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Abstract. With a history dating back over 50 years, silicon solar cells were
amongst the first bipolar silicon devices demonstrated. Notwithstanding this

long history, the last 10 years have seen rapid progress in both the efficiency of
experimental devices and in the understanding of basic design constraints. The
evolution of silicon cell design over the last 50 years is described and the features
of current high-efficiency devices are discussed in some detail. With energy
conversion efficiencies above 23 %, these devices are now approaching basic
limits for conventional homojunction cells. The potential for substantially
increasing cell performance above these limits, by taking advantage of concepts
such as the impurity photovoltaic effect, the incorporation of alloys and

superlattices, and tandem cells based on silicon, is discussed.

1. Infroduction

Although the history of silicon solar cells dates back over
50 years to the very beginning of the silicon bipolar
device era, the last decade has seen enormous improve-
ments in both the performance of experimental cells and
cell theory. Over the last few years, cells have reached
performance levels once thought not to be physically
attainable. As shown in figure [, present laboratory cells
convert over 239, of the incident energy in sunlight into
electricity, well above the value of 20°/ once thought to
be a basic limit.

Silicon solar cells have different design and material
requirements from most other silicon electronic devices.
Not only is nearly ideal passivation of silicon surfaces
required, but the bulk properties must also be of uni-
formly high quality for high energy conversion efficiency.
This is because some wavelengths of light have to pass
several hundred micrometres through the silicon before
absorption and produce carriers that are still collected by
the cell.

This paper reviews the history of silicon solar cell
development, discusses the features of modern cell design
and outlines possible areas of investigation which might
result in further improvements in performance in the
future.

2. Cell history

The first silicon cells were produced as a result of interest
in silicon for use in point-contact rectifiers. The rectifying
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Figure 1. Evolution of the energy conversion efficiency of
laboratory silicon solar cells

properties of sharp metal contacts to various crystals had
been known since at least 1874 [1]. In the early days of
radio, such crystal rectifiers were almost universally used
as detectors in radio receivers [2]. However, with the
development of thermionic tubes, these crystal rectifiers
were displaced except for ultra-high-frequency work. The
most suitable for this work proved to be tungsten points
to silicon surfaces. This provided the incentive for im-
proving the purity of silicon and further understanding
its properties.

In studies of recrystallized melts of pure silicon pre-
pared for this purpose, Russell Ohl of Bell Laboratories
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discovered well defined barriers in polycrystalline ingots
grown from some lots of commercial high-purity silicon
[3]. These ‘grown-in’ junctions resulted from impurity
segregation during the recrystallization process. Ohl
found that one side of the junction reached a negative
potential when samples were illuminated or heated. The
same side had to be biased negatively to show low
resistance to current flow across the barrier or across a
point contact to this material. This led to the terminology
of ‘negative-’ or ‘n-type’ silicon for the material on this
side of the junction. The material of opposite type was
named ‘positive-’ or ‘p-type’. It was apparently only after
this initial experimental work that the role of donor and
acceptor impurities in producing these properties was
shown.

In 1941, the first photovoltaic devices based on these
‘grown-in’ junctions were described [3]. Figure 2 shows
the geometry of cells cut from the recrystallized material,
in this case so that the junction was parallel to the
illuminated surface. Contact was made at the periphery
of the top of the device as shown, and over the entire rear
surface. No energy conversion efficiency figures were
reported for these cells, although an analysis of the data
suggests efficiency well below 1%. The cells were
obviously quite difficult to fabricate due to the lack of
control over the junction location.

A more controllable method of junction formation
was reported by Kingsbury and Ohl in 1952 [4]. These
cells used recrystallized silicon fabricated from pure
source material to prevent ‘grown-in’ junctions being
formed. Helium ion bombardment of the surface was
used to form the rectifying junction. A similar contacting
scheme was used as for the earlier devices. These devices
showed quite respectable spectral responsivity, although
energy conversion efficiencies were again not reported.
They are estimated to lie somewhere around 1%,

These early efforts were quickly overtaken by the
rapid development of silicon technology, also at Bell
Laboratories. Improved techniques for crystal growth
producing single-crystal wafers of silicon were developed,
as were techniques for doping using high-temperature
diffusion of impurities. This led to the first report of a
modern silicon cell in 1954 by Pearson, Fuller and
Chapin of Bell Laboratories [5]. The first cells used
lithium diffusion to form the junction and had an efficien-
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Figure 2. Silicon solar cell reported in 1941 relying on
‘grown-in’ junctions formed by impurity segregation in
recrystallized silicon melts.
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cy of about 4.5% [6]. The lithium diffusion was soon
replaced by boron diffusion with the efficiency increasing
to 69, [S, 6].

These cells had the dual rear contact structure of
figure 3 and opened up the first real prospects for power
generation using photovoltaics [7]. Improvement in the
cell structure led to demonstration of 109, efficiency
within 18 months of the initial report [7]. However, given
the immaturity of the silicon industry, it soon became
apparent that the initial enthusiasm for widespread ter-
restrial use of cells was premature. An application was
identified in space on satellites, and this formed the major
application of the cells until the early 1970s and provided
the major incentive for their continued development.

The development of cells for space resulted in further
refinements such as the use of contact grids on the top
surface. This pushed cell efficiency to above 149% in
terrestrial sunlight by the early 1960s [8]. At about this
time, the superior radiation resistance of boron-doped
substrates became apparent. This led to a shift from
the phosphorus-doped substrates previously preferred.
Although this change reduced initial cell efficiency, it
resulted in a cell more able to withstand the high-energy
particles present in the space environment. Cell design
then stabilized for a decade to the structure shown in
figure 4. Cell size was standardized at 2 cm x 2 cm, six
metal contact fingers formed by the vacuum evaporation
of a Ti/Ag multilayer (subsequently Ti/Pd/Ag) were
generally used to conduct carriers generated over this

(+)
Figure 3. First modern silicon cell, reported in 1954,

fabricated on single-crystalline silicon wafers with the p—n
junction formed by dopant diffusion.
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Figure 4. Space silicon cell design developed in the early
1960s which became a standard design for over a decade.



area to a 1 mm wide busbar (not shown), and a silicon
monoxide quarter-wavelength antireflection coating was
used to reduce reflection from the top surface of the cell.

The first half of the 1970s saw several innovations
introduced into cell design. The first resulted from the
observation that alloying aluminium into the rear of the
cell produced improved current and voltage output. The
effect was initially attributed to gettering of impurities in
the cell bulk by the aluminium [9, 10]. Tt was subse-
quently explained in terms of the heavily doped p-type
layer produced at the rear surface by the alloyed alumin-
ium [11, 12]. Today, this is commonly described as a
‘back surface field’ effect, although the effect can more
usefully be described in terms of a reduction in the
effective minority carrier recombination velocity at the
rear of the cell. The region with heavily doped aluminium
suppresses minority carrier concentrations near the rear
of the cell, restricting their flow to the rear contact. The
gettering effect of rear aluminium treatments has also
since been well established [13, 14].

A further improvement was obtained at Comsat
Laboratories [15] by applying the photolithographic
techniques developed for microelectronics to the defini-
tion of the top metal contact. This produced much finer
metallization fingers than possible with the previous
technique of evaporation through a metal shadow mask.
Finer metal fingers meant that fingers could be more
closely spaced without excessive shadowing of the top
surface of the cell. This allowed much shallower diffu-
sions to be used to form the top junction, eliminating
dead layers which resulted from excessive dopant con-
centrations near the surface in earlier cells [15]. By this
approach, the response of the cells to light of wavelengths
at the blue end of the spectrum was greatly improved,
since this light is strongly absorbed near the surface of
silicon. New antireflection coatings which did not absorb
such light were developed to take advantage of this new
capability [15].

At about the same time, the use of anisotropic etching
to expose crystal planes in silicon was being explored in
microelectronics. This technique was extended, also by
Comsat Laboratories [16], to produce pyramids ran-
domly located on the top surface of (100)-orientated
silicon. In this approach, the square-based pyramids are
formed by intersecting (111) crystallographic planes.
This approach reduces reflection from the top surface of
the cell as well as coupling the light obliquely into the cell,
allowing it to be absorbed closer to the most active
region of the cell near the top junction. Figure 5 shows a
cell incorporating all the previous advanced features,
which resulted in cells of approximately 179 efficiency
under terrestrial sunlight [17]. This performance figure
was unsurpassed for nearly a decade.

The next improvements in cell performance came
primarily as a result of increased output voltage due to
improved passivation of the electronic activity at the top
surface of the cell. This improved passivation resulted
from the use of thermally grown oxide to passify non-
contacted areas of the cell and the use of a variety of
techniques to reduce the activity at the interface with the
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textured surface

rear contact

Figure 5. Textured 'black’ cell of the mid-1970s which used
crystallographic texturing of the top surface to reduce
reflection loss, photolithographically defined top contact
fingers, a shallow top junction diffusion and an improved
antireflection coating (not shown). Aiso shown is a heavily
doped region near the rear contact resulting from
aluminium alloying.

top metal contact. The passivated emitter solar cell
(PESC) of figure 6 used a reduced area of contact at the
top surface to minimize the effects of such activity. Due to
the improved top-surface properties of this cell, it was
able to take fuller advantage of high-quality starting
wafers than earlier designs. By using high-quality float-
zone wafers relatively highly doped with boron, 209
efficiency was surpassed with this structure in 1985 [18].
This efficiency figure had long been thought to be a
fundamental limit for silicon—the ‘four minute mile” of
silicon photovoltaics.

The next major advance in cell design resulted from
extending oxide passivation to both front and rear sur-
faces of the cell. The first successful design of this type
was the point contact solar cell of figure 7 [19]. In this
design, the effects of contact recombination were further
reduced by localizing contacts to small points on the
non-illuminated surface of the cell (the uppermost sur-
face in figure 7). These cells depend on having both
extremely good passivation of cell surfaces and extremely
high-quality bulk properties. Not only do most of the
light-generated carriers have to travel long distances
from the point of generation near the illuminated sur-
faces, but also this passage is hampered by the carriers
having to squeeze into the small rear contact areas. This

finger
N microgroove

B s R e, NC—
N+ thin oxide
P
+
g
7
3
back contact

Figure 6. The passivated emitter solar cell (pesc), the first
silicon cell to surpass 20% energy conversion
efficiency—the ‘four minute mile’ of silicon photovoltaics.
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Figure 7. Innovative point contact solar cell relying on
high-quality bulk material and oxide passivation of both top
and rear surfaces. Dopant diffusions are limited to small
islands (10 um x 10 um) spread over the non-illuminated
surface of the cell with contact made via smaller contact
holes through the oxide. Carriers, mostly generated close
to the illuminated surface, find their way across the
substrate, typically 100 um thick, to the contact regions.

compression causes larger carrier gradients than in other
designs, increasing carrier concentrations near the illu-
minated surface and putting even more pressure on bulk
and top-surface quality. Such high bulk quality can only
be obtained by using very lightly doped substrate mater-
ial which causes the cells to operate in high injection.
Processing the cells presents challenges. Not only does
bulk and surface quality have to be maintained during
processing, but excellent rear oxide integrity is also

essential. Defects in this oxide can cause shunting be-
tween the rear contacts and the substrate [207. These
highly innovative cells were the first to exceed 229%
efficiency under normal terrestrial testing, although 27 %
efficiency has been demonstrated under highly concen-
trated sunlight [21]. :

The highest terrestrial silicon cell efficiency confirmed
to date has been obtained by the passivated emitter, rear
locally diffused (PERL) cell of figure 8. This cell essentially
combines the best features of the two previous designs of
figures 6 and 7 to give cell efficiencies above 23 % [22].
The design and operating features of this cell will be
discussed in more detail in the following section. Table 1
summarizes the key resuits in the evolution of silicon cell
efficiency.
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Figure 8. Passivated emitter, rear locally-diffused cell {PERL
cell) which has demonstrated independently confirmed
energy conversion efficiency above 23%.

Table 1. Evolution of silicon solar cell efficiency (> 1 cm? area) nominally under the IEC 904
global or ASTM E892-87 global AM1.5 spectrum at 25 °C and 1000 W m —2 illumination intensity.

Datet Efficiency(%) Cell structure Organization Reference
3/41 <1 Melt-grown junction Bell Laboratories 3
3152 ~1 He bombardment Bell Laboratories 4
~12/53 ~4.5 Li-diffused wraparound Bell Laboratories 6
1/54 ~6 B-diffused wraparound Bell Laboratories 5
11/54 ~8 B-diffused wraparound Bell Laboratories 7
5/55 ~11 B-diffused wraparound Bell Laboratories 7
~12/57 12.5 0.5 x 2 cm, B-diffused Hoffman Electronics 34
8/59 14 Grid-contact, B-diffused Hoffman Electronics 34
8/61 145 B-diff. AR coat, gridded Commercial, USASRDL 8
1/73 15.2 Violet cell Comsat Laboratories 15
9/74 17.2 Textured non-reflecting Comsat Laboratories 16
9/83 18.0 MINP cell University of NSW 22
12/83 18.3 PESC University of NSW 22
5/85 19.0 PESC University of NSW 22
10/85 20.0 Microgrooved PEscC University of NSW 22
7/86 20.6 Microgrooved pesc University of NSW 22
4/88 20.8 Microgrooved PESC University of NSW 22
9/88 223 Rear point contact cell Stanford University 22
12/89 23.0 PeRL cell University of NSW 22
2/90 23.3 PERL cell University of NSW 22

1 Date of submission or bresentation of paper reporting result or date of independent efficiency

confirmation {month/year).



3. peRL cell design
3.1. Optical features

It is obvious that, to maximize cell performance, as much
light as possible of useful wavelengths should be coupled
into and absorbed by the cell. Modern cell designs such
as the PERL cell of figure 8 incorporate several features of
a primarily optical nature to achieve this resuit.

The inverted pyramids along the top surface serve
primarily such an optical role. Most light incident on this
structure will hit one of the side walls of the pyramids at
the first point of incidence. The majority of this light will
be coupled into the cell. That reflected will be reflected
downwards, ensuring that it has at least a second chance
of entering into the cell. Some of the light incident near
the bottom of the pyramids has three such chances. The
pyramids are covered by an oxide layer of appropriate
thickness to act as a quarter-wavelength antireflection
coating [23].

Light coupled into the celi moves obliquely across the
cell towards the rear surface with most absorbed on the
way. Weakly absorbed light reaching the rear surface is
reflected by the very efficient reflector formed by the
combination of the rear oxide layer covered by an
aluminium layer. The reflectance from this combination
depends upon the angle of incidence of the light and the
thickness of the oxide layer, but is typically above 95%;
for angles of incidence close to the normal, decreasing to
below 909 as the incidence angle approaches that for
total internal reflection at the silicon/oxide interface
(24.7°), and increasing to close to 100 %, once this angle is
exceeded [24].

Light reflected from the rear then moves towards the
top surface. Some reaching this surface strikes a face of a
pyramid of opposite orientation to that which coupled it
into the cell. Most of this immediately escapes from the
cell. Light striking other faces of the pyramid is totally
internally reflected. This results in about half the light
striking the top surface internally at this stage being
reflected back across the ceil towards the rear contact
[25]. The amount of light escaping after the first double
pass depends on the precise geometry involved. It can be
reduced by destroying some of the symmetries involved,
for example by using tilted inverted pyramids [26] or by
using the ‘tiler’s pattern’ approach of figure 9 [25]. The
latter approach is currently used in PERL cell designs.

The combination of the inverted pyramids and the
rear reflector therefore forms a very efficient light-trap-
ping scheme, increasing the pathlength of weakly
absorbed light within the cell. Effective absorption
thicknesses of the cells are measured to be about 30 times
the physical thickness. The light trapping boosts the
infrared response of the cell. The external responsivity
(amps per watt of incident light) of PERL cells peaks at
longer wavelengths at higher values than previous silicon
cells, with values of 0.75 A W~! measured at 1.02 um
wavelength. Energy conversion efficiency under monoch-
romatic light peaks at the same wavelength with values
above 45 % measured [27]. Further improvement in light
trapping could push this figure to above 509 at 1.06 um.

Silicon solar cells

Figure 9. Staggered inverted pyramid layout {‘tiler's
pattern’) used to improve the trapping of weakly absorbed
light into PeRL cells.

Other optical losses are due to reflection from, and
absorption in, the top metal fingers of the cell. This can
be minimized by making these lines as fine as possible
with, ideally, as large an aspect ratio (height to width
ratio) as possible. Alternatively, optical approaches can
be used to steer incoming light away from these lines or
to ensure that light reflected from them eventually finds
its way to the cell surface [28].

Present PERL cells lose about 5% of incoming light
due to absorption or reflection loss associated with these
metal fingers, when combined with reflection from the
unmetallized top surface of the cell. They also lose one or
two per cent in performance from the use of a less than
optimum light-trapping scheme and from less than 100 9,
reflection of light from the rear surface of the cell. There is
therefore some scope for small to moderate gains in
performance by further improving the optical properties
of these cells.

3.2. Electronic features

3.2.1. Bulk recombination. To obtain good cell perfor-
mance, recombination throughout the cell has to be kept
to a minimum. The advantages in producing increased
current output are obvious. It makes no sense to waste
photogenerated carriers by allowing them to recombine
before being collected by the cell. Decreased recombina-
tion also increases the voltage output of the cell. Any
voltage appearing across the cell produces increased
internal carrier concentrations, increasing recombination
rates within the cell. On open circuit , the nett generation
rate of carriers throughout the cell is balanced by the
recombination rate due to this voltage bias effect. The
cell open-circuit voltage is often a more sensitive indica-
tor of recombination rates in the cell than the short-
circuit current.

As apparent in figure 8, most of the PERL cell volume
consists of uniformly doped buik material, with surface
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regions divided into contacted and non-contacted areas.
Recombination in bulk regions can be minimized by
choosing as high a quality starting material as possible.
Material quality is generally characterized by a minority
carrier lifetime, t. The lower the dopant concentration in
the substrate, generally the higher this lifetime will be.
This is offset by a compensating effect of doping upon
recombination rates. This compensation is due to the fact
that the higher the dopant density, the lower the minority
carrier concentration for any given voltage across the
cell. The recombination rate is determined by the prod-
uct of this concentration and the inverse of the carrier
lifetime. For ideal silicon material, low dopant density is
undoubtedly the best choice to minimize this product
[29]. For actual material, several other issues are in-
volved and the optimum dopant density depends upon
the particulars of cell design. Obviously, the thinner the
bulk region, the lower the bulk recombination will be.
The trade-off here is a reduction in the mechanical
strength and the light-absorbing capability of the cell.
The light-trapping schemes previously mentioned push
the optimum thickness to lower values than would
otherwise prevail.

3.2.2. Surface recombination. Recombination in non-
contacted areas of the surface can be minimized by the
growth of a high-quality thermal oxide. Conditions for
producing low interface state densities have been well
documented for microelectronics [30]. (Interface states
are referred to, in that area, as ‘interface traps’.) How-
ever, other properties simultaneously required for micro-
electronics, such as high oxide breakdown strength,
would not appear as important for photovoltaics, giving
scope for ‘customizing’ growth conditions. Particularly
interesting is the effect of surface doping type and doping
level upon the recombination rate at the oxide interface.

The present consensus is that, for the highest-quality
oxides, the capture cross section of interface states for
electrons is very much higher than the capture cross
section for holes [31]. This may be a fundamental
physical property of these states. The large asymmetry
implies that the states may be electrostaticaily attractive
to electrons but electrostatically unattractive to holes,
e.g. have donor-like properties with a positive charge
state when unoccupied . Due to the known correlations
between interface state densities and oxide fixed charge
(usually positive charge), it has been argued elsewhere
that these fixed positive charges may by the physical
source of interface states [32].

Regardiess of the physical origin of the asymmetry, it
produces different recombination properties for n-type
and p-type surfaces. For n-type surfaces, there will
usually be a small hole concentration at the surface. The
capture of holes will therefore be the rate-limiting process
determining surface recombination. The recombination
rate will be very small due to the combination of small
hole concentration and small hole capture cross sections,
as shown schematically in figure 10(a).

The situation for p-type surfaces is more complex.

(a) (b) (c)

Figure 10. Surface recombination resulting from
asymmetrical capture cross sections for electrons and
hoies. The probability of capture depends on both the
capture cross section of the interface states and the
interface concentrations of the respective carriers. The
widths of the arrows represent the probability contribution
from the former, while the number of arrows indicates that
from the latter. The overall surface recombination rate is
determined by the weakest link in terms of the weight of
arrows: (a) n-type silicon at low cell voltages, where hole
capture is the rate-limiting process; (b) p-type silicon at
low cell voltages, where electron capture can be rate
limiting; (¢) n-type and p-type silicon at high cell voltages,
where hole capture is rate limiting.

Here, hole concentrations will tend to be large, although
electron concentrations can be small. The latter will
increase as the voltage output of the cell increases. At low
voltages, the capture of electrons will be the rate-limiting
process as suggested by figure 10(b). Recombination
processes will be much more effective than in n-type
material at these voltages due to the larger electron
capture cross section. However, as the voltage across the
cell builds up, a transition will eventually occur where
hole capture becomes the rate-limiting process. Since the
hole concentration at the surface will not increase as
rapidly as that of electrons in the bulk of the cell, the
result is a rapid reduction in the effective surface recom-
bination velocity with increasing celt voltage. Eventually,
recombination rates will become similar to those of n-
type material at any given large voltage.

This effect was first analysed by Eades and Swanson
[33], assuming ‘flat-band’ (zero-field) conditions at the
cell surfaces. The tendency for p-type surfaces to be
depleted, either by the nett positive charge in the oxide or
by work function differences between p-type silicon and
metals such as aluminium and titanium which may
overlie oxides, will help make this effect apparent at
lower cell voitage than predicted by such a flat-band
treatment.

For the present PERL cells, this effect is particularly
important for the non-contacted regions of the rear
surface. The effective recombination velocity in these
regions decreases from very large values of the order of
10* cm s~ ! to low values below 30 cm s ! as the voltage
across the cell increases from the short-circuit to the
open-circuit voltage point. The major effect is a lower cell
fill factor than would otherwise be the case [34]. Examin-
ation of the dark current-voltage characteristics of PERL
cells has allowed the change in this recombination veloci-
ty to be determined as a function of voltage across the cell
[34]. Similar measurements confirming a steadily reduc-
ing surface recombination velocity with injection level
have also been reported upon unmetallized p-type silicon
surfaces [31].



The full implications of such asymmetrical capture
cross sections for cell design have not yet been deter-
mined. Further work is required to gain confidence that
the effects described will not be overridden by additional
effects not identified in the work mentioned above. For
example, earlier results by Yablonovitch et al [35], inves-
tigating the effect of surface electrostatic conditions on
surface recombination, also confirmed the existence of a
set of states with large electron to hole capture cross
section ratios. However, in this case, a second set of states
was found with much larger hole capture cross sections
than electron capture cross sections. This would be the
property expected from acceptor-type states (negatively
charged when occupied). A mitigating factor may be that
the substrate doping was higher than in the other work
mentioned. Also, fabrication details may be important in
determining the situation prevailing at any given inter-
face (for example, there was no ‘alnealing’ step in the
cited work [35]).

Assuming larger electron capture cross sections than
those for holes, the design rule for non-diffused surfaces is
to keep hole concentrations at the surface to a minimum.
This can be effected by using n-type surfaces or by
depleting hole concentrations at p-type surfaces, either
electrostatically, by positive oxide charge or low work
function metallic capping layers as at the rear of PERL
cells, or by dopant depletion as occurs during silicon
oxidation [30].

3.23. Contact area recombination. The regions where
metal contact to the cell is made are regions of poten-
tially very high recombination. Two strategies are used in
the PERL cell of figure 8 to minimize such recombination.
One is simply to keep the comntact area small. For
example, the top metal contact to the PERL cell is made at
narrow stripes through the top surface oxide of only
3 um width, while the rear metal contact is made through
10 g x 10 ym contact holes normally spaced 250 um
apart. This means that metal contact is made to only
0.4 % of the top surface area of the cell and 0.2%; of the
rear surface of the cell. The second strategy is to heavily
diffuse these contact areas. Such heavy diffusion sup-
presses the minority carrier concentration in the contact
areas, reducing contact recombination rates. This is the
same effect as the ‘back surface field effect’ discussed in
connection with figure 5.

Other techniques have also proved effective in reduc-
ing contact recornbination, although not frequently used
in present cell design. One is based on the use of
tunnelling metal-insulator-semiconductor contacts [36].
The others are somewhat related in that tunnelling
processes may also be involved in transport across the
contact. These are based on the use of semi-insulating
polysilicon (S1ros) contacts [37] or doped polycrystalline
or amorphous silicon contacts to the silicon substrate

[38].

3.2.4. Present recombination relativities. The author’s
assessment of the recombination balance in present PERL

Silicon solar cells

cells is along the following lines. Bulk recombination can
be made negligible in present designs with appropriate
choice of substrate and processing conditions. Rear sur-
face recombination in non-contacted areas is not impor-
tant at open circuit but is. important at the maximum
power point voltage, due to the dependences on cell
voltage previously mentioned. This recombination be-
comes apparent in the cell characteristics as reduced cell
fill factor. At the open-circuit voltage, recombination in
the top diffused layer and its contact region is the most
important.

On-going improvement in cell design and fabrication
technologies should see bulk recombination eventually
become the dominant recombination component.

4. Future improvements

4.1. General

In previous sections, design features of present high-
efficiency silicon cells were outlined. Modifications likely
to lead to incremental improvements in performance
were also mentioned, such as the incorporation of im-
proved light-trapping schemes, the elimination of losses
due to reflection from both metallized and non-metal-
lized regions of the top surface of the cell, the reduction of
top diffused region and contact recombination, and so
on. Incorporating such improvements may lead to ceil
energy conversion efficiencies above 25 %, in the relatively
near future. In the present section, broader issues will be
discussed. Concepts will be described which change the
ground rules determining the framework on which con-
ventional efficiency calculations are based, and hence
provide the potential for ‘supercharging’ cell perfor-
mance.

These concepts will be discussed under three head-
ings. Concepts are discussed that are likely to lead to an
improvement in current output, an improvement in
voltage output or to innovative device structures that do
not fit readily into a current ot voltage framework.

4.2. Current improvement

As pointed out elsewhere, the normal ‘threshold’
approach to calculating limits upon current output for
photovoltaics is not particularly appropriate for silicon
[39]. This is because most of the absorption in silicon
cells occurs with the invoivement of phonons. Hence,
there is no single threshold energy for band-to-band
excitations in silicon. Rather, there is a threshold for
processes involving one phonon, two phonons, three
phonons and so on. These processes, however, become
progressively weaker as an increasing number of phon-
ons are involved in the transition. A more appropriate
approach is to Jook at the balance between processes that
absorb photons with electron-hole pair creation and
those which absorb photons without creating these pairs.
Examples of the latter are free carrier absorption and
absorption in the rear metal reflector of the PERL cell of
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figure 8. The latter rear reflection losses can, in principle,
by kept very small, for example by relying on total
internal reflection. Free carrier absorption can be mini-
mized by keeping carrier concentrations small.

One model often used in calculating fundamental
efficiency limits upon cell performance could be de-
scribed as an ‘infinite mobility’ model. Assuming infinite
carrier mobilities allows ohmic losses in the cell to be
neglected and also removes the need for consideration of
losses due to imperfect carrier collection. In this model,
when the cell is short circuited, free carrier concentra-
tions in undoped regions of the cell would be equal to the
intrinsic carrier concentration. This gives very low free
carrier absorption, allowing most of the photons in
incident sunlight to create electron~hole pairs, in princi-
ple, in very weak processes involving large numbers of
phonons. As the voltage across the cell increases, so do
the carrier densities and the corresponding free carrier
absorption. Figure 11 shows the limit on the light-
generated current in a silicon cell as a function of voltage
across it resulting from these considerations [39]. These
‘infinite mobility” calculations suggest that, around the
likely operating voltages of silicon cells, light-generated
current limits corresponding to a one- or two-phonon
assisted threshold may be the most appropriate. Present
PERL cells of highest efficiency operate in low injection.
Free carrier absorption is therefore higher than that
involved in the calculations of figure 11. The diffused
regions along the top and rear surface of the cell account
for about half the free carrier absorption with the dopant
concentration in the bulk accounting for the other half.

The above arguments suggest that even though sub-
stantial increases in short-circuit current may be ob-
tained in silicon cells by carefully addressing the issue of
free carrier absorption, these improvements will not be
available at the maximum power point. The light-gener-
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Figure 11, Calculated upper limit on the light-generated
current within a silicon cell as a function of the voltage
across the cell. The illumination is the global AM1.5
spectrum with an intensity of 37 mW cm —2. Also shown are
the limits obtained by assuming thresholds for
electron-hole pair creation determined by the silicon
bandgap and the energetics of one- and two-phonon
assisted absorption processes.
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ated current within the cell would become voltage depen-
dent, resulting in reduced cell fill factor. The bound on
the light-generated current near the maximum power
point remains close to values calculated by the more
standard approaches.

One way of increasing the current output beyond
such bounds is to design regions of the cell to have a
lower bandgap than that of pure silicon. Doping, alloying
and electric fields provide ways of reducing the bandgap
(or effective bandgap) of silicon [39]. The latter effect, the
Franz-Keldysh effect, is quite weak and it does not
appear likely that sufficiently large fields can be gener-
ated in a homojunction cell to allow any significant
improvement to be obtained by this approach [39].
Quite high dopant concentrations are required to get
appreciable bandgap narrowing, The difficulty is that
doped regions generally are regions of high carrier con-
centration, which means that they are regions of increased
free carrier absorption. Alloying appears to be the most
promising of the three approaches mentioned above.
Germanium is the only material which appears suitable
for appreciable bandgap reduction in this way. Calcula-
tions show this approach will be most effective when the
alloyed region is away from the cell surface, but extends
across the depletion region associated with the cell
junction [40,41]. Efficiency improvements can be
achieved, in this case, when the cell performance is
limited by surface effects (as in present PERL cells).

Another approach to increasing current output, sug-
gested some time ago [42], is to use multiple-step optical
excitations through defect levels within the forbidden
bandgap of silicon. As pointed out by Shockley and
Queisser [43], this improved carrier generation will be at
the expense of increased recombination in the cell, limit-
ing the scope for performance improvement. A subse-
quent analysis confirmed that mid-gap states were not
promising in this role [44]. However, reformulation of
the Shockley-Read-Hall theory of recombination
through defect levels to take into account optical excita-
tion through the defect level [39], combined with the
development of light-trapping theory, has allowed the
issue to be re-addressed [45]. The conclusion is that
impurity levels lying closer to the band edge than to mid-
gap can improve current output, without excessive loss in
cell voltage [45].

Recently, a silicon cell of a reported, but not indepen-
dently confirmed, efficiency of 359, has been described
[46]. The change in cell design responsible for this
apparent improvement is the implantation of hydrogen
followed by annealing to form cavities submerged within
the silicon close to the cell junction. The improved
parameter producing this apparently high efficiency is a
reported short-circuit current density of 69.1 mA em™?,
approximately twice that expected from cells with a
planar surface and a single-layer antireflection coating, as
in the reported cells. The improved current output was
attributed to impurity-assisted photoabsorption, as dis-
cussed above. However, this effect cannot account for the
extraordinarily high current density reported, although it
can account for the extended response at wavelengths



past the bandgap edge of silicon reported for these cells,
The most likely explanation for the reported high current
densities is the very small size of the cells tested
(2.3 mm x 2.3 mm). As described elsewhere [47], peri-
pheral collection effects can produce errors of up to
100 % in measuring short-circuit current densities in cells
of this extremely small size. Alternatively, new physical
principles would have to be introduced into photovoltaic
theory, since there are not enough photons in sunlight to
produce such high current density, even ignoring the not
insignificant reflection and collection losses expected for
a cell of the reported design. Each photon would have to
produce multiple electron-hole pairs, even if it did not
have the required energy.

4.3. Voltage improvement

The open-circuit voltage of present PERL cells is limited
by recombination along the top surfaces of the cell. By
careful design and improvements in processing technolo-
gy, it should be possible to increase these voltages to
reach intrinsic voltage limits, determined by Auger re-
combination processes within the bulk of the cell [29].
The highest voltages will be reached in lightly doped
material with the voltage being given by

Voe = 3(kT/q) In[J1/(gn¥(C, + C)W)] 1)

where kT/q is the thermal voltage (25.85 mV at 300 K),
Jy, is the light-generated current (at the open-circuit
voltage point), n; is the intrinsic carrier concentration, W
is the cell thickness and C, and C, are the electron and
hole Auger recombination coefficients in silicon [39].

Since this expression was originally derived [29],
there have been compensating changes in the accepted
values of the Auger coefficients and the intrinsic carrier
concentration of silicon. Using the values of 1.66 x
107*°cm®s™! and 1.00 x 10*° cm™? at 300 K, respec-
tively, gives a value of the open-circuit voltage limits of
748 mV for a 280 pum thick cell and 770 mV for an 80 ym
thick cell, both at 25°C. Current experimental high-
performance PERL cells give experimental values of just
over 700 mV with test structures giving values up to
717 mV [48].

Cells which approach the limiting voltages previously
mentioned will have ideality factors approaching 2/3
[29]. This will make possible higher fill factors than in
present cells.

The minority carrier lifetimes required to reach the
limiting voltages are values significantly above 2 ms and
0.8 ms for the two different thicknesses mentioned. Ex-
perimentally, lifetimes as high as 30 ms have already been
reported in unprocessed silicon wafers [49]. More chal-
lenging is the value of the surface recombination velocity
required to reach the limiting voltage, with values well
below 8cms™! and 5 cm s~ required respectively over
both front and rear surfaces. Such values can be reached
in oxidized surfaces or at least temporarily in surfaces
subjected to hydrofluoric acid treatments {497. The total
contribution from diffused regions has to be less than
10 fA cm™2 and 4 fA cm ™2 of cell surface area respective-
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ly. Values as low as 25 fA cm™? of diffused surface have
been demonstrated in experimental cells [48].

44. Innovative structures

4.4.1, Tandem cells. An example of a structure which can
substantially increase cell efficiency above the limits for a
homojunction cell, and so falls into the present category,
is a tandem cell structure [50]. Silicon has an appropriate
bandgap to be used as the lower cell in a two- or three-
cell tandem. One difficulty is that there are not many
materials with a suitable lattice constant and bandgap to
form an epitaxially grown top cell on silicon [51]. One
approach is to have an intervening buffer layer, of higher
bandgap than silicon, to take up the lattice mismatch.
This layer could also be used to provide electrical con-
pection between the overlying cell and silicon. High-
efficiency cells by this approach are extremely likely over
coming years. At present, the efficiency of such a tandem
cell on a silicon substrate is limited to about 209 [52].
Since GaP is lattice matched to silicon and good results
have recently been reported for cells made with alloys of
this material and InP [53], these might be promising
materials for further investigation of this approach.
Hydrogenated amorphous silicon cells on silicon
substrates have also been extensively investigated, pri-
marily in Japan [54]. Although amorphous silicon has an
appropriate bandgap for the top cell in-such a tandem, it
does not form the basis of a good design due to the
relatively low open-circuit voltage and poor blue re-
sponse of cells made from this material. Ideally, the top
cell in a two-cell tandem should contribute about two-
thirds to the total power output [50] and so should be
the better cell in the combination. Although efficiencies
above 199% have been reported for such tandem cell
structures [55], these are small-area devices which pre-
sent the same measurement difficulties as previously
mentioned. There are simply not enough photons in
sunlight to produce the current densities reported for
such devices (totalling 40.4 mA cm~2), given the high
optical loses in the experimental cells [55]. There would
appear to be about a 10% over-estimation of the current
output for these devices, suggesting actual efficiencies
around 17 %. Having an amorphous silicon layer on top
of crystalline silicon substrate is actually likely to de-
grade the performance of the substrate, since a crystalline
silicon cell can efficiently convert many of the ultraviolet
photons which would be wasted in a tandem cell of this
type. In other words, the optimum thickness of the
amorphous material in the tandem is probably zero.
The possible advantages of a crystalline silicon on
crystalline silicon cell tandem have also been explored
[56]. Since blue light is very strongly absorbed in silicon,
only a thin layer of silicon is required for the uppermost
cell in a two-cell, current-matched tandem combination.
From equation (1), this greatly increases the voltage
capability of the uppermost cell. However, calculated
performance improvements by this approach are quite
small even if quite challenging technological problems
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are overcome. The highest potential of this approach
seems to be as a way of up-grading the performance of
low-quality starting substrates [56].

4.4.2. Superlattices. Semiconductor/semiconductor and
semiconductor/insulator superlattices provide a new, still
largely unexplored field for semiconductor electronics.
The full potential of this field for photovoltaics has not
yet been evaluated. It has recently been suggested that
superlattice cells can provide similar efficiencies to those
predicted for tandem cells [57, 58]. However, this conclu-
sion is based on what is, essentially, an assertion that the
bandgap for absorption of light and that for recombina-
tion can be decoupled. Such a property would seem to
violate detailed balance arguments which inextricably
relate absorption and recombination processes [43].
However, thorough analysis of particular material sys-
tems is undoubtedly warranted to see how much can be
gained in this regard.

In the case of silicon, most interest has been shown in
silicon/germanium superlattices. The presence of strain
in such superlattices, due to the Jattice mismatch between
the components, produces additional interesting effects
beyond those in an unstrained structure. The advantages
of including some alloyed material within a conventional
silicon cell in some circumstances have already been
mentioned [40, 41]. Not only do superlattices open up
the prospects for additional advantages along the lines
claimed in recent work [57, 58], they also open up the
possibility of increased absorption by imparting quasi
direct-bandgap properties to this indirect-bandgap sys-
tem by band-folding effects [59]. Evidence for increased
absorption in such short-period superlattices has already
been reported [60]. However, the increased absorption
occurs at a threshold energy below 0.8eV, and the
effective absorption coefficients are only of the order of
1000 cmm~*: neither of which makes these quasi direct-
gap properties look particularly promising for silicon-
based photovoltaics at first sight.

Clearly, much more work is required before the full
potential of superlattices for silicon photovoltaics can be
clarified.

5. Conclusion

Although the history of silicon cells dates back over 50
years, the last 10 years have seen enormous developments
both in the efficiencies of experimental cells and cell
theory. Design approaches capable of producing cells of
limiting performance within the homojunction context
are now well understood. Present efficiencies of 23 9 are
reasonably close to practical limiting efficiencies of 26 %
expected with further improvement of the cell voltage
and a reduction of optical losses in present cells.
Present high-performance silicon cells incorporate
several optical design features to reduce reflection loss
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from the top surface of the cell and to ensure muitiple
passes of weakly absorbed light across the cell. Recom-
bination throughout the cell has to be minimized, not
only to ensure the full collection of photogenerated
carriers, but also to obtain the highest possible open-
circuit voltage of the cell. An interesting recent develop-
ment in this area has been the demonstration of effects in
experimental devices attributed to an asymmetry be-
tween the electron and hole capture cross sections at
interface states at oxide-silicon interfaces. This asym-
metry may form the basis of new design criteria for
further reducing the corresponding surface recombina-
tion rates. Ultimately, the performance of a homojunc-
tion silicon cell will be limited by intrinsic Auger
recombination in bulk regions.

Further improvements beyond the figure of 269
efficiency previously mentioned will depend upon inno-
vative concepts, which produce device structures which
cannot be treated within the homojunction formalism.
Increasing the absorption of sub-bandgap light by alloy-
ing or by incorporating multistep excitation through
defect levels has some potential in this regard. Tandem
cells on silicon offer prospects for substantially improved
performance. The merits of this approach when bulk,
self-supporting silicon substrates are used are obvious. It
may be possible to significantly improve performance, in
this case, by applying thin surface layers in additional
steps, similar to applying chemically deposited antireflec-
tion coatings onto a cell. The merits of using silicon in
such a tandem in an all-thin-film cell are less apparent.
An all-silicon thin-film tandem based on a hydrogenated
amorphous silicon cell as the upper layer and crystalline
or polycrystalline silicon as the lower layer is not re-
garded as a particularly promising approach, due to the
low performance potential of the amorphous material.

-Supperlattices offer additional scope for innovative
concepts. Although the limited amount of work to date
has not demonstrated any overwhelming advantages
likely to accrue from the use of superlattices, the promise
of this approach lies in the vast amount of territory still
to be explored.
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