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CHAPTER 4

High-Ffficiency Silicon Solar Cells

Richard M. Swanson and Ronald A. Sinton

4.1 Introduction

In the last five years silicon solar cells have undergone significant evolution
resulting in greatly improved efliciencies. As an illustration, Figure 4.1 plots the
highest reported silicon concentrator cell efficiency versus year. Also shown for
comparison are gallium-arsenide concentrator cell results. Silicon one-sun cells have
undergone a similar, but less dramatic, improvement.

Besides the normal progress obtainable through continued design refinement, the
major factors enabling this improvement are:

e incorporation of light trapping,

s reduction of recombination through improved material quality, cleaner process-
ing, surface passivation and reduced contact coverage fraction, and

¢ improvements in understanding of the fundamental physical processes important

in cell operation such as recombination and carrier transport in heavily doped
regions.

Early workers tended to view solar cells as p-n junctions which happen to have
light-induced generation. This led to simple models of cell operation emphasizing
diffusion of carriers in low-level injected doped regions (Hovel, 1975). Cell designs
used thick, rather highly doped wafers. The importance of reducing recombination,
such as by having high minority carrier lifetime, was recognized early; however, the
physics of recombination was not sufficiently studied to know what was limiting the
lifetime, and how high a lifetime could reasonably be attained in various parts of
the cell.

An apt analogy to the importance of controlling and reducing recombination is
provided by a leaky bucket being continually filled with a faucet {Schwartz, 1983).
The level of water represents the density of electron-hole pairs and the incoming
stream represents the incident photons. One wishes to attain the highest water level
{(highest carrier density and, hence, voltage) but it is found that every time a leak
(source of recombination) is plugged the water rises only a little until another leak
takes over. So it is in solar cells; in order to achieve significant increases in output
voltage it is necessary to examine every part of the cell for potential recombination
paths and take steps to block those paths. This requires that the internal flow of
carriers must be well modeled and understood. Our ability to do this continues to
improve. At this point it seems only fair to reveal that one can now state with
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{.2 Basic Cell Operation 429

in these texts, we present here a simplified viewpoint of device operation which has
been central to our thinking.

The analysis of silicon solar cells is often couched in terms of the current density
equations, drift plus diffusion, and the continuity equation. Such an approach ob-
scures the physics of operation, however, because the operation of a well-designed
solar cell is controlled by generation and recombination. The need for current trans-
port is responsible only for certain second-order losses in the cell. This Section
presents an analysis of cell operation in terms of an integral formulation of the con-
tinuity equation, which brings forth the balance between generation and recombina-

tion as determining the output of current, and quasi-Fermi potentials as determining
the output of voltage.

4.2,1 The Semiconductor Device Equations

The standard equations used to model steady-state carrier transport in silicon
devices, when heavy doping effects can be neglected, are:
1. current transport equations

Jn = —quanVes + ¢DaVn = —quanVén - (41)

JP = —l],ll-ppﬁl,bi - quﬁp = _Q#pp6¢p (4.2)

2. continuity equations

V- n = q(T = gpn) (4.3)
V. Jp = —a(r = gpn) (4.4)
3. Poisson’s equation
2 q + -
Vi = —=(p+ Nj —n =~ N]) (4:5)
4. carrier density equations
n = ned¥i=on /KT (4.6)
p = neW e —¥/ET (4.7)

The symbols used have their standard meanings as given below:

T = Tih — Gth net thermal recombination rate per unit volume
(Here, ry is the recombination rate and
g¢n 1s thermal generation rate.)

Gph photogeneration rate per unit volume
Jn electron current density

fp hole current density

n electron concentration

P hole concentration

Ens Hp electron and hole mobilities
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Figure 4.3: Solar cell band diagram.

front to back, but just represents a continuous physical path from the p¥ to n™
contact areas. The terminal voltage (less any drop in the contacts and metal hus)
is ¢, at the p™ contact minus ¢, at the n™ contact.

To a very good approximation ¢, can be assumed constant through the n™
Tegion, its space charge region, and into the edge of the quasi-neutral base near the
n* contact at position 2. The same applies to ¢, in the p™ region up to position
1. This is because these regions are heavily doped and hence have an abundance of
majority carriers. Referring to Figure 4.3 it is easily seen that the output voltage is

V=V +Vp+ Ve + V. + 1V, (4.20)
where

Vin = ¥ — ¢ = kT/gIn(n/n;) |evaluated at point 2] {4.21)
Vip = ¢p — ¥i = kT/qIn(p/n;) [evaluated at point 1] (4.22)

2 _ T
Ve = (1) — ¢:(2) = - [ Vi - dl = f E-di (4.23)

1 1

Ve [contact voltage] (4.24)
Von [metal grid voltage]. (4.25)

In normal operation, Vg, V., and V,, are all negative and represent the hase,
contact and metal resistive loss respectively. Detailed methods of calculating V, and
Vi are available in the literature (Basore, 1984).

The importance of Equations {4.20) thronzh (4.25) lies in the need to have
solutions for n, p, and ¥; only in the base semicunductor region. The details of what
happens in the n* and p™ semiconductor regions are unimportant for determining
voltage. This is fortunate for, as discussed below, what happens in these regions
is difficult to model because Equations (4.1) through (4.7) do not apply in very
highly doped regions. It should be kept in mind that the above voltage and current
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4.2.5 Sources of Recombination

In this section we explore the impact of various types of recombination on the
terminal characteristics. The phenomenological equations describing the common
recombination processes are presented. Detailed discussion of the experimental
determination of the various coefficients involved is delayed until Section 4.3, The
Physical Details of Recombination and Transport.

To calculate terminal current the various recombination terms in Equation (4.17)
need to he evaluated. Various regions of the cell require different approaches.

4.2.5A Diffusion Region Recombination

Part of the iniegration in Equation (4.17) for the bulk recombination involves
the n* and p* diffused regions where no solution, as yet. exists. The same applies
to contact recombination. This problem can be side-stepped by defining the surface
of the device to skirt the highly doped regions.* The new surface of integration
is then just inside the neutral base under the contact regions. It is easy to see in
a physical manner why this is possible hecause the net hole cyrrent entering the
n-type diffusion area, for example, either recombines within the diffusion region or
at the contact. Thus the same result is obtained by either evaluating the hole current
at the edge of the space charge region or calculating the net recombination in the
diffused area plus contact. (The photogeneration in the diffused regions under the
contacts is being neglected.)

It will be shown in Section 4.3 that the minority carrier hole injection current
density into a highly doped n-type region can always he written, provided the doped
region is everywhere low-level injected, as

Jp = Jon (}-Jf’- - 1) (4.29)
n;

where Jg, is a temperature-dependent constant, to he called the diffusion saturation
current, and p and n are evaluated at the internal edge of the neutral highly doped
region (del Alamo, 1984). The pn product will be constant to within a very small
error across the space charge region, so the pn product at the edge of the space
charge region in the neutral base may be used instead. Equation (4.29) may still
he used to calculate the injection current; however, any recombination in the space
charge region will be thereby neglected if this region is also excluded from the
volume recombination calculation. In high efficiency cells the space charge region
recombination is normally very small.

Jon can be considered in two ways; it can be calculated using some particular
model of transport in heavily doped regions or it can simply be measured for the
diffusion employved and taken as an experimental parameter.

Similarly

Jn = Jop (i—” - 1) (4.30)

for the electron current density entering a p-type diffused region.

* As mentioned above, the location of this surface is arbitrary.
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4.2.5B Recombination In the Base

Recombination in the base of silicon solar cells can occur through a variety of
mechanismms. Radiative recombination is the inverse of the photogeneration process
responsible {or the operation of solar cells and hence must occur to some degree.
Other, non-radiative mechanisms usually dominate in silicon. A wide variety of
material defects, hoth intrinsic and extrinsic (or impurity related) can catalyze the
recombination process. The three-particle process known as Auger recombination,
which is discussed more fully in Section 4.3, becomes important at high carrier
densities.

Radiative recombination.The simplest to model, if least important, form of

recomhbination is radiative recombination. The process is proportional to the excess
pr product:

r = B(pn — n?) (4.31)
where B is called the radiative rate coefficient. B has an experimental value of
9.5 %x 107'® cm®/s (Schlangenotto, 1974). Direct-gap semiconductors such as GaAs
typically have radiative coefficients that are several thousand times larger. The
weak, phonon-mediated radiative process in silicon means that other recombination
paths usually dominate.

Defect mediated recombination. Any type of crystalline defect can poten-
tially act as a catalyst {or electron-hole recombination. The physical processes
involved in this recombination are not well understood. The carriers must lose
their energy through some mechanism. This could be radiative or non-radiative;
the non-radiative process is usually thought to invelve energy exchange with lattice
distortions around the defect. Due to the lack of physical understanding, defect-
mediated recombination is usually modeled using the phencomenological approach
of Shockley, Read and Hall {Sze, 1981). Under low-level injection conditions, this
gives a reconthination rate proportional to the excess minority carrier density;

T — Tg
T =

- (4.32)

where ng is the electron density in equilibrium and 7 is the low-level lifetime. More
complicated expressions are obtained if one includes the effects of majority carrier
capture.

Much of the early work on single crystal silicon cells was concerned with increas-
ing the bhase lifetime. 7, through reduction of crystalline defects. The use of high-
quality, float-zone silicon combined with the incorporation of state-of-the-art semi-
conductor processing has reduced defect levels in laboratory cells to the point that
bulk, defect-mediated recombination is no longer the dominant loss. Recombination
in low-cost. commercial cells, particularly poly-crystalline cells, is still dominated
by defect-mediated recombination, although progress continues. Recent results in
hydrogen passivation (Schmidt, 1982) and phosphorus gettering (Narayanan, 1986)
have allowed immproved cell performance.

This work will concentrate on results achievable in high-gquality silicon and,
hence, defect mediated recombination will play a small role. One type of recom-
bination that is intrinsic to semiconductors, and hence cannot be reduced through
improved technology, is Auger recombination.
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Auger recombination.In an Auger recombination event the excess energy of

an electron-hole pair is given to a third free particle, either an electron or a hole.
The recombination rate is then

= Cn(nzp - nipc-) + C'P(pzn - piﬂg)- (4.33)

C, is the n-type Auger coefficient and refers to the process where the excess
energy is given to an electron. This process will dominate in n-type silicon. Cj is
the corresponding p-type Auger coefficient. In material doped to over 10'® cm™3
experiments show that C,, = 2.8x 10~ * ¢m®/s and C, = 0.99%x10~* cm® /s (Dziewior
and Schmid, 1977). When the doping, or carrier density, is less than 10*"em ™3, the

coefficients appear to be about four times larger (Sinton and Swanson, 1987a). These
coeflicients will be discussed more fully in Sectien 4.3.

4.2,5C Surface Recombination

The only remaining portion of the cell where recombination can occur is at
the {ree surfaces between contacted areas. Like bulk defect-mediated recombina-
tion, surface recombination is catalyzed through defects. These defects are usually
thought to be mostly the dangling bonds of surface silicon atoms not honded to four

nearest neighbors. The net recombination rate per unit area is usually assumed to
be proportional to the excess carrier density so that

Js.rec = Is,rec/A = qS(ﬂ - Tlo) (4'34)

on p-type surfaces and

JS.rec = Ia,ruc/fl = Q'S(p —po) (4.35)

on n-type surfaces. s is the phenomenclogical surface recombination velocity. It
is very dependent on the surface preparation method. Clean, bare silicon surfaces
Liave s in the range of 10° to 10° em/s. Surfaces which are “passivated” through the
growth of silicon dioxide can have s in the range of 1 to 10° cm/s. Improvements
in surface passivation have been responsible for considerable improvement in cell

performance. The details of surface recombination and passivation are discussed
more fully in Section 4.3.

4.2.6 Simplified Device Operation — The Narrow-Base Cell

In this section we use the previous concepts to analyze cell operation in a
simplified manner. The main simplification is to assume constant electron and hole
quasi-Fermi potentials, or equivalently, constant pn product. The voltage is then
given by Equation (4.26).

This might be called the “narrow-base” approximation because, if the cell is
sufficiently thick, gradients in ¢, and ¢, will necessarily become significant. We
are thus ignoring any voltage drops in the base region, which will be small in the
narrow-bhase approximation (i.e., Vg = 0 in Equation (4.20)). 1t is possible to make a
first order improvement in this approximation by including resistance losses through
a series resistance via Equation (4.28).
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4.2.6 A Current-Voltage Characteristics

To calculate the current we use Equation {4.17) and evaluate all the sources of
recombination.

Diffused region recombination.In this case the n-contact diffused region
recombination current density is given by Equation (4.29)

‘]n—cnnt,rec = Jon (EQV/kT - 1) (435)

and the total current is just the area of the n-contact regions, A, _.one. so that

In—com.re: = -"ln—cont-]an (qu;/k:r - 1) . (437)

Note how these equations have the familiar form for the diffusion current in a

diode. The current is actually composed of drift and diffusion components if the
diffusions are non-uniformly doped.
Similarly

——
=
[
v d]

, VKT
Ip—ccunt,rec = "1p~c0nt.']op (Eq / - 1)

for the recombination current in the p-type contact diffusion.

Recombination in the base. To perform the remainder of the bulk recomm-
bination integration the recombination in the base needs to be evaluated. If it is
assurmned that the base is p-type and low-level injected then

n— 1,

R,=R,=

Tﬂ
and

Ibase,re: = Q/ . a1 (440)
v

'n

Here, 7, includes the aggregate of all bulk recombination mechanisms: defect.
Auger and radiative. Noting that, under low-level injection,

prio= n?eqv/kT = Nan (4.41)
gives
AWn? 1k
Ibase,rec = _—‘_TQN_'lTn: (Eq"/kT - 1) [442)
ATn

so that base recombination has the same voltage dependence as diffused region
recombination. Here A is the area of the device and W is the thickness of the base.
We will find that anytime a region is in low-level injection and the recombination
Is linear in excess carrier density then the current will have this dependence on
terminal voltage. That solar cells often have high-leve! injection and non-linear
recombination effects is the main reason for introducing the above analysis.
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If the base is high-level injected, then the electron and hole densities will be
approximately equal by charge neutrality. This implies that

pn = n? = nle?V/AT (4.43)
or

n = n;e?V /2T (4.44)

Under high level injection, the defect-mediated recombination will be shown to
be

R, =— \ (4.45)
Thi
where 7 is the high level lifetime (usually larger than the low level lifetime).
Assuming constant quasi-Fermi potentials in this case gives

A‘['Vm
Ibase,rec - 1 _EqV/ZkT.

(4.46)
Thi

Note that this results in an “ideality factor™ of two for the case of defect mediated
bulk recombination in a high-level injected base. This should not he confused with
the case of space-charge region recombination which often exhibits an ideality factor
of near two.

Radiative recomhination {the recombination of an electron-hole pair to produce
a photon) is not particularly prevalent in silicon but is proportional, nevertheless, to
the pn product and hence exhibits an “ideality factor” of one in both high-level and
low-level injection. In Section 4.3.4 it will be shown that Auger recombination often
dominates in highly injected bases. In high-level injection Equation (4.33) shows
that the recombination will go as R, = ('4n® where C4 = (', + C,. This gives a
recombination current of

Thaserec = gAWC gniebaV/2eT (4.47)
for an “ideality factor™ of 2/3.*

Surface recombination. The remaining portion of the device is the insulated
surface between contact regions. Surface recombination, as we will see, proves to
be a complicated function of excess carrier densities and is thus harder to model. If
one assumes, however, that the surface region between contacts is low-level injected,

and that the recombination is proportional to the excess minority carrier density,
then

Isurf,rcc = QS/(H - Tlg)dA (448)
5

or, assuming constant quasi-Fermi potentials again,

2
_ quurfsni (qu/kT _ 1) (449)

Isurf rec —
¥ NA

where A,,,; is the surface area of the device.

* This gives an increase in voltage of 40 mV per decade of current, rather than the usual
60 mV per decade at room temperature.
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various conditions. This type of solar cell modeling, in which the voltage and current
are calculated explicitly in terms of carrier density, is more intuitive than some other
modeling methods. It is easily generalized to more complex solar cells, such as the
backside point-contact design, and helps remind the designer that it is the carrier
density at the maximum power point that is important in determining the dominant
sources of recombination and efficiency.

Of course all of these approximate calculations assume that the device designer
has implemented a design with negligible series resistance, both laterally through
the diffused regions and in the metal grid.

This analysis fails if the condition of uniform carrier density in the bulk is not

met. For uniform carrier density, several conditions must be satisfied: These are
given helow.

L>W (4.64)

JolV 4
D/W > {sor o ) (4.65)

The first condition is that the diffusion length be much greater than the wafer
thickness, The second condition states that the diffusion velocity must exceed either
the surface recombination velocity, or the effective surface recombination velocity in
the case of a diffused surface.

Cases where the carrier density is not uniform include conventional thick solar
cells with low base diffusion length, or devices requiring transport of carriers over
large distances, as in backside point-contact cells. The existence of very large local
current densities also causes deviations from uniformity, again as in backside point-
contact cells near the point-contacts. ln these cases, this analysis is still useful as an
initial approximation, indicating the mechanisms which dominate the behavior. In
any case, once the aesign field is narrowed, a more precise model should be used to
evaluate and “fine tune” the design. Often, the baseline gained with the approximate
model lLelps guide the user through a more complex, complete numerical analysis
by providing a case from which to judge the numerical result.

4.2.7 Limit Efficiencies

It is interesting to calculate the efficiency limits for silicon solar cells as a predic-
tive guide to possible improvements. We first present approximate limit efficiencies
calculated in the context of the narrow-base solar cells discussed here. Consider
a 100 pm thick one-sun cell. The limit iinposed by the anmiount of light ahsorhed
is about 42 mA/em® of current density. The other limit generally considered fun-
damental is the hulk Auger recombination. Most of the other recombination pa-
rameters are often considered to be technologically surmountable. For a case under
high-level-injection conditions, the I-V curve will be defined by

J = Jpﬁ - C’An.an. (466)

This gives an open-circuit voltage of 744 mV, and an efficiency of 27.9% at
25 °C. This value is about one absolute percentage point lower than the efficiency
calculated in the same way by Green (1984) because an ambipolar Auger coefficient
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Figure 4.4: An example of the modeling of a cell operating near the Auger limit to the
efficiency, but with n- and p-type emitter saturation current densities of 2.5 x 10~ ** Alem?.

The voltage and current density as a function of the parametric variable n, the carrier
density. The power density, the product of J and V, is also shown.

of 1.66x107°% was used here that is 4 times higher than Green assumed. This will
be discussed more fully in Section 4.3.

Another relevant limit would be to abandon the rather optimistic assumption
that all of the technologically-related parameters are surmountable and insert hest
estimates for these instead, When this is done, the most significant additional
recombination is from the diffused areas. For example. assume that both J,, and
Jop can be reduced to 2.5x1071 A/cm®, a relatively optimistic scenario. Then

J = Joh — Can®Wq = (Jom + Jo,,)(;:i_)ﬂ. (4.67)

1

The terminal current density, voltage, and power density determined by this
equation are shown in Figure 4.4 as an example of the modeling techniques of the
last section. The parametric variable, the carrier density, is given by the horizontal
axis. Since there are two recombination terms with differing dependencies on the
carrier density, the ideality factor for this cell is ill defined. So the approximate
methods are inaccurate and the maximum-power-point is hest determined directly
from Equation (4.67) and the associated voltage for each carrier density. Evaluation
of this I-V curve yields a significantly lower open-circuit voltage of 713mV, and an
efficiency of 25.5%.

The similar calculations for a 50 jun-thick concentrator cell operating at 300
suns with a responsivity of 43.2 mA/100mW indicate that in the Auger limit, an
efficiency of 33% is to be expected. When the effects of emitter saturation current are
considered, this is reduced to 32.2%. The effects of this emitter recomhination are
smaller in this case because the carrier density is much higher under concentration
and the base Auger recomhination truly dominates under these conditions. The
assumption of a photogenerated current density of 43.2 mA/cm® assumes that the
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This is not directly a true shrinkage in bandgap, but incorpérates effects from
changes in shape of the bands as well (del Alamo and Swanson, 1984).
Finally, we have the continuity eguation

aJP P—Po
- = 9l = - - 4.72
dr ik 7 T (4.72)
A normalized excess carrier density is defined through
u= pﬂ — 1 = U Bp—@n)/RT g o oaV/KT, (4.73)

Note that u is a measured external parameter through the terminal voltage.
The above equations can be written

du -
Jp = _QPODPE (4.74)
dJ, qpoDp
P _ 4.7
dr L u (4.75)
where
. kT -
DP = ?}lp (4.16)
and

L, = /Doy (4.77)

Examination of the above equations shows that there are actually only two
independent parameters which control minority carrier motion in the steady-state,
PoDp and L,. In particular, the lifetime cannot be determined using steady-state
measurements without assuming a value for D, or pp. This has caused considerable
discrepancy to appear in quoted literature values for these variables (Swanson, del
Alamo, and Swirhun, 1984). '

We have made measurements of L, using transistor structures and 7, using
photoluminescence decay. This has allowed a determination of p,. Similar mea-
surements have also been performed on p-type material to determine L, and 7n.
The results are shown in Figures 4.6, 4.7, 4.8, 4.9, 4.10 and 4.11 (del Alamo and
Swanson, 1987 and Swirhun, Kwark, and Swanson, 1986).

At higher doping densities the lifetime decreases, probably due to Auger recom-
bination. We have found that the lifetime is rather independent of sample prepara-
tion and doping technique, suggesting that traps are not playing a significant role
at high doping. The measurements tend to be in rather good agreement with those
of Dziewior and Schmid (1977). An Auger coefficient of C,, = 2.8 x 107°! c¢m®/s
for n-type material, Figure 4.6, and C, = 1 x 107*" cm®/s for p-type material,
Figure 4.9, represents the results well. In this case the lifetimes can be modeled as

T = (4.78)
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i also been experimentally reported by Dziewior and Silber (1979). Note that there
) i is no evidence for a “mohility edge” as one sees in amorphous silicon, because this
would result in lower minority carrier mobility.

Using transport measurements across the base region of transistors the apparent
bandgap shrinkage was measured. These devices have epitaxial bases so that the
doping profiles are uniform, simplifying the data interpretation. The results are

S shown in Figures 4.12 and 4.13.
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U

shows the calculated saturation current for n-type emitters with Gaussian profiles
when the surface recombination velocity is large, as it would be under metal contacts.
Note that the most important factor in obtaining low saturation current is to have
a large junction depth. If, however, one has passivated surfaces with a surface
recomnbination velocity of 10° cm/s then the best emitters have a low surface
recombination velocity and are shallow to limit bulk recombination in the heavily
'y _ doped portion. Such a calculation is shown in Figure 4.15.

4.3.3 Surface Recombination

Surfaces contribute significantly to recombination because they tend to have a
§ relatively large density of recombination centers. Both the density and capture
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Figure 4.15: Calculated emitter saturation current for n-type emitters versus junction

depth and surface concentration assuming a Gaussian profile. The surface recombination
velocity is 10° em/s (del Alamo, 1985).

Since solar cells usually run at significant injection levels the relevant recombina-
tion velocity is usually much less than that encountered at very low injection levels.
Measurements based on low injection levels should thus be used with caution. In
addition, it is interesting to note that recombination velocities less than 10 cm/s are
attainable on high quality surfaces.

4.3.4 Auger Recombination in High Level Injection

At high levels of injection the electron and hole densities are equal and so the
Auger recombination rate becomes

R, =R, = Can® + Cpn® = (Cr + Cp)n* = Cun® (4.80)
where Cy = (€, + C; is called the ambipolar Auger coefficient. In attempting
to model the performance of point-contact silicon solar cells running in high-level
injection we have heen forced to adjust the typical ambipolar Auger coefficient
used in device modeling (Sinton and Swanson, 1987a). Accordingly, we adapted
the point-contact cell design into a test structure ideally suited for measuring this
parameter. »

Figure 4.23 shows the structure of a point-contact silicon solar cell. FElectron-
hole pairs are generated at the bottom and must diffuse the to the n and p diffused
regions at the top to be collected. The cell depends on obtaining very high carrier
recombination lifetime to achieve high current collection and voltage. Accordingly,
procedures were developed that yield trap assisted lifetimes over one millisecond
in finished devices. Surface recombination was reduced by passivating the surface
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Figure 4.17: Electron capture cross section in the upper half of the gap (Eades and
Swanson, 1985).
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Figure 4.18: Hole capture cross section in the lower half of the gap (Eades and Swanson,
1985).
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Figure 4.25: Calculated carrier density from front to back for the standard device, labeled
“concentrator solar cell” in the previous figure, {dashed line) and Auger test structure (solid
line) under open-circnit-voltage conditions. The profiles shown are those that would result
in three particular backside cartier densities (hence voltages). The Auger test structure can

attain high voltages at lower concentrations of incident light, and with less of a gradient
in carrier density across the wafer. ’

100 ,

BO

Surface SRH Auger

401

201
Bulk SAH

Recombination by Mechanism @ V. (%)
T

01 1.0 100 1000
Incident Power Density (Wattsicm?)

Figure 4.26: Calculated recombination by source versus incident solar power level for the
Auger test siructure. SRH refers to Shockley-Read-Hall, defect mediated recombination.

power. Although this is a less accurately modeled second order effect, as shown
in Figure 4.29, it is necessary to use an increased Auger coeflicient to predict the
measured result using the modeling code.

In Figure 4.30 the lifetime versus carrier density, as measured with the Auger
test structure, is presented as the dashed line. The solid line is from measurements
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Collection Efficiency vs incident Intensity
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Figure 4.29: Measured and calculated responsivity normalized to its value at low in-
tensity versus incident intensity. The solid lines are calculated for an auger coefficient of
3.88 x 10" cm®/s and the solid lines for the value developed here, 1.66 x 107 >'cm®/s.

substantial agreement with that on highly-injected material. This implies that the
Auger coefficient must be higher for doping, as well as injected, densities in the
range of 1 X 10!"em~2. In the past this has been explained by postulating that
an addjtional recombination mechanism is operative in doped material, probably
due to a doping related defect. This explanation seems highly suspect because of
the agreement of results on doped material with those on injected material — the
presence of the {ree carriers is sufficient to yield lifetimes in the observed range so
that no additional recombination mechanism need be postulated. The only way of
reconciling these results is to postulate that the Auger coefficient is slightly carrier
density dependent. In fact, other authors have predicted very similar results in a
much ignored 1981 paper (Vaitkus and Grivitkas, 1981). They see a sort of jog
in the Auger coefficient in the 10'® cm® range which they attribute to degeneracy
effects. Whatever the cause, it is necessary to use the higher value of ambipolar

Auger coefficient to correctly model electron-hole plasmas in this carrier density
range.

4.4 Cell Design Engineering

4.4.1 Maximizing Photogeneration

The major improvement which has pushed the efficiency of concentrator cells
from about 20% to 28% over the last 8 years has bheen light-trapping. A major
problem with silicon is that it doesn’t absorb light very well. Even a wafer 1 mm
thick only absorbs about 95% of the light available for producing electron-hole pairs.
One way to absorb more of the light in a thin layer is to uiilize light-trapping.
Because of the difference in index of refraction between silicon and air, light which
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Figure 4.32: The calculated short citcuit density as a function of the silicon cell thick-

ness for various light-trapping schemes (Green and Campbell, 1987}, AM 1.5 Global,
97TmW /em®.

is inside the silicon must be within 16° of normal to the siurface in order to escape.
Otherwise, it will reflect off of the interface and traverse the wafer again. Essentially,
it is trapped. This enhancement is shown in Figure 4.31 indicating the short-circuit
currents possible for silicon cells of different thicknesses with and without light-
trapping (Tiedje, Yablonovitch, Cody, and Brooks, 1984). This silicon is assumed
to have unity front surface transmission and a perfect backside mirror.

One way to achieve light trapping is to texturize the front surface of the walfer.
This leads to a somewhat randomized scatter of the light as it enters the wafer.
If this light is assumed to scatter around until it is isotropic then the formulation
of the enhancement caused by the light trapping is straightforward. If an ideal
backside mirror is in place then this enhancement is found to be equivalent to
increasing the wafer thickness hy a factor 4n?, about 50 (Yablonovitch and Cody,
1982). Alternative methods of calculation utilize ray tracing to evaluate specific
structures.

The most common engineering solution to incorporate light-trapping is to use
anisotropic etching to form pyramids or V-grooves on the surface of a (100) oriented
wafer. The slopes on these features are well defined as the (111) planes, which have
an angle of 54.7° to the wafer surface. This makes the problem very amenable to
ray-tracing, especially for the case of normally-incident light.

The results from one such study are shown in Figure 4.32 (Green and Campbell,
1987). This figure indicates that the limit of Lambertian scattering, also shown in
Figure 4.31, is closely approached by the case of pyramidal texturization on both
sides of a wafer. A slightly better scheme, superior to both Lambertian and double-
sided texturization, is the use of V-grooves on both sides of the wafer. Those on the
rear are oriented perpendicularly to the front-side grooves. Pyramids on the front-
side only, a popular implementation, are significantly less effective. For example,
they would produce almost 3 mA less current on a 50 pm-thick cell.
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Dependence of Surface Recombination Velocity (SRV)
of Texturized Surfaces

on Pyramid Rounding in HNO; : NH,F Solution

Sample Pyramnid Forming Gas Anneal Only | After Aluminum Anneal
1D Rounding Untexturized | Texturized | Untexturized | Texturized
Process SRV SRV SRV SRV
(=) ) () )
Tla (w = 280um), 20 sec in 12.9 65.4 9.31 15.3
V2a {w = 8lum) | 50:1 HNOy:NH,F
T1b (w = 277um), 2 min in 19.2 51.7 10.65 38.9
V2b (w = 81pm) | 20:1 HNOy:NH,F
Tle (w = 271pm) 4 min in 12.7 36.0 25.9 20.1

V2c (w = T2um) | same 20:1 solution

T1d (w = 265um) 8 min in 13.6 38.9 2,091 1.90
V2d (w = 70pum) | same 20:1 solution

Figure 4.34: The measured surface recombination velocity for the various texturization
profiles indicated on the last figure. Texturized surfaces have higher surface recombination
velocities than untexturized prior to aluminum anneals (King and Swanson, 1988).

Two practical implementations of this idea are shown in Figure 4.38 and Fig-
ure 4.39. The first is the prismatic cell cover, which refracts the light from over the
metal {ront-surface grid lines into the cell (O'Neill, 1985), shown in Figure 4.38.
A similar structure using reflective optics was suggested in the original paper
(Camphell and Green, 1986). Another idea with the same result is to put the
solar cell in a reflective hox with an input aperture for light which is smaller than
the cell area, Figure 4.39. This increases the probability that the Light will be ah-
sorbed rather than escape (Sinton and Swanson, 1987a). The enhancement possihle
is shown in Figure 4.40. In fact, these ideas for decreasing the acceptance angle for
light could be used instead of texturizing in cases when texturizing is difficult to
achieve. A niethod which reduced this acceptance angle to 17° can give a planar
cell absorption equivalent to Lambertian texturization.

4.4.2 Effects on Cell Performance

There are several advantages to using light-trapping on relatively thin solar cells
rather than making 1 nun thick cells in order to absarb the available light,

The first, a practical concern, is that you can make more thin solar cells than
thick ones from a given amount of silicon.

Second, many of the parasitic recombination mechanisms are related to the cell
volume. These can be virtually eliminated by thinning the cells. This causes gains in
efficiency right down to the thickness where the cell is too thin to absorh the majority
of the light, even with light-trapping techniques. This principle is essentjally that
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Figure 4.35: Reflectance data from several wafers between 70 and 80 xm thick. Vad

is untexturized. V2c had a longer isotropic etch after texturization than V2Za (King and
Swanson, 1988).
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Figure 4.36: The spectral responsivity for two cells processed at the same time. The

; texturized cell shows a lower reflectance loss, since the light gets a double bounce. Also the

texturized cell has a vastly improved response to light near the bandgap energy (Sinton
et al., 1986).
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4.4.4 Minimizing Emitter Recombination

It is widely recognized that recombination in the diffused regions, especially at
the metal-silicon interface, is the domninant parasitic loss nechanism in most silicon
solar cells, A review of the literature indicates that there are three methods for
specifically addressing this issue.

¢ In the point-contact solar cell, this recombination is reduced by minimizing the
emitter area, both of dopants and metal-silicon contacts.

o A more common method is illustrated in the PESC solar ceil by Green et al.
Here, a passivated planar diffused region is used, with an absolute minimum of
metal-silicon contact area., An example is shown in Figure 4.49.

» The last method is to use a fundamentally different type of emitters such as
polysilicon, SIPOS (Semi-Insulating Polysilicon, or charge-induced emitters.

A discussion of the optimization of diffused n-type emitters can be based upon
the modeling of del Alamo (del Alamo, 1985). In this work, the fundamental
transport parameters were determined using test devices fabricated on uniformly
doped epitaxial layers. These parameters were then compared to previous work,
and a consensus was found based upon a careful comparison of the assumptions
made in interpreting and reporting the previous data. The minimum number of
directly measured parameters was then applied via an emitter model to predict the
performance of several common emitter profiles. This section draws heavily upon
the experimental and modeling results of del Alamo.

Figure 4.42 indicates the internal quantum efficiency for an emitter illuminated
with sunlight with an AM 1 spectrum. A silicon-silicon dioxide surface recombina-
tion velocity of 1000 cm/sec was assumned. The internal quantum efficiency plotted
here is the fraction of the electron-hole pairs generated in the emitter that are
collected rather than recombining. A more directly useful quantity would be the
absolute current that is absorbed and recombined in the emitter. This could have
been calculated directly, but can also be found by multiplying the internal quantum
efficiency of the emitter by the amount of current generated there. This is shown in
Figure 4.43. This plot shows contours of potential short-circuit-current that is lost
to absorption and recombination in the front emitter. The contour of 0.5 mA /em?
indicates a loss of about 1.2% of the potential cell current. It is interesting to note
that this contour is along a line of nearly constant sheet resistance, 71 = 5 £2/0 in
the 10'®cm~* decade of surface concentration.

Figure 4.14 shows the emitter saturation current as a function of the surface
dopant concentration and the junction depth. This is for a surface recombination
velocity of infinity, and is appropriate for metal-contacted diffusions. Figure 4.15
gives these same contours of emitter saturation current but for an assumed surface
recombination velocity of 1000 cm/sec, a good assumption for oxide passivated
diffusions in many cases. Note, however, that the values in the lower left hand
corner are very sensitive to this assumption.

Consider the design of an optimized front-surface emitter. The first criteria is
that the emitter does not ahsorb and recombine many carriers. This is insured by
staying to the left of the 0.5 mA/ecm? contour in Figure 4.43. This implies sheet
resistances greater than 70 /0.
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Low sheet resistance is another asset to a good emitter. For one-sun cells, a
low sheet resistance allows a coarse grid pattern. In concentrator cells, a low sheet
resistance and a fine grid pattern may hoth be necessary. Assume for example that
you would like a sheet resistance less than 200 /0. This leaves arather narrow, well
defined portion of the curve from which to choose an emitter; those that lie between
70 and 200 /0. Three more criteria enter. The emitter saturation current should
be as low as possible for the passivated emitter regions. This drives the optimum
towards the lower portion of the plot. Additionally, the top grid needs to contact
this emitter. This actual contact area may vary greatly, but must minimize the
spreading resistance effects in the diffused region and be adequately large that the
contact resistance is negligible. The lowest values of J, for s = 0o (metal contacted
emitters) are in the mid to lower-right-hand region.

ALl of these criteria favor rather lightly doped, very deep emitters. This result
is in contrast to some of the conventional wisdom of solar cell front emitters, but is
coming into a wider acceptance rather recently {Cuevas and Balbuena, 1988). The
one point which may favor keeping a surface concentration above the 10'® range is
the contact resistance. In one-sun cells, the metal-silicon area can be quite small,
with high current densities. In concentrator cells, the area must be larger, and will
certainly have high current densities. A plot of the contact resistance of Ti and
Pt5i contacts as a function of the surface concentration of phosphorus is shown
in Figure 4.44. The contact resistance is a very strong function of this surface
concentration. For perspective, consider a concentrator cell with 1% metal-silicon
contact area, designed for operation at 36 W/cm? of incident power {360 suns), The
current density in this case would be 14 A/cm?, or 1400 A/cm? at the contacts. For
Ti contacts, this would give a 0.7 mV drop for a surface concentration of 10%° /em?,
3mV at 4x10'%, but 84 mV at 2x10'®! This simple example illustrates that contact
resistanice can be a real problem if ignored during the design phase.

In short, the criteria outlined above for an optimized single-diffusion front-side
phosphorus emitter are:

e (1/0 > 70 to avoid current loss,

e 2/0 < 200 to minimize series resistance.

o Surface dopant concentration < 10*°cin™® to obtain low emitter saturation
currents for the passivated emitter regions.

o Surface dopant concentration > 10'° cm~? to insure good contact resistance.

e Junction depth > 0.1 pym for process control of the metal-silicon interface.

The region of emitiers that meet these requirements are in the shaded region
of Figure 4,45. Within this shaded area, minimization of the emitter saturation
current for the metal-contacted areas, as shown in Figure 4.14, drives the choice
towards the lower right-hand corner. This emitter, 2 pm deep and doped around
10 cm™® is quite deep and lightly doped.

Several recent papers highlight this trend towards thicker front-side emitters. In
work by Tobin et al., deep front emitters of varying thickness were investigated as
a way to produce high-temperature stable cells (Tobin, Spitzer, Bajgar, Geoffroy,
and Keavney, 1987). Recognizing that metalization spiking through the junction
during contact sintering was a major constraint, emitters with surface concentrations
between 1 and 2x10'%/cm® were compared on a standard solar cell. Cells with
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Figure 4.45: The region of interest {or a single-diffusion optimized n* emitter on the front
of a solar cell. The criteria taken into account which bound this area are the passivated
region emitter saturation current (top), contact resistance (bottom), emitter quantum
efficiency (right), and metal-contact process control (left). The optimization of the metal-
contacted areas makes the right lower corner of the shaded region preferred.

This discussion above was based almost entirely upon the modeling of del Alamo.
A prudent alternative would he to measure the emitters of interest experimentally.
A collection of measured values is shown in Table 4.1, for several phosphorus and
horon diffusions (Kane and Swanson, 1985). In the case of horon emitters, it was
found necessary to deposit a thin aluminum layer on the surface in order to attain
a large enough surface recombination velocity that the emitter is transport limited.
This result is called J, 4; in Table 4.1. A comparison of these experimental values
with those shown in the modeling indicates good agreement.

4.4.5 Specific Design Examples

First, consider the backside point-contact solar cell design shown in Figure 4.23.
The effective emitter saturation current in this design is reduced by minimizing
the total diffused area to that covered by metal contacts. This is shown with
experimental data in Figure 4.24. Additionally, notice that these emitters are on the
hack of the cell, where little photogeneration occurs. Therefore the emitter quantum
efficiency constraint does not exist. From the modeling on metal contacted emitters,
the choice appears to be for very deep emitters 4-10 microns deep, with surface
concentrations between 10' and 10%° ¢cm™®. The same emitters can be used to
advantage on the front of the solar cell, if they are in the shadow of gridlines {Sinton,
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Pigure 4.49: A low-Tesistivity concentrator solar cell with 25% efficiencies at 10 W/em?
(Green et al., 1987).
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Figure 4.50: A schematic diagram of a laser grooved cell (Green, 1987).

The point-contact cell, being highly three-dimensional, is a worst-case chailenge
for a simple modeling scheme. However, even in this case, it is clear that the range
of efficient operation is the same range where the simplifying assumption, namely
uniform carrier density, works hest. It is interesting to note that a one-dimensional
model works well on optimized three-dimensjonal structures. Essentially, the three-
dimensional effects work against higher efficiency, hence in an optimized design are
minimized. A simple model can be a good guide but must be used judiciously.

In the 25% efficient PESC (for Passivated Emitter Solar Cell) concentrator design
by Green et al., a planar junction is used in the front of the solar cell, Figure 4.49
(Green, Zhao, Blakers, Taouk, and Narayanan 1987). This junction is characterized
by a sheet resistance of 50 0}/0. From the curves on quantum efficiency, it can
be seen that this is a good choice for a concentrator cell, since it has a low sheet
resistance, but not so low as to suffer diminishing quantum efficiencies. An emitter
with this sheet resistance may cause a loss of 1-2 mA/em®. The exact process
schedule and resulting geometry for the emitter is not given, but for the sake of
discussion presume that it is 4000 A thick, gaussian, and has a surface dopant
density of 10%° em™®. Then we would predict an emitter saturation current of
2x107% A/em? for the 2% of metal-contacted area and 2x107*® A/cm? for the
98% of the area which is oxide-passivated. This yields an effective emitter saturation
current of about 2.4x10~!* A/em?® for the cell front-side. Presuming that the Al
back surface field has a performance similar to the optimum for deep p* diffusions,






