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Abstract—Using two-dimensional computer analysis, the interdigited back contact silicon solar cell (IBC) was
analyzed at high illumination levels and the results were compared with the conventional Front Junction cell. The
change of effectiveness of Chockley~Read-Hall bulk and surface recombination centers at high currents as weli as
the induced internal electric field are argued to explain the improved efficiency predicted for IBC cells at high
illumination levels. For a 100 um cell thickness and lifetime 7, = 10 usec the efficiency is indicated to increase
from 7.5% at 1 sun to 14.0% at 100 suns AMO, when a surface recombination velocity (so) equal to 1000 cm/sec is
assumed. The substrate thickness to provide maximum efficiency was. found to be approximately 50 um. It is
confirmed that the surface lifetime is a significant factor in determining the device conversion efficiency. Since
surface recombination dominates the efficiency, 2 new IBC cell design with a front doping gradient has been
introduced to suppress the surface recombination. The IBC cell with 10'8/cm? front surface n*-doping concen-
tration is optimum for an impurity diffusion depth of 10 um, s, = 1000 cm/sec, 7,0 = 10 usec, for which an efficiency
of 12% is computed at 1 sum AMO. A useful efficiency of about 8% at 1 sun AMO, even with s, = 10° cm/sec, is
predicted with front doping.

L. INTRODUCTION Recent work by Dunbar and Hauser[3] has

As long as the cost of light concentrators is cheaper than
solar cells, the trend is to use concentrators and cells
which operate efficiently at high intensity of illumination
rather than using large areas of solar cells. However the
conventional Front Junction solar cell at high light in-
tensity faces serious limitations in efficiency because the
large collected current causes a significant voltage drop
across the upper layer series resistance, which reduces
the output voltage at a given current[1]. On the contrary,
the interdigited back contact solar cell is known to have
less series resistance and large bulk lifetime because of
its relatively lightly-doped bulk region. This structure of
p*-i-n* solar cell is expected to achieve nearly maxi-
mum theoretical efficiency at high intensity of
illumination[2). However a two-dimensional analysis of
this structure has theretofore not been reported.
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Fig. 1. (a) Front-junction solar cell structure. (b) Interdigited back-contact solar cell structure,

employed numerical techniques to solve the one-dimen-
sional ambipolar current flow equations for the con-
ventional solar cell. The two-dimensional and tem-
perature-dependent analysis of the conventional solar
cell has also been reported1]. By applying the two-
dimensional numerical techniques developed by
Spadernafl], this study is aimed at investigating the
behavior of the IBC solar cell structure under high
illumination levels. The effects of cell geometry and
surface recombination on efficiency are considered. The
IBC cell with a doping gradient at the front surface is
also analyzed.

2. THEORY AND NUMERICAL METHOD OF SOLUTION

The geometry (Fig. 1) for this two-dimensional com-
puter calculation is based on the interdigited back con-
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tact solar cell fabricated by Schwartz[2]. Two metal
contacts are formed on n™- and p*-regions at the back
surface, and the doping profiles assumed are the com-
plementary error function. The bulk n-type doping is
taken as 3% 10"*/cm’. Boundary conditions are used to
couple the unit segment to the rest of the whole solar ceii
by applying the symmetry property along the lines A-A'
and B-B' in Fig. 1. On the front surface the boundary
conditions of no electric field in y-direction and no
current out of the model are interpreted by the
equivalent numerical boundary conditions. The effect of
an electric field at the surface due to band bending and
surface charges is crudely considered to be a component
of the surface recombination velocity chosen. A
numerical scheme for the surface recombination is in-
troduced by assuming Shockley-Read-Hall-type recom-
bination centers located just beneath the front surface.
The effect of bandgap shrinkage due to heavy doping is
added as an additional quasielectric field by interpolating
graphically the curve by Mock[4], as well as by the
introduction of a doping-dependent intrinsic carrier
concentration[5]. For heavy doping the latter increases
the equilibrium minority carrier concentration by orders
of magnitude.

The carrier flow equations for the steady-state in a
semiconductor are given by [6]

V-J,=-q(R-G), (H
V-J.=+q(R-G), 2
v2.1,=—-§(p~n+N), 3)

where eqns (1) and (2) are the steady-state continuity
equations for holes and electrons respectively, and (3) is
Poisson’s equation for the electric potential . P and n
are hole and electron carrier densities, N is the net
ionized impurity concentration, and R and G refer the
net recombination and the photogeneration rate respec-
tively. The expressions for hole and electron current
densities are given as

Jp =—qu,pV¥ - qD,Vp = - qu,pVé,, “
and
3. = —Gu.nViy+ qD,Vn = — qu.nV .. ®

Here the drift term should be understood to include the
effect of the quasi-field due to bandgap narrowing in the
regions of a heavy doping gradient. The assumption of
Boltzmann statistics and the Einstein relations allows the
definition of the quasi-Fermi potentials for holes and
electrons, ¢, and ¢,. The lack of maturity of the treat-
ment of degeneracy and deionization due to heavy
doping induced us to assume the classical statistics.

The mobilities u, and w, for holes and electrons are
given as updated by Li et al.[7, 8]. Their results are for
majority carriers, but they are also assumed valid for
minority carriers. The mixed mobility w,; of lattice and

impurity scattering reads

prr = uf(x), 6

where f(x) is a mixing function of the lattice and the
impurity scattering mobiiities. However the lattice scat-
tering mobility as given is not convenient to use in
computer work because it is given in table form. An
accurate empirical expression[9] though is available for
the lattice mobility. (It is assumed that all impurities are
ionized at room temperature and neutral impurity scat-
tering is neglected.) The carrier-carrier scattering effect,
important at carrier densities in excess at 10'’/em®, is
included as reported by Howard[10] in a p*-i-n* diode
study. The final expression for the mobility, », ends up
as

1
JT

+ M

1t
H ey
where pu. is the carrier-carrier scattering mobility.

The recombination process in buik {R,wy) inciudes the
Shockley-Read-Hall (SRH) model via trapping centers
and Auger band-to-band recombination. However the
surface recombination (R..c) may control the whole
device characteristics because of the large front surface
of the IBC cell and relatively thin wafer compared to the
bulk life-distance of minority carriers. These recom-
bination rates are given by

pn—n
ool + 1) + Too(p + 1)

Roux =

+Tnlpn—-n?, (8

- pn-n’
Rsurf = So (n + n‘)+(p + nl‘)y (9)

where 7,0 and 7,0 are lifetime parameters, and ' is the
Auger coefficient taken from {11]. The bulk Iifetime
parameter 7,o=37,, is assumed and the recombination
center level is taken as at the intrinsic Fermi level. The
surface capture crossections for electrons and holes are
assumed equal and s, is the surface recombination
velocity{12].

The electron-hole generation rate for any spectrum of
light, and at a distance y from a semiconductor front
surface is given by the equation

Gly) = f (Ma()exp(~a(y]dr,  (10)

where a(A) is the absorption coefficient, and ¢,(A) is
the incident photon flux. Using the absorption coefficient
for silicon as measured by Dash and Newman{13] with
the additional data of Phillip and Taft[14], and the solar
spectrum data (air mass zero) by Thekaekara{15], the
function G(y) has been calculated.

The conventional finite difference method with suc-
cessive line over-relaxation (SLOR) is used to solve the
three fundamental eqns (1)-(3), numerically simul-
taneously. The segment shown in Fig. 2, by symmetry,
when replicated, will reproduce the entire cell shown in
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Fig. 2. A section of the IBC solar cell structure showing
specifications of boundary conditions.

Fig. 1(b). It is assumed that in the semiconductor n* and
p* regions, at the surface just under the metal ohmic
contacts AC and DB that carrier equilibrium prevails,
i.e. ¢p = ¢, (An alternative way of imposing this boun-
dary condition is to assume a large surface recom-
bination velocity, o, in these places.) Since no current
can pass through the remainder of the upper and lower
surfaces (A'B' and CD), there (J, +1J,,) - fi =0 where A is
the unit normal to these surfaces; by symmetry con-
siderations this must also be true at the boundaries AA'
and BB'. Since the electric field at these latter surfaces
must all be zero, Vi - 7i = 0 there. Electric potentials are
specified at the metal contacts and hence at the semi-
conductor surface just under these contacts. No light
reflection from the front surface is assumed.

3. RESULTS
3.1 Current flow in the IBC cell
Figure 3 shows the calculated current flow lines as well
as the electrical equipotential contours for a silicon IBC
cell structure (Fig. 2) operating at 100 suns AMO illu-
mination, under short-circuit conditions, with an
assumed surface recombination velocity of 1000 cm/sec,
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Fig. 3. The current flow lines (dotted) and electric equipotential

contours (solid) for a silicon IBC cell operating at 100 suns AMO,

300°K, under short circuit conditions. Each current line

represents about 5majcm, 7,0 = 7,0/3 = 10 usec, thickness =
199 um, width = 117 pm, x;, =32 um, x4 =6.3 um.

at 300°K. Note the lack of orthogonality of the current
flow lines and equipotentials, except near the junctions.
This indicates that the electrical carriers move both due
to diffusion plus some drift field in the bulk of the device
(see eqns 4 and 5). Figure 4 graphs the minority hole
carrier flow lines as well as the quasi-Fermi contours
under the same conditions as Fig. 3. The mutual ortho-
gonality of these contours results from the requirements
of eqns (4) and (5).

Current crowding is noticed near the edges of metal
contacts as shown in Figs. 3 and 4. The hole carriers are
focused to the p*-contact corner. Electron carriers are
correspondingly concentrated at the n*-contact corner.
The cell series resistance will be increased by this cur-
rent crowding under very high illumination levels, reduc-
ing the efficiency. However the fill factor (FF) computed
remains almost the same from 1 sun AMO (FF =0.79)
to 100 suns AMO (FF = 0.75) with s, = 1000 cm/sec and
70 = 10 psec.

A small internal electric field is induced in the uni-
formly doped n-region due to the difference of mobility
of hole and electron carriers. This electric field aids the
collection of holes by the p*-n junction, increasingly as
the illumination intensity is increased and results in
improved cell conversion efficiency. Table 1 quantifies
this effect.

3.2 The effect of recombination on efficiency

Some of the photo-generated carriers recombine
through SRH, Auger and surface recombination
mechanisms prior to junction collection, whence they
contribute to the output current. The SRH recombination
rate given by eqn (8) is reduced to p/7,o in an n-type
semiconductor at a low level injection (pn> n?, and
p < n). At a high level injection (pn > n?, and p ~ n), the
formula approaches to p/(1,0+ 7.0), Which is a smaller
value than that of the low injection. Hence SRH recom-
bination increases with a decreasing rate as the intensity
of light increases. The surface recombination of eqn (9)
behaves similarly. It approaches sop/2 at high level in-

Fig. 4. The quasi-Fermi potential contours for holes (solid) and

the hole current flow lines (dotted) are shown for the IBC cell

operating under the same conditions as in Fig. 3. The quasi-Fermi

potentials are indicated in units of kT/q. Each current flow line
represents 2.5 ma/cm.
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Table |. The induced electric field and the carrier drift and diffusion current components at one point in the n-region (point 1 in Fig. 3) under
various illumination levels (F and C represent field and current, L, illumination level).

F&ac Induced Drift Current Diffusion current
electric (mA/cm?) (mA/cm?)
L field (V/cm) {"electron hole electron hole
1 sun 0.44 27.4 1.5 47.9 20.6
10 suns 1.15 240. 39. 485, 207.
100 suns 1.92 3049. 1261. 5000. 2148.

jection, which is a half of the low injection value. The
induced electric field in the uniformly doped n-region
separates holes and electrons and reduces the recom-
bination rate even more. The enhanced electric field also
increases the drift current component in the n-region,
which increases the short circuit current at higher illu-
mination levels (see Table 1). Computer calculations
show that the collection efficiency increases from 55.6%
at 1 sun to 75.5% at 100 suns AMO. The improved
collection efficiency increases the short circuit current as
the light intensity increases. As long as SRH and surface
recombination control the short circuit current and the
fill factor remains almost unchanged, the overall energy
conversion efficiency is increased at higher illumination
levels.

The efficiency as a function of illumination level is
plotted in Fig. 5 with surface recombination velocity as a
parameter. The IBC cell with thickness 100 um, 7,0=
10 usec and so=1000cm/sec is computed to achieve
about 7.5% efficiency at 1 sun, 11.4% at 10 suns and
14.0% at 100 suns AMO. On the contrary, the efficiency
of the conventional front junction cell was reported to
decrease[1] with increased illumination as shown in Fig.
3. Although the conventional cell used for comparison
here was not optimized for high level illumination,
results indicate this is a general trend.

The short circuit current is strongly affected by sur-
face recombination since the diffusion length of minority
carrier (7,0 = 10 usec) for the present model is compar-
able with the thickness of the cell (100 wm). What hap-
pens with high s, is that the generated carriers are forced
to diffuse into the surface recombination centers instead
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Fig. 5. The energy conversion efficiency and the collection
efficiency of the silicon IBC cell vs illumination intensity. The
conversion efficiency of the IBC cell increases with increasing
illumination, whereas the front-junction cell efficiency decreases.

of being collected by the junctions. The current near the
front surface is seen to be directed toward the front
surface within a few um of the surface. The effect of the
surface recombination is to reduce the conversion
efficiency from 7.5% at s,=10°cm/sec to 1.0% at
10° cmi/sec, as shown in Fig. 6. Figure 6 also shows the
ratios of the total surface recombination to the total
generation vs 5o. 32 and 89% of the total generated
carriers are recombined at the front surface when s, =
10 cm/sec and 10° cm/sec respectively. Typical current-
voltage (I-V) characteristics calculated for this cell vs
illumination intensity is shown in Fig. 7, with the current
given per unit incident sun,

3.3 The effect of cell thickness

The effect of thickness on IBC cell performance is
plotted only at 1 sun AMO and s, = 1000 cm/sec (see Fig.
8). However similar behavior is found at different levels
of illumination and different s, values.

Since some of the photons with lower energy pass
through a solar cell with a finite thickness without being
absorbed, more carriers can be generated in a thicker
cell. However the average distance for the generated
carriers to travel to the collecting junction becomes
larger, which reduces the collection efficiency. Hence
there is an optimum cell thickness.

The total generation rate for a cell with thickness
200 um is increased 140% above that of a cell 10 um
thick. The collection efficiency decreases monotonically
with thickness from 85.9% at 10 um to 31.5% at 200 um
(see Fig. 8). The energy conversion efficiency calculated
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Fig. 6. The ratio of the total surface recombination rate to the

total photogeneration rate, and the cell conversion efficiency vs
surface recombination velocity at 1 sun AMO.
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Fig. 7. Typical I-V characteristics for an IBC cell under concentrated illumination, computed for 7,o= 7,/3=
10 wsec, so = 1000 cm/sec, thickness = 100 um. The current is normalized to 1 sun.
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Fig. 8. The IBC cell conversion efficiency and the collection

efficiency vs cell thickness. The maximum efficiency is predicted

to occur at a cell thickness of 50 um, at 1 sun AMO, so=
1000 cm/sec, 7,0 = 10 sec.

from the above factors is illustrated in the Fig. 8. The
maximum efficiency of about 9.4% is achieved by the cell
with thickness around 50 um, for 7,0=10 usec. If the
effective lifetime is scaled upward by a factor of 23, this
optimum thickness may increase as much as 5 times.

3.4 The front doping gradient effect

The front n*-doped IBC cell is designed with a doping
gradient penetrating below the front surface as shown in
Fig. 9, otherwise keeping all same device parameters as
the uniformly doped IBC cell. The front surface n*-
profile is assumed to follow a complementary error
function. A front junction depth of 10 um is assumed. As
suggested[17], the doping gradient at the front surface
tends to suppress the surface recombination. The poten-
tial gradient established by the doping gradient pushes
minority carrier holes away from the front surface. That
is the doping gradient separates holes and electrons near
the surface, which decreases the surface recombination
rate. The total recombination and the surface recom-
bination initially decreased with increased front doping
concentrations up to 10'*/cm® at 1 sun AMO and s,=
10° cm/sec.

At uniform doping (marked as Cpp in Fig. 9), the
surface recombination is 32% of the total generation. But
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an 9. The conversion efficiency of a front doping gradient IBC cell vs surface doping concentration showing that
the optimum surface doping is about 10'8/cm?, at 1 sun AMO, 5, = 1000 cm/sec.
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it drops quickly to 3.8% even with a small front surface
doping concentration of 10"%/cm®. Although the surface
recombination at first decreases monotonically with in-
creasing front doping concentration, the total recom-
bination rises again at concentrations above 10'%/cm’
because of the increased Auger recombination in the
front doped region. The Auger recombination increases
to 75% of the total generation at 10*'/cm® front doping
concentration. There must be an optimum front surface
concentration, which is computed to be near 10'¥/cm® as
seen in Fig. 9. A 12.2% efficiency is predicted even at 1
sun AMO. Using this concentration (10'%/cm?), the
efficiency vs the illumination level is plotted in Fig. 10,
for 5o= 10" and 10° cm/sec.

Since the majority carriers are so numerous in the
doped front n*-region, there no longer exists high level
injection even at 100 suns AMO in the front surface
n*-region. The effective lifetime near the surface is
hence almost independent of the illumination level. But
the bulk of lightly doped n-region still remains in the
high level injection, where the recombination rate
decreases with increasing illumination level. For so=
1000 cm/sec, the surface recombination is negligible
compared to the bulk recombination and Auger recom-
bination, so the efficiency continues to increase.
However the controlling factor is surface recombination
when 5o = 10° cm/sec. The ratio of surface recombination
to the total generation increases from 10 to 100 suns AMO.
The effective lifetime near surface is reduced so much
due to the heavy doping that the collection efficiency is
not improved even at 100 suns AMO. Consequently the
efficiency with 5, = 10° cm/sec drops somewhat as shown
in Fig. 10.

The most noticeable point about the IBC cell with the
front doping gradient is that it achieves a useful
efficiency of about 8% even with 1 sun AMO, sp=
10° cm/sec, while the IBC cell with uniform doping
manages only a low efficiency of 1.0% as shown in Fig.
10. This factor should be considered when long term
surface stability and cell reliability is considered.

4. CONCLUSION

The energy conversion efficiency is predicted to in-
crease at the higher illumination levels because of the
improved collection efficiency due to the decreased SRH
and surface recombination rates and an induced electric
field. Computations for a given design predict that for
7,0 = 10 usec the efficiency will increase from 7.5% at 1
sun to 14.0% at 100 suns AMO. For a thinner cell the
collection efficiency increases but the total photogenera-
tion decreases, to that the maximum efficiency is at a
thickness of about 50 m. This optimum thickness will
increase with lifetime increase. The surface recom-
bination which controls the efficiency of an IBC cell with
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Fig. 10. The conversion efficiency of the silicon IBC cell with

(solid) or without (dotted) a front doping gradient vs illumination

level. The front doping gradient design is predicted to be less
sensitive to surface recombination.

uniform doping can be partly suppressed by providing an
n” doping gradient at the front surface. However Auger
recombination takes over lifetime control at very heavy
front doping (= 10°°/cm®), and the optimum n* doping
concentration is estimated to be about 10'%/cm® with a
10 um junction depth, so=10°cm/sec. The IBC cell
design with a front doping gradient is predicted to
achieve a useful conversion efficiency of about 8% even
at 1 sun AMO and a 10° cm/sec surface recombination
velocity.
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