the form of ribbon or web have for consumer products (watches, calculators, battery charg-
also been developed, but have not gained wide acceptance, ing, etc.). Amorphous cells work better under low intensity
due to various limitations. The approach of growing thin poly- (indoor light) compared to single or polycrystalline silicon.
crystalline silicon films (�50 �m) on low-cost substrates has Also it is possible to grow amorphous silicon on low-cost sub-
a high potential of reducing the amount of silicon used and strates (glass, plastic, metal) to reduce the thickness and
providing a low-cost mechanical support for the solar cell. weight of the cell. A problem with a-Si : H material is the
Light trapping is also used in thin film silicon cells to increase Staebler–Wronski effect, which causes degradation of the ma-
the absorption of light. Thin film silicon cells look quite prom- terial optoelectronic properties, decreasing the fill factor of
ising for widespread terrestrial photovoltaic applications. A the cell after illumination. The efficiency finally stabilizes,
large number of research and development groups around the even in the best cases, to levels typically less than 10%.
world are working on this approach. Development work is under progress to improve the single

Various methods have been used to deposit thin silicon junction amorphous silicon cell efficiency by adding more
films on different types of low-cost substrates, yielding effi- junctions. An experimental three junction small-area amor-
ciencies between 13% and 18%. Commercial production of phous silicon cell having an efficiency of 13.5% (11% after sta-
high-efficiency thin silicon film cells will be a major break- bilization) has been developed (13). The three material layers
through. This will greatly help in expanding the role of photo- in this cell are formed of amorphous materials a-SiC : H, a-
voltaic energy in meeting the ever increasing energy demand Si : H, and a-SiGe : H and connected by tunnel junctions. It is
and improving the standard of living around the world in a interesting to note that some other single junction thin-film
cost-effective way. Other novel methods, such as spherical sil- materials have achieved efficiencies approaching 17%. This
icon cells, have been demonstrated but have not attracted development suggests that it will be difficult for amorphous
much interest.

silicon cells to compete on an efficiency basis with other thin-
film materials.

Thin-Film Solar Cells

With thin-film solar cell materials one usually means a group Cadmium Telluride. Cadmium telluride has a nearly opti-
of amorphous and polycrystalline semiconductors which have mum band-gap (1.4 eV) for terrestrial photovoltaic solar en-
relatively high absorption coefficients and which can there- ergy conversion. Due to the simple binary composition, it is
fore be made of very thin layers for solar cell applications easy to manufacture. Solar cells based on this material have
(20). Another common factor with these materials is the po- a heterojunction structure, and the window layer is typically
tential of very low cost of manufacturing. Due to the generally made of cadmium sulfide (CdS). The highest confirmed con-
poor crystalline structure of these materials, the conversion version efficiencies of these cells are in the range of 16%, but
efficiencies have remained relatively low, especially when the reported submodule efficiencies are significantly lower
constructed to large area modules. Significant global efforts (only 10% to 11%). A review of the CdTe solar cell technology
are in progress to make these materials commercially viable. can be found in Refs. 20–22.
The best known material of this group is the hydrogenated
amorphous silicon (a-Si : H), which has a significant portion

Copper Indium Diselenide and Related Alloys. The materialof the world solar cell market, although it is mostly used in
group of Cu(In,Ga)(S,Se)2 (CIGS) chalcopyrite compoundsconsumer applications such as watches and calculators. Other
have a wide range of band-gaps varying from 1.0 eV to 2.4important materials of this group are chalcopyrites based on
eV. CuInSe2 (CIS) is the first material of this material groupcadmium telluride (CdTe) and copper indium gallium sulfur
to have been used to make solar cells, although it has a non-selenide [Cu(In,Ga)(S,Se)2, or CIGS].
ideal band-gap of only 1.0 eV. The band-gap of CIS can beThin-film solar cells (except a-Si : H) are typically based on
increased by replacing part of the indium atoms with galliumheterojunction p–n structures (see Fig. 14). The absorber
atoms, and with this modification the conversion efficiencies(base) layer is usually made a few micrometers thick, and it
have also increased. Some manufacturers replace also part ofis covered with a thinner wide-gap window layer. The metal-
the selenium atoms with sulfur atoms. Due to these two de-lurgical p–n heterojunction is formed in the interface between
grees of freedom in the choice of the material composition,these layers, and the junction quality is typically not ideal
one may choose an ideal band-gap for the material while pre-due to a large amount of interface defects. To control the
serving a good lattice matching condition to the other materi-amount of the defects, a thin buffer layer may be used be-
als used in the structure, which decreases the interface defecttween the window and absorber layers. In addition, to de-
densities. Typically, these materials are grown on a glass sub-crease the effect of the defects as recombination centers, the
strate, and there are several methods which have been usedelectrical junction may be shifted away from the metallurgical
for fabrication. References 20 and 23 have overviews of thejunction by using highly n-doped window and low p-doped ab-

sorber layers. status of CIGS technology.
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Solar Cell Materials Used in Space There has been also some interest in using thin film CIGS
cells in space applications. Although these cells have rela-

Solar cells offer great potential for space (outside the Earth’s tively low conversion efficiencies, they have good radiation re-
atmosphere) applications, as sunlight is available most of the sistance, and they can be used to make very low-weight solar
time except for brief eclipses. Moreover, solar cells are in arrays having high power-to-weight ratios.
many ways attractive compared with other sources of power
such as electrochemical batteries or nuclear energy. Most of

Radiation Behavior of Semiconductor Materials and Solar Cellsthe communication and weather satellites in orbit are pow-
ered by solar cell arrays, without which we could not obtain The Van Allen belts touch the Earth’s atmosphere in the po-
up-to-date weather information or receive long-distance tele- lar regions, where the northern and southern lights are
vision broadcasts or telephone calls. formed due to electron and proton collisions with the atmo-

In space applications, some of the most important quality spheric molecules. Near the equator plane the belts are fur-
criteria for solar cells are different from those for cells that ther away from the Earth. There are two main belts; the
are used in terrestrial applications. Depending on the satel- lower is located 1 to 3 Earth’s radii from the Earth’s surface
lite’s orbit, the space environment may be quite harsh, with (measured in the equator plane), and consists mainly of pro-
extreme temperatures and ionizing radiation. Therefore, tons. The upper belt, formed mainly of electrons, extends
space solar cells are especially designed to withstand the about 5 to 10 Earth’s radii from the surface. Energies of the
space environment. typical electrons and protons trapped in the Van Allen belts

Maximum possible power per unit weight at the end of the are in the range of 1 MeV to 10 MeV.
life (EOL) of the satellite is the most important aim in the Due to the existence of the Van Allen belts, there is an

important additional quality requirement for solar cells ifspace solar cell development. The lowest possible weight of
they are to be used as power sources for satellites. If the satel-the panels is important, due to high weight-related launch
lite’s orbit crosses the Van Allen belts, the space solar cellscosts. It costs approximately US $10,000 and US $45,000 to
must be radiation resistant, which means that their charac-launch 1 kg of weight into low earth orbit (around 600 km
teristics must deteriorate as little as possible when irradiatedabove the earth) and geosynchronous orbit (36,000 km above
with high-energy electrons or protons. Depending on the sat-the earth), respectively. Because it is usually impossible to
ellite’s orbit, however, the damage for the solar cells may varyreplace the solar panels of the satellites after the launch to
a lot. Therefore, it is important to know what kind of damagethe orbit, one must consider the ionizing-radiation-induced
for the solar cells is expected in every specific application.degradation and the EOL power of the solar cells in space.

Energetic protons and electrons cause vacancies, intersti-Depending on the orbit of the satellite, the cells may experi-
tials, and other defects throughout the active volume of theence heavy bombardment of high-energy electrons and pro-
solar cell. If the volume of the cell is small, the number oftons, which originate from the sun and are trapped in the
defects in the cell is therefore also small. This is the mainVan Allen belts in the earth’s magnetosphere. If the satellite
reason why compound semiconductor based solar cells havecrosses the Van Allen belts, significant degradation of the cell
better radiation resistances than silicon. Due to the signifi-conversion efficiency is expected. Therefore, the most impor-
cantly lower absorption coefficient of Si, space solar cellstant design criteria for space solar cells are high conversion
based on this material are usually 10 to 50 times thicker thanefficiency and good radiation resistance, which should yield
compound semiconductor based cells such as GaAs solar cellshigh power-to-weight ratio (as well as high power-to-area ra-
(excluding the substrate). However, there exist also other rea-

tio) in the solar array.
sons for the differences in the radiation resistance between

The first solar cells for space applications were made of the compound semiconductors. Generally, phosphorus-con-
crystalline silicon in the late 1950s, thus marking the begin- taining semiconductor materials, such as InP, have better re-
ning of the modern photovoltaics era. Crystalline silicon was sistance than arsenic compounds, such as GaAs (24), and the
practically the only material used in space until the late resistance can vary significantly with doping level.
1980s, when solar cells based on the compound semiconductor
gallium arsenide (GaAs) were introduced. GaAs has the ad-

End-of-Life Optimization of Space Cellsvantage of a higher conversion efficiency than silicon, and it
also has better radiation resistance. Typically, GaAs solar The solar panels must be designed in such a way that they
cells are grown on germanium (Ge) substrates. Germanium is will give enough power even at the EOL condition of the satel-
somewhat cheaper than GaAs as a substrate material. It also lite, which may typically be up to 10 years from the launch.
has the advantage of being mechanically stronger than GaAs, If there is a significant decrease of the panel power expected
which makes it possible to make the substrates thinner and due to particle radiation during the satellite’s lifetime, the
therefore more lightweight. Due to its superior radiation re- panel must be oversized at the beginning-of-life (BOL) condi-
sistance, another compound semiconductor, indium phosphide tion. This kind of situation increases the panel and launch
(InP), has had some interest for use in space applications. costs. Therefore, the ideal design of the cell would mean high
However, it has been used in only a few satellites because of BOL conversion efficienices, and low degradation coefficients
its high cost. (EOL efficiency not very different from BOL efficiency).

The next generation space solar cells are the multijunction With silicon cells, the difference between the BOL and
or cascade solar cells, which offer higher conversion efficien- EOL efficiencies can be made smaller by decreasing the cell
cies than single-junction silicon or GaAs cells. Double-junc- thickness (i.e., decreasing the volume of the cells). This de-
tion GaInP–GaAs solar cells and triple-junction GaInP– creases the BOL efficiency, but may be advantageous on the

system level due to diminished need for oversizing the panel.GaAs–Ge cells belong to this newest group of space cells.
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GaAs solar cells have higher BOL efficiencies, and the rela- exclusively. GaAs/Ge solar cells used in satellites have effi-
ciencies of about 18% to 19% at AM0 conditions, and the besttive degradation is about the same in comparison with thin

Si space cells. Therefore, the EOL efficiencies are higher for reported laboratory efficiencies are over 20% at AM0 for GaAs
cells on both Ge and GaAs substrates.GaAs cells than for Si cells, although Si technology is ap-

proaching that of GaAs in performance. The GaAs cell is less GaAs material has a high surface recombination velocity.
Using window layers with this material is therefore neces-sensitive to temperature variation, which gives this technol-

ogy a significant advantage in space application. In the case sary. Wide-gap AlxGa1-xAs material is a natural choice for the
window layer; it forms a well-behaving heterojunction withof multijunction GaInP/GaAs/Ge cells, the BOL efficiencies

are still higher (typically well over 20% at AM0), and the rela- GaAs, and it is almost lattice-matched to GaAs with all val-
ues of x. The most important problem with the AlxGa1-xAs ma-tive degradation of the multijunction cells is limited by the

GaAs subcell (for BOL optimized structure), giving the same terial is the high oxidation rate with high Al concentrations.
Therefore, the highest possible value for x is about 0.85.relative degradation as single-junction GaAs cells. Therefore,

the EOL efficiencies are still higher with these cells. The EOL
optimization of the multijunction cells is more complicated InP Solar Cells. InP has a band-gap energy of 1.35 eV, close
than the single junction cells, because the current matching to the ideal band-gap energy, which makes it a material of
condition changes during the flight due to different degrada- choice for high-efficiency solar cells. It has been shown that
tion of the subcells. Because the GaAs cell degrades faster InP solar cell efficiencies in excess of 24% at AM0 could be
than the GaInP subcell, the BOL condition should be de- achieved if the surface recombination velocity could be re-
signed GaInP current limited, and the EOL condition should duced by a proper window layer (25). Solar cells based on InP
be current matched. With this kind of design, the relative material have very good radiation resistance, observed both
degradation of the multijunction cell is defined by the good for electron and proton irradiations (26). The good radiation
radiation resistance of the GaInP subcell, and the difference behavior of InP can be explained by the self-annealing effect
between the BOL and EOL conditions is minimized. of phosphorus-containing semiconductor materials. In the

past, InP solar cells have been flown on many flight experi-
ments, and the results demonstrate their radiation superi-Specific Space Solar Cell Materials
ority.

Silicon Solar Cells for Space. The first solar cell array was
There exist, however, important drawbacks of InP as a so-

launched on March 17, 1958 aboard Vanguard I satellite. This
lar cell material. There are no good choices for window layers

solar cell array consisted of six small solar arrays or panels
(27); therefore the AM0 efficiency has remained below 20%.

which were mounted on the body of the spacecraft. Each
Other drawbacks of this material are its mechanical brittle-

panel had 18 p-on-n silicon solar cells of 2 � 0.5 cm2 size and
ness and high density, which cause problems in the reliability

about 10% efficiency at 28�C. This solar cell array provided
and launch costs in satellite applications. The high cost of this

approximately 1 W of power for more than 6 years.
material is also a problem. Efforts are in progress to develop

To date a few thousand satellites have been launched in
InP solar cells on low-cost mechanically strong substrates

space and the majority of these spacecrafts have used solar
such as Si to reduce the cost and weight.

cell arrays as the primary source. From 1958 until the begin-
ning of 1990s, single crystal silicon solar cells were the only

Advanced Single Junction and Multijunction Solar Cells forcells used for space applications and will continue to be used
Space Applicationsin the future spacecrafts. In the past 40 years silicon solar

cell size and efficiency have also improved significantly. Sili- Due to their larger bandgap energy, III–V semiconductor ma-
con cells of 17% energy conversion efficiency for space applica- terials (GaAs, InP, etc.) offer higher energy conversion effi-
tions are in commercial production. ciencies than silicon solar cells at AM0. The III–V material

The assembly of the international space station will be substrates and their growth are many times more expensive
completed by the year 2002. A 92 kW silicon solar cell array than silicon or germanium substrates or related process tech-
will provide the electric power to the station, 384 km above nologies. Therefore, efforts are in progress to grow III–V ma-
the Earth. The solar cells are n-on-p type single crystal silicon terials either on silicon or germanium to reduce the starting
of 8 cm � 8 cm size and 200 �m thick. The cells are approxi- III–V substrate cost.
mately 15% efficient and each cell produces slightly more Germanium is more expensive than silicon, but is lattice-
than 1 W of power. Therefore, thousands of solar cells con- matched to GaAs. GaInP–GaAs dual-junction and GaAs sin-
nected in series and parallel will be used to meet the station’s gle-junction solar cells grown on Ge substrates are in com-
power requirement. This solar array is the largest one ever mercial production. GaInP–GaAs–Ge three-junction solar
used in space. cells grown on Ge substrate have been produced in the labora-

tory (28). However, GaAs is lattice-mismatched to silicon, and
InP is lattice-mismatched to both silicon and germanium.GaAs Solar Cells. Gallium arsenide based solar cells have

gained a significant proportion of the market in the satellite Therefore, the growth of III–V materials under mismatch
conditions will be accompanied by a large generation of de-applications. In comparison to the previously dominating sili-

con solar cells, GaAs cells have significantly better BOL effi- fects or misfit dislocations. These dislocations are cata-
strophic to the performance of the solar cell (29). Several ap-ciencies and better radiation behavior. Using lattice-matched

growth on Ge substrates, heteroepitaxial GaAs/Ge solar cells proaches are under investigation to reduce the number of
defects.can be grown with quality approaching GaAs cells on GaAs

substrates. Due to the lower cost and mechanical strength of To achieve well over 20% conversion efficiencies for space
applications, multijunction solar cells have been developed.Ge substrates, these heteroepitaxial GaAs/Ge cells are used
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Materials for multijunction cells are based on GaInP– efficiencies are required to take advantage of the high-inten-
sity sunlight.GaAs–Ge and InP–GaInAs systems. The GaInP–GaAs–Ge

cells are grown on Ge substrates, and the Ge may be either The main drawbacks of the concentrator systems are that
passive or active. In structures having passive Ge, the polar- for maximum performance, some kind of tracking of the sun’s
ity is usually p-on-n, and the cell consists of a two-junction daily motion is needed, as well as cooling of the cells. The
GaInP–GaAs structure. In triple-junction cells having active higher the concentration is, the more accurate the tracking
Ge junctions, the solar spectrum can be used more efficiently must be. Although the tracking provides several advantages,
(see Fig. 15), and a few percent increase is expected in the the consequences of the need for tracking are increased main-
conversion efficiencies in comparison with the double-junction tenance costs, and almost zero output in cloudy weather.
structures. The Ge junction is formed during growth of GaAs. For very low concentration, the system can be made non-
Interdiffusion of Ge and GaAs can occur during the growth of tracking by using reflector plates around the solar panels.
all subsequent layers. Passively tracking systems normally have one axis of rota-

The double-junction GaInP–GaAs cells on GaAs substrates tion, and their performance is therefore better than that of
have yielded nearly 27% AM0 efficiencies (30), and they are nontracking systems, but still only low concentration levels
the first reported monolithic two-terminal solar cells that can be used. Active tracking usually means that the system
have yielded over 30% conversion efficiencies under a 1-sun has two axes of rotation, and the panels are directed accu-
AM1.5G spectrum. rately toward the sun by using microprocessor control. The

Although the InP–GaInAs double-junction structures have advantages of active tracking are the high possible concentra-
yielded significantly higher efficiencies (31) than epitaxially tion (up to several hundred suns) and the high effective usage
grown and diffused (32) single-junction InP solar cells, no of the available solar light because the panels are always opti-
cost-effective, mechanically strong Ge-like substrate exists. mally directed towards the sun.
These structures are grown on InP substrates, and therefore If the intensity of the solar radiation is increased by the
the same mechanical and cost-related problems arise as with means of optical concentration, higher conversion efficiencies
single-junction InP cells. for solar cells are expected. That is because the output volt-

age, which is related to the photocurrent density, increases
with the light intensity [i.e., the photocurrent; see Eq. (5)]CONCENTRATOR SOLAR CELLS
and also the fill factor increases, because the relative effect of
the forward diffusion current decreases with increasing pho-Using concentrated sunlight provides several advantages in
tocurrent [Eq. (2)]. With increasing output currents, however,photovoltaic conversion, of which the most important are the
the resistive losses in the solar cell also increase. Therefore,increased conversion efficiencies of the solar cells, and savings
the series resistance of the concentrator cells has to be de-in panel costs due to the smaller needed solar cell area. The
creased in comparison with typical solar cells using noncon-cell current and consequently power generated will increase
centrated solar light. The grid design, ohmic contacts betweenproportionally with the intensity of the sunlight. In the con-
the metal and semiconductor, emitter sheet resistance, andcentrator approach, lenses or mirrors are used to concentrate
base series resistance have to be redesigned.sunlight on solar cells. There exist several concentrator types,

A record high efficiency of 27.5% was demonstrated for sili-of which the point focus and linear focus are the most com-
con solar cells at 100-sun concentration. This cell had bothmon ones using refractive optics. Parabolic dish mirrors are
contacts on the back side and has been referred to as a back-examples of concentrators applying reflective optics. For
side point-contact solar cell (18). More expensive crystallinespace applications, the concentrator modules may be inflat-
compound semiconductor solar cells, such as GaAs single-able to minimize the needed volume during launch.
junction cells, can be used in concentrator applications.In concentrator systems, the expensive solar cells are
GaAs–GaSb, InP–GaInAs, and GaInP–GaAs multijunctionpartly replaced by the optical elements, with resulting reduc-
cells have shown over 30% efficiencies under terrestrial con-tion. The cost reduction depends on the complexity of the con-
centrator (see Table 3), a result that makes these cells inter-centrator system. Despite various claims, this approach has
esting for terrestrial applications in addition to space use.not yet been widely used, but it is gaining more acceptance
Cell- and optics-related work is progressing to further im-for both terrestrial and space applications. Several demon-
prove the efficiencies for concentrator applications. Referencestration projects based on this approach are in operation. In

concentrator applications, solar cells of the highest possible 33 overviews the concentrator cell physics and technology.

Table 3. Best Confirmed Concentrator Cell Conversion Efficiencies under AM1.5D Spectrum

Efficiency Concentration Area
Material (%) (suns) (cm2) Description (year)

GaAs 27.6 255 0.126 (da) Spire (1991)
InP 24.3 99 0.075 (da) NREL (1991)
Si 28.2 100 0.15 (da) Stanford University (1987) (Ref. 42)
GaAs/GaSb 32.6 100 0.053 (da) Mechanical stack, Boeing (1989)
InP/GaInAs 31.8 50 0.063 (da) Monolithic, triple-terminal, NREL (1990)
GaInP/GaAs 30.2 180 0.103 (da) Monolithic, double-terminal, NREL (1994)

Results collected from Ref. 35 unless otherwise noted.
Note: da � designated illumination area, NREL � National Renewable Energy Laboratory.
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NONSOLAR APPLICATIONS FOR PHOTOVOLTAIC CELLS Usually formation of the p–n junction is included in the mate-
rial growth process. An exception is the Si cell process, where

This section briefly discusses the devices that generate elec- the p–n junction is formed subsequently by diffusion after the
tricity from thermal and laser sources instead of sunlight. material growth process. The second step in the manufactur-
Hence we refer to these devices as photovoltaic cells and not ing process is the contact formation, consisting of the front
solar cells, although these cells amount to specially designed contact grid and back contact deposition, and the AR-coating
solar cells. The detailed description of these new types of cells formation. A comprehensive overview of the manufacturing
is beyond the scope of this article. technologies of solar cells is given in Ref. 11.

Thermophotovoltaic Cells
Material Growth

A relatively new nonsolar photovoltaic application is thermo-
In the case of crystalline silicon, the bulk crystal is usuallyphotovoltaic (TPV) conversion. In this case the incoming radi-
grown by using the Czochralski growth method. In thisation is in the infrared part of the spectrum.
method, the silicon crystal is pulled from a silicon melt andCells for this purpose directly convert thermal energy into
crystallized by using a seed crystal in such a way that theelectrical energy. This effect was discovered more than 30
orientation of the seed crystal is copied to the bulk crystal.years ago, but the recent developments in material growth
The bulk crystal is then sliced to wafers, having a thicknesstechnology have generated renewed interest in this field. TPV
of the order of 0.5 mm. These wafers are then etched to re-power generators offer many advantages and could be used
move the crystal damage from the wafer surface caused byfor a wide range of applications, similar to solar PV genera-
the slicing process. The quality of the single crystal silicontors. TPV systems can be operated by combustion, radioiso-
wafers grown by the Czochralski method is good, but the ma-topes, and even solar energy. In a typical TPV system, the
terial cost is too high for large-scale solar power applications,source heat is transmitted to the TPV cell through selective
except in concentrator configurations. In practice, the cost ofemitter material, which filters and converts the source radia-
the Si material can be kept low by using low-grade Si prod-tion wavelength range to better match with the response of
ucts from the electronics industry. Multicrystalline silicon isthe TPV cell. Modeling studies (34) have predicted TPV cell
used in many cases because the manufacturing process cost ofefficiencies in excess of 30%, depending on the source temper-
this material is significantly lower compared to single crystalature. High-temperature sources offer a large power density,
silicon. To produce multicrystalline silicon, small pieces ofbut source heat management and uniformity, temperature
crystalline silicon are put together in a mold and melted.limitations of materials, keeping the cells clean, and cooling
When the melt is slowly solidified, a multicrystalline ingotof the cells pose problems. Sources between 1000 K and 2000
(grain size more than 1 mm) is formed.K offer a good possibility for terrestrial as well as space TPV

Thin-film materials are typically deposited from gaseousapplications. Cells of narrow-band-gap materials in the range
sources, which react to form the desired compounds on a spe-of 0.5 eV to 0.74 eV are suitably matched to the spectrum of
cific substrate. The most important two chemical depositionthe sources between 1000 K and 2000 K. Cells of indium gal-
techniques are spray pyrolysis and chemical vapor depositionlium arsenide, gallium antimonide, and related materials are
(CVD) processes. With these methods, silicon material growsbeing developed for TPV applications. These materials have
in polycrystalline (grain size less than 1 mm) or amorphousrelatively high cost; therefore silicon has also been considered
form. Chalcopyrite materials and other thin-film compoundas a candidate material for TPV application, although this

material has a nonideal wavelength response range. semiconductors are grown in polycrystalline form.
High-efficiency crystalline compound semiconductor mate-

Monochromatic Photovoltaic Power Conversion rials, such as GaAs and GaInP, are grown by epitaxial growth
methods. In solar cell applications, large-throughput epitaxialSolar cells can exhibit higher efficiency under monochromatic
growth systems are needed. Of these, the metalloorganic va-light than under solar illumination. If the incoming radiation
por phase epitaxy (MOVPE, also known as metalloorganiconto the photovoltaic cell consists only of a narrow spectrum
chemical vapor deposition, or MOCVD) is the most typicallyjust above the band edge of the cell, the phonon emission and
used method. However, other epitaxial growth methods suchphoton transmission losses are minimized. Theoretically, con-
as liquid-phase epitaxy (LPE) and molecular beam epitaxyversion efficiency of over 60% is expected for a GaAs-based
(MBE) have also been used or considered for solar cell pro-monochromatic photovoltaic converter if the photon energy is
duction.only slightly larger than the material band-gap, and experi-

mental devices have yielded over 50% efficiencies (35).
Light-to-electric power converters are used in applications Patterining and Contact Formation

where good galvanic insulation is needed. Such an application
The grid patterining for the solar cells can be made by usingis, for example, a sensor located in an environment having

explosive gases or high voltages. By using a monochromatic conventional optical lithography methods. Optical lithography
photovoltaic converter, the electrical power for the sensor enables manufacturing of narrow finger patterns, but is rela-
electronics is transferred in the form of laser emission light tively slow method due to the many steps needed in the pro-
and can therefore be guided via an optical fiber. cess, such as resist deposition, hardening of the resist, mask

alignment and exposure, resist development, metal evapora-
tion and lift-off. Due to the complexity of this process, it isMANUFACTURING OF SOLAR CELLS
only used for expensive concentrator cells and space cells. For
inexpensive large-scale production, a simpler screen printingThe solar cell manufacturing process can be divided in two

basic parts. In the first step, the solar cell material is grown. process has been developed. In the screen printing method,
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the metal grid pattern is pasted on the solar cell surface with In the load-IV curve measurement, the lamp intensity has
to be set to the standard condition with the aid of a calibrateda relatively simple mechanical printing machine.

The back metal contact usually does not need any kind of standard cell, and the cell temperature must be accurately
controlled. To eliminate resistance errors originating frompatterning. The metal layers may be deposited by evaporation

or sputtering methods, or by electrochemical plating. Both contacting the cell with measurement probes, the four-con-
tact-probe method is preferred. The IV-curve can then be de-front and back metal contacts may need thermal annealing to

achieve ohmic contacts between the metal and the semicon- termined by varying the load resistor value. The reference cell
calibration can be made in near-AM0 conditions at high-alti-ductor layers.
tude balloon or aircraft flights, or even in spacecraft flights.

Health Issues Related to Solar Cell Manufacturing These primary-calibrated cells can then be used to make sec-
ondary calibration standards, which can be used for normalThere is some concern about the toxicity of some of the mate-
solar cell testing.rials which are used in the manufacturing of thin-film cells.

As is in the case of basically all semiconductor manufacturing
Dark-IV Characteristicsprocesses, toxic gases and chemicals have to be used in the

fabrication of thin-film solar cells. The risks for the manufac- Measurement of the dark-IV characteristics of a solar cell
turing personnel can be minimized, however, with proper gives valuable information about the p–n junction quality.
safety practices. In the case of CdTe solar panels, also the This measurement requires a current–voltage source and cor-
panel disposal and recycling have to be arranged at the end responding meters. Use of a four-point contacting scheme im-
of the lifetime of the panels (which may typically be 20 to 30 proves the accuracy of the measurement. Characterization of
years), due to the toxicity of cadmium and tellurium. There is the dark current at the bias voltage near the power maximum
normally no health hazard risks in the use of the panels. An point is most usable, but voltage regions where recombination
assessment of the health risks in solar cell technology is made and diffusion currents are dominating can also be deter-
in Ref. 36. mined. The existence of traps in the depletion region can be

observed from the ideality factor determined from the IV
CHARACTERIZATION OF SOLAR CELLS curve. In addition, shunt and series resistance values can be

measured, for example, to reveal the reasons for a low fill
Usually, the most important parameter for the user of the factor. From the difference in the dark and load IV character-
solar cell is the output power. Determination of the conver- istics one can also define the possible contribution of the in-
sion efficiency of the solar cell, which can be determined by terface recombination to the photocurrent losses. For thin-
load-IV measurements, defines the quality of the device in film solar cells especially, a lot of information is obtained by
this respect. However, there are other characterization tech- looking at the change in the I–V curve shape with variable-
niques which are important in the development process of the intensity light bias.
solar cell. Measurement of the spectral response and the
quantum efficiency describe the photocurrent generation Quantum Efficiency Measurements
properties of the cell. Dark-IV characteristics determine the

The quantum efficiency of a solar cell can be measured withquality of the p–n junction. Reflection measurement defines
a system having a white light source and a set of band-passthe properties of the AR coating. Minority carrier lifetime
filters or a monochromator, a current amplifier, and a cali-measurements, electroluminescence measurements, and elec-
brated reference cell. The cell response is then scanned withtron beam induced current measurements give useful infor-
various wavelengths and compared with the reference cell re-mation about the semiconductor material quality. An over-
sponse. The quantum efficiency can thus be calculated. In theview of the characterization procedures of solar cells can be
case of multijunction cells, the quantum efficiency measure-found in Ref. 37.
ments have to be performed separately for each subcell by
light biasing the other cells in the structure in such the wayMeasurement of Load-IV Characteristics
that the subcell to be measured is the current limiting cell

To reliably determine the current-voltage characteristics of a (38). For nonideal devices (especially thin-film cells) the QE
solar cell, one needs accurate simulation of the standard solar may depend on the light intensity and on the bias voltage.
spectrum at the given air mass conditions. However, all solar Comparison of the QE measured at low light levels with that
simulators give only approximate reproductions of the solar at 1-sun light levels, and of the QE at short-circuit conditions
spectrum. The simulators are usually based on xenon lamps, with that at forward voltage bias, can give clues about the
which roughly represent the black body emission spectrum at loss mechanisms in the cell.
5800 K. These lamps give strong output at ultraviolet wave- The direct result of the quantum efficiency measurement
lengths and also characteristic peaks at longer wavelengths. is the external QE. To define the internal QE, one has to mea-
The light output of the lamp is usually filtered to adjust for sure also the reflectance of the solar cell as a function of the
the desired air mass condition. It is especially important to wavelength. The internal QE can then be calculated.
have a correct simulator spectrum when multijunction cells
are measured, because the current matching condition is of

Minority Carrier Lifetime Measurements
crucial importance in these structures. Therefore, the most
accurate measurements for multijunction structures are ob- Rough estimations about the minority carrier lifetimes of the

solar cell materials can be made from the quantum efficiencytained with multisource simulators, in which the subcells are
separately light-biased with the aid of spectrally selective measurements. Comparing with numerical modelling of the

quantum efficiency, for example with PC-1D program (39),lamps.
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Table 4. Best Reported Solar Cell Efficiencies under One-Sun Space AM0 Spectrum

Eff. Area
Structure (%) (cm2) Description (year) (Ref.)

Si 18.3 4 (t) Sharp (1993) (43)
GaAs 22.5 4 (t) Mitsubishi (1987) (44)
GaAs/Ge (single-junction) 20.5 4 (t) ASEC (Tecstar) (1990) (45)
InP 19.1 4 (t) Spire (1990) (9)
InP/GaInAs (double-junction) 22.2 1 (t) NREL (1994) (31)
GaInP/GaAs (double-junction) 26.9 4.00 (t) Japan Energy (1998) (30)
GaInP/GaAs/Ge (double-junction) 24.2 0.25 (t) Spectrolab (1994) (46)
GaInP/GaAs/Ge (triple-junction) 25.7 4 (t) Spectrolab (1996) (28)

Note: t � total area, ASEC � Applied Solar Energy Corporation, NREL � National Renewable Energy Laboratory.

one may obtain approximations for the carrier lifetimes. This solar cells and increased utilization of solar energy with pho-
tovoltaics in the future.method can be used if the other material parameters are
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