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Summary

The effect of the back-surface field (BSF) on the open-circuit voltages
V,. of frontilluminated p*-n-n* (p/n BSF) and n*—p-p* (n/p BSF) silicon.
solar cells was investigated. A theory based on the assumption that the front
emitter has a unit injection efficiency was formulated and this theory can be
~ applied to both low and high level conditions in the bulk regions of p/n and
n/p BSF cells. The effect of perfect and imperfect minority carrier blocking
at the low—high (L—H) junction end of the bulk region was analysed. The
theory gives some insight into the physics of the BSF cells. It shows that the
minority carrier blocking at the L-H back junction both by itself and by
causing a back reflection of minority carriers towards the front-junction end
of the bulk region leads to an improvement in the open-circuit voltage of the
cells. The contribution of back reflection is independent of the intensity of
illumination and the resistivity p of the bulk region, whereas the contribu-
tion of minority carrier blocking increases with both the intensity of illumi-
nation and pg. For low level conditions the improvement in V. is mainly
due to the contribution of back reflection. However, for high level conditions
the contribution of minority carrier blocking can be quite large. For high .
level conditions the increase in recombination at the front surface and in the
front region is more harmful to the V,,. value of a p/n BSF cell. However, a
decrease in the minority carrier blocking at the L—H junction is more harmful
to the V, value of an n/p BSF cell. The fact that V,,. for BSF cells is inde-
pendent of py is attributed to the high level conditions in their bulk regions.

1. Introduction

It has been established that a back-surface field (BSF) can lead to a

_ substantial increase in the short-circuit current density J;., the open-circuit
voltage V,. and the curve factor of an n*~p-p* (or p*—n-n") silicon solar cell
[1-4].Many workers {1 - 3, 5 - 13] have-attempted to explain the phenom-
enon governing the functioning-of BSF cells. Godlewski et al. [8] showed that
if d/L > 3, where d is the distance between the p—n front and low-high (L-H})
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junctions and L is the diffusion length of minority carriers in the bulk region,
the L-H back junction cannot significantly influence the performance of a
silicon solar cell. Mandelkorn and Lamneck {2] concluded that the improve-
ment in V,, for an n*—p—p™ cell is due to the additional photovoltage devel-
oped at the L—H back junction. Mandelkorn and Lamneck’s { 2] findings set
an upper limit for AV, such that AV,, cannot be more than £7/g unless
the bulk region of the cell acquires high level conditions in it. For front-
illuminated n*—p—p* silicon cells with p5 = 10 Q em and V,. < 0.588 V at
300 K, as high level conditions in their bulk regions cannot be fulfilled, the
observed AV, of about 50 mV [1] cannot be due to the above reason.
Fossum [11] gave an analytical description of the performance of the
n*—p-p* cell. Owing to the assumption of a very large lifetime of minority
carriers in the bulk region, however, the validity of the above analytical
description [11] is limited to cells with d/L < 1. Recently, von Roos [12, 13]
has analysed the BSF effect in an n*—p—p* cell by considering the front and
back junctions as two capacitors connected in series and has shown that such
a model can explain the increase in J;, and V,,, due to the BSF. There are
relatively fewer studies on p*—n-n* BSF cells [2, 3]. Fossum and Burgess
[3] found that the fronf-surface recombination had a very significant
influence on the open-circuit voltage of their high efficiency p*-n—-n?* cells.

Although BSF cells have been discussed extensively in recent literature
f1-16], a comprehensive theory of the BSF effect is still lacking. In this
paper we present an analytical approach which is an attempt to investigate
how the BSF improves V,, for silicon solar cells. 7

This analysis is based on the concept of effective recombination velocity
of minority carriers at the back of the bulk region and a unit injection
efficiency of the p* (n™) front emitter of p*—n—n* (n*-p-p*) solar cells. A
general theory for the BSF will be formulated and will subsequently be used
to discuss the effect of the BSF on J;, and V,.. The effect of the BSF on V,,,
will be analysed in detail for both low and high level conditions in the bulk
region. Conditions where the analysis is not applicable will also be discussed.

Before proceeding to formulate the general theory of the BSF it is
appropriate to discuss first a few important parameters and phenomena
relevant to the analysis.

2. Minority carrier blocking, back reflection and back-contact recombination
velocity

An ohmic contact on the back of the bulk n (or p) region of a p*-n
{or anr n*—p) solar cell which has a theoretically infinite and a practically very
high recombination velocity for minority carriers [17] means that the
minority carrier density at the end of the bulk region near this contact is
fixed at its equilibrium value under all stages of operation between short-
circuit and open-circuit conditions. In contrast, the chmic contact on the
back of a p*-n—n* (n*—p-p*) solar cell has no direct control over the density
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of minority carriers at the back end of the bulk region. This is because there
is an L—H potential barrier and an n* (p*) layer between them. The built-in
field at the L—H potential barrier, i.e. the n—n* {p—p*) junction, favours
passage of the majority electrons (holes) and opposes the passage of the
minority holes (electrons) from the bulk n (p) region to the n* (p*) region
on the back. This blocking of minority carriers results in the back reflection

- of minority carriers to the front-junction end of the bulk region and their

piling-up at the L-H junction end of the bulk region. The blocking ability of
the L~H back junction will depend on (i} the barrier height of the L-H back
junction, (ii) the recombination in the space charge region at the L—I—I
junction and (iii) the magnitude of the minority carrier current in the n* {p*)

‘region at the edge of the L-H junction. However, its effectiveness will also

depend on d/L.
Back reflection depends on d/L and the minority-carrier-blocking ability

_ of the L-H back junction. The effect of the BSF on the performance ofa

solar cell can be evaluated by defining an effective recombination velocity S
of minority carriers at the L-H junction end of its bulk region. § represents
a collective effect of the three factors (i) - (iii). § = « would mean the worst
L-H junction contact, virtually equivalent to an ohmic contact at the bulk
region itself. § = 0, however, would normally mean perfect blocking or
majonty carrier contact onto the back of the bulk n region. In the followmg,
pt-n-n* ceIls will be dealt with, with occasional reference to n*—p—p* cells.

For a p*-n—-n* cell, S is a minimum if the total current den51ty at the
rear end of the bulk n region is almost entirely due to electrons. This is
possible if the recombination current in the space charge layer is negligible
and the minority hole current in the n* region at the edge of the space charge
layer at the n—n* junction is also negligible. In practice, it may be achieved
by forming a thick and heavily doped n* region on good quality and damage-
free n-type silicon and minimizing the creation of defects during its formation.
It should be obvious that § is likely to be lower for a p*-n—n* silicon solar
cell made using a high purity single-crystal wafer than for one made using a
less pure or polycrystalline silicon wafer. In further discussion, only single-
crystal cells will be considered.

3. Low and high level conditions in the bulk region

At any stage of operation of a p*-n or p*-n—n" solar cell between
short-circuit and open-circuit conditions, let p be the density of holes at any

~ point X in the n-type region and N be the base doping in it. The portion of

the n-type region where p < Np will operate under low level conditions.

- However, the portion where p >> N, will have high level conditions in it.

Depending on N, and the intensity of illumination, we can always manage
to have low level conditions throughout the n region of a p*-n or ap*™-n-n*
cell. However, even at a very high intensity of illumination a p*-n or a
pt—n-n* silicon solar cell may not have a high level condition throughout its
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n region at or close to the short circuit when the diode current is either zero
or negligible compared with the short-circuit current.

An increase in the diode cuxrrent that flows against the photocurrent
raises the minority carrier density in the bulk region at the edge of the space
charge layer at the p—n junction of a p*~n, p*-n-n*, n*—p or n*-p-p™ cell
above the thermal equilibrium values. For p*—n-n” and n*-p-p* cells there
is an increase in the minority carrier density at the rear end of the bulk
region also. The diode current reaches its maximum in the open-circuit
condition and so does the minority carrier density in the bulk region at the
edge of the p—n junction. Thus, should high level conditions prevail in the
bulk region, either all or the maximum amount of the bulk region of a p*—n
or p*-n—-n" silicon solar cell will experience high level conditions for an open
circuit. The hole density p, at the p*—n junction end of the bulk n region is
also then a maximum, being equal to pg ... For small current densities the
diode current in the bulk n region at the edge of the p—n junction is mostly
due t6 holes [18, 19]. This should also be valid for properly designed silicon
solar cells for which recombination in the front p* region as well as at the
exposed surface at the top is negligible compared with that in the bulk
region. Under such conditions, pg ., i8 also normally the maximum hole

. density at any point (in a one-dimensional model) in the bulk region.

Let the reduction in the barrier height at the p—n junction be denoted
by V;. Now, defining

2rT ( Np )
VJo = — ]n =
q Ry

and comparing V,, with Vjg, the low and high level conditions in the bulk
region of an illuminated p/n cell at open circuit can easily be obtained. If
Voo < Vi, there will be low level conditions throughout the bulk region.
However, if V. > Vj,, the high level conditions will occur either in the entire
bulk n region or in a part of it on the p—n junction side. This is so because
Vo is entirely due to V, unless high level conditions prevail in the bulk
region. Strictly, for a BSF cell with low level conditions in the bulk region,
Voe — Vi < kT/q. The conditions V,, < V;4 and V,, > Vj, correspond to
Pomax/Np < 1 and pg ma./Np > 1 respectively. Vy, can be related to py by

2T - )
Vio = _q_ In{pgniquy,) ) (1)

Similarly, for an n/p cell, V;o and pp can be related by

2%T . -
Vio = _q— In(ppniguy) {2)

In egns. (1) and (2), n; is the intrinsic carrier density at T and u,, and Hyp
are the electron mobility and hole mobility respectively. V;, as a function of
Pg, as given by egns. (1) and (2), is plotted in Fig. 1 for p/n and n/p silicon
cells (BSF or conventional} at T'= 300 K. The dependences of y, and Mp On
A (or on ionized impurity concentration) have been taken-into account [20]
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Fig. 1. Vjo (the minimum barrier height reduction at the p—n junction required for high
level conditions to prevail in the bulk region of a cell} as a function of the bulk resistivity
gg of silicon p/n or n/p BSF (of conventional) solar cells at T = 27 °C (300 K): ©, p-type
bulk region; X, n-type bulk region. A cell will have high level conditions in its bulk region
if its V,,; is greater than Vyg.

in plotting these curves. It is important to note that, for equal p g values, a
p/n cell has a lower V}, than has an n/p cell. This implies that a p/n cell can
have high level conditions at a lower V. than an n/p cell of equal pg can,
For V. = 0.6 V at 300 K, however, both p/n and n/p silicon cells will have
high level conditions in their bulk regions provided that pg > 4 Q cm for p/n
cells and pg > 10 & c¢m for n/p cells. A situation may arise in practice in
which a cell without a BSF operates under low level conditions and with the
addition of a BSF attains high level conditions in its bulk region. A com--
prehensive theory of BSF solar cells should be applicable even to such cases
where low and high level conditions may not be well defined.

4. General theory of back-surface field cells

Figure 2 shows a front-illuminated p*-n—n* cell schematically. The
front surface is shown to be at x = —d,, and the L-H junctionatx =d. A
one-dimensional theory of BSF cells can be formulated. The following
~ assumptions are made.
{i) The entire front surface of the cell is uniformly illuminated, and
carrier transport and photon travel are restricted along the x direction.
(ii) The bulk n region is uniformly doped and quasi-neutrality conditions
are valid. :
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Fig. 2. A schematic diagram of a front-illuminated p*—n-n" solar cell: x = 0, the front end
of the bulk region on the p—n front-junction side; x = d, the rear end of the bulk region
on the L—H back-junction side; p—n, p'-n junction of a p*-n-n* cell; L-H, n—n" junction
of a p*-n-n"* cell.

(iii) The cell is maintained at room temperature 7.

(iv) Shockley—Read—Hall recombination statistics [ 21] are apphcable

(v) Carrier mobilities and the lifetime of excess carriers are spatially
invariant in the n region.

The total current density J can be computed by adding the hole and
electron current densities. Therefore

J=Jp|x=0 +Jn|x=0 ’ (33-}

Where J;]. - g and J;|, - o are the hole current density and the electron
current density respectively at x = 0 (Fig. 2). Also

I =dol=—a, *dplx=0 + Jop ' (3b)

where Jnlx=-q, i5 the electron current density in the p* front region at
x = —d; (Fig. 2) and J;, is the space charge recombination current density in
the depletion layer at.the p*—n junction. Equation (3a) shows that

J = Jplx =0 (4)
if

Jn|x=0 <Jp|x=0 N ] (5}
Equation (3b) shows that inequality (5) and hence eqn. (4) can be valid if
Jnlx = —a, @and Jg, are much less than Jyf, - ;. The validity of eqn. (4) implies
that for dark conditions the p* emitter has a unit injection efficiency. Under
illuminated conditions, J can be expressed as _

J = Jd - JR (6)

where J is the diode (or dark) current density of the solar cell and Jy is the
photocurrent density of the solar cell.

Thus, for illuminated conditions the identification of J = J blx = 0 With
eqn. (6) would imply the twin assumptions (a) that J; is due to the injection
of holes into the bulk n region at x = 0, i.e. the p* front emitter has a unit

sy

injecti

and



ront end
region
unction

cable.
tially

and

(3a)

(3Db)
at

1sity in -

(4)

(5)
id if
plies
Under

jection
unit

L
"\..-,:::_ Y PEEE

149

injection efficiency [18, 19], and (b) that J is due to the collection of holes
from the bulk n region.

The assumption (a) can be valid if the minority carrier recombination at
the front surface, in the p* front region and in the space charge region at the
front junction have negligible contributions to the total diode current density
compared with the contribution of recombination in the bulk region and at
the back surface [18, 19]. The assumption (b) can be valid if contributions
of the photogenerated carriers collected from the front and the space charge
regions to the total photocurrent are negligible compared with that of holes
collected from the bulk region. '

In practice the unit injection efficiency of the front emitter can he
achieved by minimizing the adverse effects of heavy doping in the front
region (e.g. the creation of a dead layer [ 22] and band gap narrowing [ 23] },
creating a built-in electric field due to impurity gradient in the front region
[24] and reducing the front-surface recombination, e.g. by covering the
front exposed surface with a thin layer of SiO, before coating it with an
antireflection filni [3]. However, practically Jy can be due to the contribu-
tion of holes from the bulk n region if the front p* region is shallow and '
both the cell thickness w (=d) and the diffusion length of holes in the bulk n
region are large.

It may be mentioned that inequality (5} cannot hold forJ = 0. How-
ever, it can hold for J - 0. Therefore, strictly, eqn. (4) would not be valid
for J = 0. However, it can hold for J » 0 and can be applicable to the open-
circuit condition in practice. _

From the basic theory of carrier transport in a semiconductor it is
known that '

dp

Jp = pauyE —qDy =

and

dn
Jn = nqunE + an a‘;

_ where E is the electric field in the bulk n region. Further, quasi-neutrality

conditions in the n region give
Np+p=n
dp N dn

dr  dr

Using quasi-neutrality conditions, the total current density J = J, +J,,
is given by

J = {p(‘ip + g + NDUn}qE +q(Dy _Dp) 'd;

Incorporating Einstein’s relationships for non-degenerate conditions
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and defining & = u /u, we have
pJ ' 2p +Np dp

Jo= ——— _ gp,— P 7> 7P 7
P pb+ 1)+ 6Ny TP p(b+1) + bNy dx (M
and hence
Dod 2po + Np dp
Jp|x=0 = —qD o (8)

Po(b +1) +bNp "po(b +1) + BNy, dx .o
Since J ~ Jy|, - ¢, hence

2po + Ny dp

Po+Np dxl,-g

where po and (dp/dx)|, - ¢ are the values of p and dp/dx at x = 0 in the bulk
h region. Computatlon of J requires determination of the values of p, and
{dp/dx)|,-o.

J = —qD, (92}

.4.1. Computation of J
Under steady state conditions the continuity equation for holes in the
n region of a front-illuminated p*-n—n* solar cell is [ 25}

d? — D, A=rg non(l —R d, +d, +x
hall L p_____zp“ - ¢ ——-~——ph( A exp(— 2 = = ) (10)
dac? L A= Amin DyLy I_’l

whete h,;, is the minimum value of A fora multiwavelength source below
which the radiation would make a negligible contribution to the photon
current density in the cell. For the solar spectrum, A, = 0.28 um. Ay s the
cut-off wavelength (A, = hc/E,) and depends on the forbidden energy gap of
the semiconductor material of the junction. n,p, R, and L, are functions of
A and the second term on the right-hand side of eqn. (10) is a summation for
radiations of various wavelengths between \,,;, and Ay

A general solution of eqn. (10) is given by

+A al +B ud
= € - ex - —
P = Dn Xp I p L

1—R,L2L d, +d, +x
_znph( . - ?\) _ A _“p s ) (11)
DD(L —‘L)l ) . L;t
The constants A and B in eqn. (11) can be evaluated using the boundary
conditions
exp avi) atx =0 (12)
P=Po=Dn kT

P=pg - oatx=d (13)
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The values of the constants 4 and B are given by
[Do — Pn t ZNg exp{—(d, +d,)/L.}] exp(d/L) — {Pa —Dpn *+ ENp exp(—w/L))}

(14)

and
{pa —Pn + TNo exp(—w/Ly )} — [Po = Pa +ENg exp{—(d, + d;)/L)}} exp(—d/L)

B= 2 sinh(d/L)
(15)
respectively. In eqgns. {14) and (15)
1 — RynynLiL
N(): ( ;&) ph . A (16}
DD(L _L;\ )
and
w=d, +d, +x
"From eqgn. {11),
d B—A N, d, +d
Pl- + 30 exp(— ° ) (17)
dx [¢=o L Ly Ly

Equations (14), (15) and (17) can be used to yield the total current density
J in eqgn. (9):

- 2po + Np - dp+ds) coth(d/L}
J=qD, —————— — pn 2Ny expl— —

qi/p 70 + Np Po " Pn E 0 €Xpl| — I 7

' 2pg + N, N, [ d,+d
__qu Lo D% _2 expk_ r s) +

- po tNp A A

_cosech(d/L w 2pg + N — ’'n

N {d/ )ENG exp(___)%_q %o *Np _Pa p
L ] L;\ Po + ND L Slnh(d/L)

To compute J from eqn. (18) it is necessary to determine p; —p..
The hole current density at x = d can be described by
Jp|x=d = qS(pa —pPn) - (19
where S is the effective recombination velocity of holes at x = d, as defined
in Section 2. Also, Jy|,. - 4 is given from eqn. (7) as
pad B %, +No _ dp

Jolyx=a = D,
Phea T T Y BNy L " palb +1) +bNp
and (dp/dx)l, - 4 is given from eqn. (11) as

o1y d d
2]z lpeolgaenl])

(20)

x=d

dx

22 ool
+ — eXp|— .
ELR pl—f-

x=d




dp

dx

\ w | coth(d/L)
= 3pd —Pa + ZNo BXP(*——)g 7~

A

1 d, +d,

— —pn + ZN exp(— )
L sinh(d/L) ;p“ P 0 Ly

W
+ 20 (21)
Z Ly exp( LA)

Substituting eqn. (21) into egn. (20) and then equatmg the resultant with
eqgn. (19), we can obtain

PaJ(L[D¥) tanh(d/L)}

x=d

+

Pa P T pa(b + 1) + BN} {1 + ¢ tanh(d/L )}
. ( [Po —pn + Ny exp{—(d, +d;)/Ly}] sech(d/L)
1 + ¢ tanh(d/L) '

_ ZNyp exp(—w/Ly) + L tanh(d/L )Z(Ny/L,) exp(*w,’L;\))

1 + ¢ tanh(d/L)
(22)

where

¢ =SL/D* (23)

and

4+ N _ :
pd(b + 1) + bND

I}* can be approximated to D, and 2D,D, /(D, + D,) for low and high level
conditions respectively. For hlgh level conditions, I will represent the ambi-
polar diffusion length of carriers in the bulk region. From eqns. (19), (20)
and (23) it can be noted that e = 0 (i.e. S = 0) corresponds to (dp/dx)|, -4 = 0
and (dp/dx)l,., < 0 fore > 0.

In eqn. (22) the first term on the right-hand side is zero under open-

circuit conditions (/- 0). It is negligible compared with the second term
under short-circuit conditions also. Therefore

[Po— pu + TNy exp{—(d, + d;)/L}] sech(d/L)
1 +¢ tanh(d/L)

—PnT

_ INp exp(—w/L,) — L tanh(d/L )T (No/Ly) exp(—w/Ly)
‘ 1 +e-tanh(d/L)

(25)
would be valid for both short-circuit and open-circuit conditions. Substitut-
ing the value of p; ~p, from eqgn. (25) into eqn. {18) gives

e

4{

and




(21}

with

(24

1 level
ambi-
(20)

=d = 0

en-
rm

1Ly)

(25}
stitut-

2po + Np po —pn € + tanh{d/L}
e ANy L 1+e¢ tanh(d/L)

¢ +tanh(@/L) s (_dp +ds) .
LT+ ¢ tannqa@/Ly = ° &P

L
i

2py + Np
" po +Np

sech(d/L) 3N ex (__Li)g .
1+etann@L)— &P\ L,

2P0+ND[ No ( dp"'ds)
_ expl|— +
po +Np

+qD

—_ qu

¢ sech(d/L)
L{l + ¢ tanh(d/L)

}ENO exp(wLi)] (26)

A

The first term on the right-hand side of eqn. (26) gives essentially the
contribution of the bulk region to the total dark current density or the diode
current density when not illuminated. It can be equated to Jy if the contri-
butions of the front region and the space charge region at the front junction
to J4 are negligible. The second and third terms depend on Ny and give the
contribution of the bulk region to the total photocurrent density. This
contribution can be equated to Jg if the contributions of the front region
and the space charge region at the front junction to Jy are negligible.

Therefore, because the twin assumptions (a} and (b) discussed earlier
are valid, we can write

2po + Np pg—pn € +tanh(d/L)

(27).
Po +Np L 1 + ¢ tanh{d/L)

Jg = gDy

and

2P0+ND[ No (dp+ds)
p———— —— expl|— +
Po tNp Ly

¢ sech(d/L) _wi
T L +e tanh(@/L)} ZNo EXP( f;)l

2pg + Np ¢ + tanh(d/L) dy, +d,
ql); ENU exp|— +
po +Np | L{1 +e tanh(d/L)} L,
sech(d/L) Ny w
1+e t,anh(d/L) L;\ L;\

Jr =qD
R-9 L.

(28)

. Equations (27) and (28) hold if (a) assumptions (i) - (v) and eqn. (4) are

valid and (b) the condition
eadl B | (29)
dx x=d -

is satisfied.
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Condition (29) originates from the fact that eqn. (22) is derived by
equating egn. (19) to eqn. (20). As both S and p; — p,, are positive (or zero)
and J is negative (see Fig. 2), the very derivation of eqn. (22) and hence of
eqns, (27) and (28) implies (dp/dx)l, -4 < 0.

5. Special cases and applications
5.1. Effect of the back-surface field on J,,
When a p*—n-n* cell operates under short-circuit conditions,
Po 7 Pn
and
JR - Jsc
Under these conditions, eqn. (28) gives
d, + ds) s
Ly

¢ sech(d/L) (_3}_ )] _
L{l1+e tanh(d/L)}zNo P\ L

+ tanh(d/L ' d, +d,
_qu[ : @i ENoexp(.—— pL )+

Ny
Jych, = qu[E—— exp(—
Ly,

L{1 +e tanh(d/L)} R

sech(d/L) Ny ( w )]
— —— exp —
1 +e tanh{d/L)Y™ L, Ly
For most cases in practice where the thickness w of silicon solar cells is
greater than 100 ym and the cell is illuminated with sunlight, the terms
containing exp(—w/L,) in eqn. (30) are usually negligible. For such a case,
eqn. (30) can be approximated to

N, d, +d
Jscb[ Az qu[E _L_(_’, exp(— P s) —

A Ly _
_ ettanh(d/l) (_ d, + d)] :
L0+ e mmh@Ly 2o o° In | (1)

Without a BSF, § = e, j.e. € = <=, and eqgn. (31) represents the case of a
conventional p*—n cell and J,, is obtained from eqn. (31) as

Ny d, +ds) coth(d/L) ( d, +ds)§
Jscc ~ gD v - - g N,  ————
T a p%EL'\ t?xp( L, | T 2N, exp L
(32)

Subtracting eqgn. (32) from eqn. (31) the improvement in J,, due to the BSF
(i.e. Ad,,) can be obtained as

(30)
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(31)
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Y

(32)
e BSF

N coth(d/L)ftanh(d,’L)ZN exp( d, +ds)
. _

¢ L{1 +e¢ tanh(d/L)) N

Substituting eqn, (16) into egn. (33)
coth(d/L) — tanh(d/L) ., ¢{1 —R;)nynlLl, (d, +d;
AJsc ~ Z 2 2 expl—
1 + ¢ tanh(d/L) L — L,

Ly

(34)
1t may be emphasized that, unlike eqns. (31) and (32), eqn. {34) may be
valid even if the contributions of the front region and the space charge layer
at the front junction to the total short-circuit current density are not negli-
gible compared with the contribution of the bulk region.

From eqn. (34), the following points can be noted.

(1) There is almost no improvement in the short-circuit current density
due to the BSF if d/L > 8. However, a cell with a smaller d/L will have a

" larger improvement in J;.. This improvement is maximum when ¢ = 0.

(2) AJ,, will be higher for radiations with smaller absorption coefficients
(i.e. for larger L, since ) = Ly™). '

(3) Ad,, will improve for a reduction in R, and for an increase in the
incident photon flux.

5.2. Open-circuit voltages of back-surface field cells
The open-circuit voltage of a p*—n-n" cell can be given by

Vocb, = VJOC ¥ Vn + Vnn"c,c a . (35)

where V,__ is-the photovoltage across the bulk n region for open-circuit
conditions, V,,*__ is the photovoltage developed at the n—n* back junction
for open-cireuit conditions, and V,_, Va and Vy,-,_ are given by the
following equations: ,

oc

oc

kT
VJoc = = ln(pObl) ) (36]

q Pa ,
b—1 kT Np +

°“ b+l g Np +pa,

kT Np +
an®,, = — In 2 4 pdt) (38)
°Cq Np t Py

Vi, is due to the Dember potential. The Dember potential [26] owes its
origin to the unequal diffusion coefficients of electrons and holes in a semi-
conductor; it is able to develop across the bulk region of a cell for high level

_ conditions if the carrier densities at the two ends of the bulk region are

unequal. Because electrons have a higher mobility than holes, the polarity of
the Dember voltage is such that the higher carrier density end of the bulk

region of each p/n and n/p (BSF or conventional) silicon cell is positive with
respect to the lower carrier density end [27]. As a result the Dember voltage
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is additive to the photovoltage of a p/n cell if the carrier density is higher on
the p*-n junction end of the bulk region. However, the Dember voltage
would be additive to the photovoltage of an n/p cell if the carrier density is
higher at the p—p* junction end of the bulk region. Therefore the Dember
voltage is a useful photovoltage for a p/n conventional cell whereas it is
detrimental to an n/p conventional cell. Vy,,- _ is negligible for low level
conditions and can be appreciable for high level conditions provided that
Pa, @ Np.

The substitution of eqns. (36) - (38) into egn. (35) yields

Vocb|=kT] (pm’) b 1ET, (1+pﬂ)+
q

pe ) B+l q No
2 BT

2 ln(l + By (39)
b+1 q ND

where p, € Np,.
In contrast, the open -circuit vo]tage of an n*—p—p* cell is given by

kT n b—1 kT n
Vocb2=—ln( Ob’) —ln(1+ Ob’)+

q Np b+l ¢ A
2b kT ng
+ — In{1+ = {39h)
b+1 q A :

where n, € N,.
It is interesting to note that eqn (39b) can be obtained stra1ght away
from eqn. (39a) by replacing & by &~! and writing it for an n*—p-p* cell.
Equations (39a) and (39b) give general expressions for V., and V.,
and cases of low and h1gh level conditions can be discussed from them.

5.2.1. Low levei conditions
For low level! conditions in the bulk region of a p/n BSF cell

Pow,/Np €1 and Pa,iNp <1
For such a case, eqn. (39a) yields
kT Pob "
Vocbll = ln( l) (40)
q Pn _
Then
Voen, = VJocbl (41)

For open-circuit conditions the combination of egns. (6), (27), (28) and (30)

BIVES Doy, as

Jyen, L{1 + € tanh(d/L)}
gD, {e + tanh(d/L)}

where poy, > py.

Pop, = (42)
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fher on - Equation (42) in conjunction with eqn. (40) gives
tage J
. . i h
sity is i Voent = k_,I: In Jyen, L{1 + € tan (d/L)} (43)
aber ‘ g | gDypn {e + tanh(d/L)}
it is : In terms of the bulk resistivity pg, eqn. (43) can be written as
level i ;
kT kRTJ, 1 + ¢ tanh{d/L
|l that . Vool = — In T 2scblL{ ¢ tanh(d/ )} (44a)
' g |@’n*DyDupg{e + tanh{d/L)} |
17 Similarly for an n*—p—p* cell we can obtain
kTd, ., L{1 + ¢ tanh{d/L)}
Viepy, = — In | gt W (44b)
* g | ¢*n®DpDapy{e + tanh(d/L)}]

A comparison of eqns. (44a) and (44b) shows that, if Jyo, = Jscn,s andd, L
and py are the same for p*-n-n* and n*—p-p" cells, then the two cells can
show equal open-circuit voltages for low level conditions.

V,.p Will increase with an increase in J,, and L and with a decrease in

¢ and pg.

(39a)

5.2.2. High level conditions
For high level conditions in the bulk region,

Pob, {Np > 1 and pa /Np> 1
Hence, eqn. (39a) reduces to
2rRT 2 kT
Vocbh, = In (p‘“’l) 4 el ln( Pa, ) (45a)
q n; b+1 ¢q - Pov,
For an n*—p-p* cell, however, V., would be given by
2rT Ron 2b RT flg
V,eon = In{ 2} + 2 n| 2 (45b)
! q n; b+1 ¢ Ron,

For (dp/dx)l; -4 < 0, the substitution of eqn. (42) into eqn. (45a) gives
2T [Jscb,L{l + ¢ tanh(d/L)}
n
qDyn; {e + tanh(d/L)}
2 ET '
. 2 M ln( Pa, ) (462)
b+1 ¢ Pob,
Similarly, for an n*—p-p* cell, eqn. (45b) gives
kT . [Jscsz{l +e tanh(d/L)}] N
n
gDqn;{e + tanh(d/L)}
20 RT Ry
— In|—% (46D)
b+1 q Ronb, :

Also, for most front-illuminated p*—n—n* silicon solar cells in sunlight, py,
may be given approximately from eqn. (25) as

Vocbh, =

Vo cbh, =
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[Paw, * TNy exp{—(d, +d,)/L;}] sech(d/L) o
Pa, = : (47a)
! 1 + ¢ tanh{d/L)

This is because generally for silicon solar cells, in practice, w > 100 um, i.e.

w > (d; +d;),and this makes the second and the third term in the numerator

on the right-hand side of eqn. (25) negligible compared with the first term.
Similarly for most front-illuminated n*-p-p* silicon solar cells in

practice

_ [nov, + T Np exp{—(d, +d,)/L,}] sech(d/L)

1 +¢ tanh(d/L)
Equation (42) shows that poy, is large when L is large and € — 0. For such
cases, eqn. {(47a) may be reduced to

_ Do, sech(d/L)

ndz

{47b)

~ it 48a
P4~ 1+ ¢ tanh(d/L) (482)
Similarly, eqn. (47b) may give
h
nd! ~ nOb; sec (d/L) (48b)

1 + e tanh(d/L)

. It may be mentioned that in further discussions we shall limit ourselves to®
eqns. (48a) and (48b). For exact computation we may use egns. (47a) and
(47b).

Combining eqn. (46a) with eqn. (48a) and eqn. (46b) with eqn. (48b),
Voenn, and Vo,p, can be expressed as

2T [JscblL{l + ¢ tanh(d/L)}
n

ocbhy = T D, {e + tanh(d/L)}
h
. 2 E sech(d/L) % (492)
b+1 g 1+ ¢ tanh(d/L)
and .
2T [ Jyen. L{1 + ¢ tanh(d/L)}
Vocbh = ll’l .
oq gDnn; {e + tanh(d/L)}
2b kT h(d/L
b kT ) sechd/L) (49b)
b+1 g 1 + ¢ tanh(d/L)

Equations (49a) and (49b) show that for high level conditions the open-
circuit voltage of BSF cells is independent of 5. This has been found in
practice also. Both 10 and 100 £ cm resistivity p*—n-n* silicon solar cells
have exhibited an open-circuit voltage of about 0.6 V at 27 °C under an
intensity of illumination of 1 sun [3, 4]. Similarly, both 10 and 100 @ cm
resistivity n*-p-p* silicon solar cells have shown an open-circuit voltage of
about 0.6 V at 25 °C under an intensity of illumination of 1 sun {2]. Equa-

tions (4
for p*

For 1a
level o

and




{(47a)
n, i.e.
nerator
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§ in

{47b)
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15 to
and
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tions (49a) and (49b) further show that, if Jo, = Jsen, and L is also the same
for p*-n-n* and n*-p—p™ cells, then fore » 0 and d/L < 1

2rT
Vvochhl - I/ocbh2 ~ — Inb (50)
: q

For silicon cells, as b = 2.8, eqn. {50) shows that, at room temperature where
kTfg = 25 mV, Vo opn — Voepn, & 50 mV., This is in agreement with the
results of Fossum et al. [15] and Wu and Shen [16]. A comparison of egns.
(49a), (49b) and (50) shows that V,cpn, — Vocbn, increases further with an
increase in d/L or.e, because the BSF effect decreases with an increase in
d/L ore.

It may be pointed out that the experimental data [2 - 4] on 10 Q cm
and more significantly on 100  cm resistivity p*-n-n* and n*~p-p* silicon
solar cells, as referred to above in the context of the independence of V,cpn,
and V,epn, ON pp, do not show a difference of about 50 mV between Vi,
and V,cpn, at room temperature On the contrary, these data show that the
open-clrcult voltages of p*-n—n* and n*—p—p* cells- with d/L < 1 may be
nearly equal for high level conditions.

The present analysis reveals that for d/L < 1 the difference of about
50 mV has its origin in the assumption that (dp/dx)i;-4 < O for both
pt-n-n* and n*-p-p* cells. The validity of (dp/dx), -4 < O for these cells
will be discussed later.

5.3. Open-ctrcuit voltage of conventional cells
For a p*-n cell, since ¢ =~ =, eqn. (39a) reduces to

kT b—1 kT
Voeo = = In %) In (1 £"ﬂ) (51a)
Yooq Pn b+1 q Np
Similarly, for an n*—p cell, eqn. (39b) gives
kT [n b—1 kT n
Voo, = — In| —2) — i ln(l + ﬂ) (51b)
q np b+ 1 q NA

For low level conditions, po. [Np < 1 and ng, /Ny < 1. Therefore, for low
level conditions, egns. (51a) and (51b) give

kT kTd cc L tanh(d/L)
Voccll = —In 3.2 (52&)
q g°ni"Dplnp s
and
kT kTJ,.. L tanh(d/L
‘fl:)cc::l2 =-—1In ;Cczz - ( / )% (52b)
q qg°n"DyDypp
respectively.

Equations (52a) and (52b} show that under low level conditions the
open-circuit voltages of p*—n and n*—p conventional cells are equal if Jg, L,
dand py are thre same for the two cells.
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For high level conditions, eqn. (51a) yields
kT | kT L tanh(d/L}|

Vocch, =—n 3,2 s
q g n"DpDypy

—1 kT Jseo BLp g tanh(d/L
. b s ln; a ce, fB ( / )t (538.)
| b+1 g kT )
and egn. (51b) yields
kT 1 kTJ, . L tanh(d/L)

Vocch1 =~ In

+

qaniszanB

(53b)

b—1 kT {aheelon tanh(d/L)
— — In
b+1 ¢ bRT
In eqn. (53a), both the terms on the right-hand side are positive whereas in
eqn. (53b) the second term is negative. Equations ( 53a}) and (53b) thus show
that for high level conditions the open-circuit voltage of a p*—n cell will be
higher than that of an n*~p cell if py is the same for both of them. Also,
Voeen, Would increase much more rapidly with Jyce, (Or the intensity of

_illumination) than would Vocen, for a similar increase in Jsce,- This has been

corroborated experimentally [15]. ~
5.4. Improvement in open-circuit voltage due to the back-surface field effect
AV, can be computed as ,
Ach.:1 = Vcn:bl - Vocc1 : (54)
‘The substitution of eqns. (3%a) and (51a) in eqn. (54) gives

kT b—1 kT
AVoc,=—ln(@)+ ———1n(1+*%)—
q Poc, b+1 ¢ Np

—1 kT .
b1 _1n(1+p°°') .

b + 1 q ND
2 kT
1+ 3—“_1) (55)
b+1 q [
Expressing
A‘V'Jocl = 1/'lot:bl - V;'(.\(:cl (56)
and substituting the equations
WVigep ) -
= n ex 1 573
Dob, =P D( BT | (57a)

and

Py

we can
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= p, ex ( qv"““l) (57b)
;4 pDc, Pn . P \ LT ’
we can write
kT
(53a) | AV, = — 1n(-%) (58)
. ! q Paoe,
Substituting e = « in eqn. (42), py,, is obtained as
Jyoe I tanh{d/L
Po, - Csee ( / ) (59)
qD,
Dividing eqn. (42) by eqn. (59) we can obtain
R Pos, _ Joew, € * coth(d/L) 0
as in ~ Pos,  Jsee, € +tanh(d/L)
15 show The substitution of egn. (60} into eqn. (58) gives
il be _
kT J, e + coth(d/L
SO, &VJOC = ___ ln% scb, ( !I )% (61)
r of ! q Js:;o::I e+ tanh(d/L)
been Equations (55) and (60) give
kT J, : + coth(d/L N
ﬂVOq:—ll’l; sch, © ( / )E_'_ -
effect q Jsccl €t tanh(d/L)
b—1 kT
— In (1 + pm")
(54) b+1 g D
b—1 kT "
— = ln(l Po ) ¥
b+1 ¢ D
2 kT
— In (1 &’—) {62a)
b+1 ¢ Yo
For an n*—p—p™* cell, however, we obtain
kT o, ¢ + coth{d/L
av,, = BT o { e (/)%_
: Jsce, € + tanh(d/L)
b—1EkT
- — ln(l L
b+1 g A
b—1 kT ( Roe )
+ — In|l1+ —=—)| +
b+1 ¢ Na
2b RT _|.  ng
+ - — In{l + = (62b)
b+1 q NA
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Equations (62a)and (62b) are quite general in nature. However, the following { r
two cases are of special interest: (i) when both BSF and conventional cells \ i0or
are under low level conditions; (ii} when both BSF and conventional cells are ! 50r
under high level conditions. ' 8ol
. gl
5.4.1. Case (i) % 8o~
For low level conditions in the bulk region of both p*-n—n* and p*-n < %o
cells, since poy, /Np < 1, poc,/Np €1 and py, /Np < 1, eqn. (62a) reduces to ] f s0r |
¢ 3o
kT J, € +coth(d/L -
AV, = — In sch, (d/ )% (63) y 20k |
boog Jsee, €+ tanh(d/L) 1o
A similar equation can be written for an n*—p-p™ cell. Therefore, for low ol
level conditions, in general, we can write
Fig. 3.
kT Fyen | kT ¢ + coth(d/L
AV, = — In seb o, To ___(Li (64) 1 (309 K
' q q ¢ + tanh(d/L) | ¥ carrier-
In practice [3], Jien/dece = 1.1; hence any significant value of AV, is due to %ngcz
the second term in eqn. (64). AV, is independent of gz and depends on .‘
¢ and d/L. This shows that, if ¢ and d/L are the same for p/n BSF and n/p Fig.3
- BSF cells, then AV, is the same for them both. and is
AV, is a maximum for e = 0 and is given by ~ J. practi
KT [ Jow) . 2kT d - * smalle
AV, = — In + —— In{coth| — (65) _
q Jscc q L ) hack
Since the contribution of the first term on the right-hand side is usually 108
negligible, AV, is very small if d/L > 3. It shows that, as Godlewski et al. 0.59
[8] found, an insignificant improvement in V. for d/L > 3 occurs for both with t
p*-n-n" and n*-p-p* cells, provided that the cells operate under low level .:ii‘ : may
conditions. :
A comparison of egns. (63) and (61) shows that
AVyq, = AVJOC' ' (66) | p*-n
Similarly, for an n/p BSF cell, '
~ W
AV, = AV, (67) Unde
Equations (66) and (67) show that for low level conditions the improvement
in the open-circuit voltage due to a BSF arises because an additional photo-
voltage is developed at the p—n junction. It has ils origin in the back reflection

of minority carriers, which accounts for the increase in the minority carrier s Simil
density at the p—n front-junction end of the bulk region from po., to poy,
and from ngy._ to ngy, for p/n and n/p BSF cells respectively.

Figure 3 shows the dependence of AV, on d/L with ¢ as the parameter.
Equation (63) was used to compute AV, on the assumptions that 2T/g =
0.02587 V and J, .y, /s = 1.1. As can be seen from eqn. (34}, Ad;, ~ O for
€ — = or dfL > 3, and hence the assumption that J, ., /Jse. = 1.1 does not
hold for e - =, This correction was not applied in plotting the curves in
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Fig. 3. AV, for low level conditions in the bulk region of a BSF solar cell at T'= 27 °C

(300 K) as a function of d/L with ¢ as parameter. € = 0 stands for a perfect minority-

carrier-blocking L—H junciion contact at x = d, € > 0 signifies imperfect blocking and

€ = = represents an ochmic contact at x = d. The curves are valid for both p/n and n/p

BSF cells of silicon and may be valid for cells of other semiconductors also..

-3 2 3

Fig.3 and this is why AV, for e = 100 and d/L =~ 3.0 is not zero (practically)
and is 2.4 mV instead. If we neglect this, it can be observed that AV, is
practically zero for d/L > 2.5 or € = 100. In general, AV, is higher for a
smaller d/L or a smaller e.

For minority carrier MIS silicon cells with a p-p* L-H junctlon at the
back surface and d = 300 ym, L = 800 um (i.e. d/L = 0.375) and pg =
10 Q cm, Tarr et al. [28] have ochserved an increase in V,, from 0.54 to
0.59 V at room temperature. This value of AV, is in excellent agreement
with the theoretical AV, as shown in Fig. 3 for € = 0. It shows that Fig. 3
may be valid for p—n junction-like MIS BSF cells also.

5.4.2. Case (ii)
For high level conditions in the bulk regions of both p*-n-n" and

p*-n cells,
Pop,/[Np > 1 Poe,/Np > 1 Pa,/Np > 1
Under these conditions, eqn. (54) in conjunction with eqgn. (57b) yields

2b 2 kT . {pa
AV, = ——— AVy  + —— — In| =& (68a)
T h+1 7 b+l g \Np _
Similarly, for an n/p BSF cell,
AV, AV, 2b kT ("“*) (68b)
—_ — —— — n —
och, = 3T AM0e, T 3T N,

An immediate conclusion drawn from a comparison of egns. (68a) and
(68b} is that, even if the AV, values are equal for p/n and n/p BSF cells for
low level conditions, they would normally be different for high level con-
ditions. p; /Np can be determined from eqns. (42) and (48a) as
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Pa, _ qdsen, bLpp sechid/L) (69a)
Np kT{e + tanh(d/L)} '
Similarly, n, /N4 can be obtained as
Jeon. Lo g sech(d/L
Ma, _ 99son, Loy sech(d/L) (6ob)

N,  bkT{c + tanh(d/L)}

As discussed under case (i), AV and AV, are nearly independent of py
and the intensity of filumination. ’Therefore “the first term on the right-hand
side of eqn. (68a) and the first term on the rlght hand side of eqn. (68b)
would be independent of p g and the intensity of illumination. However, as
shown by egns. (69a) and {69b) the second term on the right-hand side of
egn. {(68a) and the second term on the right-hand side of eqn. (68b) would
increase with both py and J;, (or with the intensity of illumination). Also it
should be noted that the increase in the second term of eqn. (68a) with pg
and Jy, would be b times the increase in the second term of egn. (68b).

A very important conclusion drawn here is that, if the second term
dominates the first term in eqn. (68a) and if the second term dominates the
first term in egn. (68b), an n*—p—p* cell would show a larger improvement in
open-circuit voltage due to the BSF than that shown by a p*—n-n* cell.

The origin of the second term lies in the ability of the BSF at the L-H
back junction to block the transport of minority carriers from the bulk
region to the back n* and p* regions of the p*-n-n* and n*—p-p* cells
respectively and thereby to cause an increase (due to the requirement of
approximate space charge neutrality) in the majority carrier density signifi-
cantly above the thermal equilibrium value at the L-H junction end of the
bulk region.

At first sight it appears that the first term in eqn. (68a) and the first
term in eqn. (68b) should owe their existence to the back-reflection property
of the BSF and the second term in eqgn. (68a) and the second term in eqn.
(68b) to the blocking capability of the BSF; while the contribution of back
reflection is greater for a p/n BSF cell, the contribution of minority carrier
blocking is greater for an n/p BSF cell. This point will be dlscussed further in
Section 6.

In addition to the above cases (i) and (ii) the equations can be used to
determine AV, for a general case where low and high level conditions may
not be too well defined. For p/n BSF cells, eqn. (62a) can then be used in
conjunction with

Pob, _ @Jecs bLop(1 + ¢ tanh(d/L)}
Np kT{e + tanh(d/L)}

(70)

pic1 — qucclprB tanh(d/L)
Np kT

(71)

and eqn. (69a).
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(69a) { For an n/p BSF cell, eqn. (62b) can then be used in conjunction with
a
Moo, _ GJsen,Lop{l + ¢ tanh(d/L)} (72)
N bhT{e + tanh(d/L)}
(69b) i Noe, _ @Jsee, Loy tanh(d/L) 79)
kT
Of Pr ... - NA b
t-hand 'L\”L/?f' and eqn. (69b).
ib) &
er, as s
le of ' 6.Development of AV, ., and AV,
rould
Also it - In order to analyse the effect of the BSF on the open-circuit voltages of
hpy front-illuminated p*—n—n* and n*—p-p* cells for high level conditions in
). their bulk regions, let us assume that the n—n* and p-p* junctions are added
term to the backs of the front-illuminated conventional p*-n and n*—p cells .
es the respectively which are already in the open-circuit condition and have an
ment in electric field due to the Dember potential in their bulk regions. Figures 4(a)
IL. and 4(b) respectively show initial electron and hole flows in the bulk regions
1 L-H of p*~n—n* and n*-p-p* cells thus formed. ,
ulk - For a p*-n—n" cell (Fig. (4a)), holes flowing under a field as well as by
ells diffusion face a blocking barrier in the newly added n—~n* junction and pile
at of up at x = d. The piling-up of holes at x = d also decreases the magnitude of
gnifi- the concentration gradient of holes at x = 0, i.e. (dp/dx)|, -, is reduced. This
f the in turn tries to reduce the dark current density J4. For electrons flowing by
diffusion, the n-n” junction acts as a collector junction and increases the
irst radiation current density Jy . Both these events force the p* emitter to inject
‘operty - more holes into the n region to maintain Jg =J; (or J = 0, the zero-current
eqn. :
'b:ftck + _ _ _ .
urier Voc —0 Voc o
ther i
ther in I Dember vollage, +|—Dembervoﬂﬂge—1
ed to E o it : 1 holes L !
. '_' _f'__-’ : hv ,MA——»——\-) + : oles -'--' ! H
drr;zy nv pt I;m. e i TN :L" am PP
1 T ! oo T~ i
x’lo x "tli X "'0 x-::
(70) (a) (b)
Fig. 4. Carrier transport mechanisms in the bulk region in the presence of an electric
“field due to the Dember voltage for high level conditions in the bulk regions of front-
(71) illuminated p*—n—n* and n"—p—p" silicon solar cells at open circuit: (a) a p*-n—n"* cell;

{b) an n*~p—p* cell. The Dember voltage shown in each case corresponds to the p*—n and
n*—p cells (already at open-circuit) prior to the addition of the n* and p* regions at the
back of the p*—n and n*—p cells respectively.
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condition) in the open circuit, It is essential that quasi-neutrality in the bulk

speclivy
region, as given by dn/dx = dp/dx and # = p + N, be maintained throughout. i ];?o?hig,h
For the low level conditions in the bulk n region, the above requirement is i x =0 trid
easily met owing to the availability of a large number of electrons throughout the incre
the bulk region. However, for high level conditions in the bulk region, the by (b -
necessary number of electrons can be supplied by the n* region only. There- Dember
fore the n* emitter injects electrons into the bulk n region. This leads to an P in the o
Increase in carrier density in the n region at both x = 0 and x = d. It must be
emphasized here that initially the increase in carrier density at x = 0 is Y A
preferred because of a favourable field in the n region which sweeps electrons [f

from x = d towards the p*-n junction at x = 0 and is realized in practice " which rd
because the p*—n junction is able to block the transport of electrons from
the bulk n region to the p* side. An increased carrier density at x = 0 leads to
the development of an additional photovoltage AV, at the p*-n (p—n)
junction and the increased carrier density at x = d generates an additional .
photovoltage ‘ ’ :

kT n
.Vrm+Oc = — ln(———g‘-)

~at the n—n* (L-H) junction. The contribution of the bulk region to the
photovoltage is also modified. The increased carrier density at x = 0 attempts l
to increase the Dember potential by {(b — 1)/(b + 1)}}AV;, . However, the : ”s
increased carrier density at x = d attempts to decrease the Dember potential
by {(b — 1)/(b + 1)}Vm,+°c. Since the Dember voltage is additive to the l
photovoltage of a p*—n cell, the net improvement in the open-circuit voltage I about

due to the addition of an n* layer at the back is given for high level conditions
in the bulk n region as

b—1 b—1 g -

AVoen, = AVy,  + 371 AV, — ey Van*ye ¥ Van',, (74)

which results in eqn. (68a).
For an n*-p-p* cell (Fig. (4b)), holes flowing under a field as well as by ‘

diffusion face a collector junction in the newly added p—p* junction at x = d ﬁ ‘

and lead to an increase in Jg . However, for electrons flowing by diffusion

the p—p* junction acts as a blocking barrier and makes them pile up at x = d. |

This attempts to reduce the dark current density J; by decreasing the 'l

magnitude of the electron concentration gradient dn/dx in the bulk p region l

near the front p—n-junction. Both the reduction in (dr/dx)|, -, and the

increase in Jy force the n* emitter to inject more electrons and the p* emitter s%’r

to inject the necessary number of holes to maintain space charge neutrality

in the bulk p region and to satisfy the no-current condition at open c1rcu1t
™= This results in AV} __ and

kT
Vpp+oc = ? ll’l( ;\;d:)
A

!-; - P K :
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respectively as the photovoltages developing at the n*—p and p-p* junctions.
For high level conditions in'the bulk p region, the increased carrier density at
x = 0 tries to increase the Dember potential by {{b — 1)/(b + 1)}AV; . and
the increased carrier density at x = d tries to decrease the Dember potential
by {{& —1)/(d+ 1)}Vppv0c. However, owing to the subtractive nature of the
Dember potential for the photovoltage of an n*—p cell, the net improvement
in the open-circuit voltage of an n*—p~p* cell is given by

b—1 b—1
AVoen, = AViy, — —— AVy,, Vop' *+ Vo', (75)

V +
b+1 °m b+l CPer

which results in eqn. (68b}.

In contrast with a p*—n-n* cell, however, the increase in carrier density
in the bulk region of an n*—p-p* cell is inhibited from occurring at x = 0.
This is because both the conecentration gradient of the photogenerated holes
and the field in the bulk p region oppose the hole transport from x = d to

“ " x = 0. The field in the bulk region also inhibits electron transport from x =0

to x = d. However, the concentration gradient of electrons due to their
photogeneration as well as to their injection from the n* emitter favours
electron transport from x = 0 to x = d. A comparison with the p*—n-n* cell
shows that conditions favour

AVy,, > AVi,, and Voo'oe > Van'oe

Equations (68a) and (68b) in conjunction with the above discussion
about the development of AV, and L\.If",'c'h2 reveal that for high level
conditions in the bulk region of a p*—-n—n" cell the increase in carrier density
in the bulk region at the edge of the front p*-n junction becomes more vital
for maximum improvement in the open-circuit voltage of the cell due to the
BSF compared with that for low level conditions. In contrast, for an nt-p-p*
cell the increase in carrier density in the bulk p region at the edge of the
front n*—p junction becomes less significant for improvement in the open-
circuit voltage of the cell for high level conditions in the bulk p region than
it had been for low level conditions. Therefore to realize the maximum
improvement due to a BSF for high level conditions in the bulk region of a
p/n BSF cell, in practice not only the hole-reflecting property of the L-H
back junction but also the electron-blocking ability of the front p*—n junction
should be equally important. However, for an n/p BSF cell the electron-
blocking capability of the L-H back junction is of principal importance.

A high electron-blocking capability of a p*—n junction requires a high
injection efficiency (nearly unity) of the p* emitter to be maintained. There-
fore it can be inferred that, for high level conditions in the bulk region of the

5 cells, phenomena such as enhanced front-surface recombination, higher

recombination in the front region and an effective band gap narrowing
caused by heavy doping in the front region (which all reduce the injection
efficiency of the front emitter) may be more detrimental to a pt-n-n* cell
than to an n*—p—p* cell. ' :
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Fossum and Burgess’ experimental data {3] which show an improvement junctiog

of about 30 - 40 mV in the open-circuit voltage of 10 Q em pt-n—n* BSF expectd
silicon solar cells after reduction of the front-surface recombination velocity both tl
i Sy from about 10 cm 57! to less than 10* em s~ support the requirement T
s of a high electron-blocking capability of the p*-n front junction, tion in
" Mandelkorn and Lamneck’s data [2] on 100 £2 cm n*-p-p* silicon ;
| solar cells 250 ym thick show a high sensitivity of Voeon, to the maximum ' be able
; photovoltage-generating ability of the p*-p junction and thereby to the _ C
i minority-carrier-blocking ability of the p—p¥ junction.

7. Limitation of analysis

The present analysis is based on the concept of effective minority |
carrier recombination velocity at the rear end of the bulk region of BSF cells. = . -
This is valid if (dp/dx )|, - 4 (~(dn/dx)|,-4) < 0, a basic prerequisite for the . cells, T§
validity of eqn. (22) and other equations containing ¢. For (dp/dx)|.. 4 < 0, inori
€ can have a value between 0 and . In the absence of majority carrier
injection from the n* (or p*) back region of p*—n-n* (or n*—p-p*).cells, a 1
high recombination of minority carriers in the n* (or p*) back region and the . *
influence of the ohmic contact at the back leads to (dp/dx)|, -4 =< 0. Asa
result, the present analysis is always applicable to low level conditions in the
bulk region of p*~n-n* and n*-p-p* cells.

_ We discussed earlier the fact that for high level conditions the minority
carrier blocking due to the BSF coupled with the requirement of quasi-
neutrality in the bulk region at open circuit necessitates majority carrier
injection by the n* (p*) back region into the bulk n (p) region of a p*—n-n*
{(n*-p—p*) cell. Should the majority carrier injection dominate the minority
carrier recombination at x = d, (dp/dx )}« =a may become positive, For high

e
=3
@
=
=3
)

level conditions such a situation is known to occur for double injectionin . | J . Lopp}
- p*-n—n* or n*—p-p* structures under dark forward bias conditions {19, 29, :

30]. However, there is a basic difference: for the dark condition, majority " cells ard

carrier injection is the primary cause of the increase in carrier density at 1 . level c

x = d whereas, for an illuminated BSF cell under open circuit, minority
carrier blocking is the primary cause of the increase in carrier density at x =d. - 8
Earlier discussion showed that, for high level conditions at open circuit, - (p*-n)i
both p*~n-n* and n*—p-p* cells attempt to have a higher carrier density 1‘:
at the p* end of their bulk region and thereby attempt to generate an ad- - T _
ditive photovoltage due to the Dember potential in the bulk region. Thus i

(dp/dx)l; =4 > 0 may occur in a front-illuminated n*—p-p* cell whereas it
would be much less likely to occur in a front-illuminated p*-n-n* cell. In »
practice, therefore, it may be achievable in an n*~p-p* cell only if the p*
back region is thick and is sufficiently heavily doped,-and the p—p* junction
has a high electron-blocking ability.

In general, the present analysis may be applied to front-illuminated _
p*-n-n* and n*~p~p* silicon solar cells, in practice, if both front and back -
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junctions are shallow in each case. For such a case, a p*—n-—n" cell can be
expected to show a higher V. than an otherwise identical n*~p-p* cell if
both the cells operate under high level conditions.

The present analysis indicates that a knowledge of the carrier distribu-
tion in the bulk region of p*-n-n* and n*—p-p* silicon solar eells hased on
perfect minority carrier blocking by the L—H junction at open circuit should
be able to show why in practice the open-circuit voltages of the two BSF
cells are nearly equal under high level conditions.

8. Conclusions

The following conclusions can be drawn.
(1) A BSF improves the open-circuit voltages of pt-n—n* and n*-p-p* -

* cells. The improvement in V,, can be due both to the back reflection of

minority carriers from the L-H junction end of the butk region to the p—n-
front-junction end of the bulk region and to the blocking of minority
carriers by the L-H junction from the bulk region to the heavily doped n* or
p* region on the back side.

(2) For low level conditions in the bulk region, AV, is mainly due to
the back reflection of minority carriers and the contribution of the minority
carrier blocking is insignificant. For high level conditions, however, the
contribution of the minority carrier blocking may also be substantial.

(3} The contribution of the back reflection of minority carriers to AV,,
is dependent on d/L and the minority carrier recombination velocity at the
L-H junction through the parameter ¢. However, the contribution is in-
dependent of the intensity of illumination and py. The contribution of
minority carrier blocking is dependent on d/L and ¢, and also on the product

. JicLpp; it increases as the intensity of illumination, L or p5 increases.

(4) For low level conditions, the AV, values for p*-n—n* and n*-p—p*
cells are equal if d/L and e are the same for both the cells. However, for high
level conditions, the AV, values for both the cells are seldom equal.

(5) For high level conditions the open-circuit voltage of a p*—n-n* cell

- is affected more by decreasing the electron-blocking capability of its p—n

(p*-n) front junction than is the open-circuit voltage of an otherwise identical
n*~p~p* cell for a similar reduction in the hole-blocking capability of the
p—n (n*-p) front junction of the n*—p—p* cell.

Thus the minimization of carrier recombination in the exposed front
surface and the front region by reducing the front-surface recombination
ve'ocity of the minority carriers in the front region and the minimization of
the effective band gap narrowing in the front heavily doped region by
creating an aiding electric field in the front region are more important for a

. higher open-circuit voltage of a p*—n—n" silicon solar cell than they are for a
. Higher open-circuit voltage of an n*—p—p* silicon solar cell, when both the

cells have high level conditions in their bulk regions.
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(6) The minimization of the carrier recombination fosses in the heavily
doped back regions of n*—p—p* and p*-n-n" silicon solar cells is much more
desirable for an n*—p-p* cell than it is for a p*—n-n" cell when both the cells
have high level injection conditions in their bulk regions. A deeper L-H
junction would therefore be more useful for an n*-p-p* cell than for a
p*—n-n* cell.

(1) For high level conditions in the bulk region of a p/n or an n/p BSF
cell, the open-circuit voltage is independent of the bulk resistivity of the cell.
However, for low level conditions a higher bulk resistivity cell has a lower
open-circuit voltage. In contrast, AV, is independent of pp for low level
conditions and is higher for a higher pg for high level conditions.
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Nomenclature

BSF cell p'-n—-n* or n"—p-p” cell
¢ velocity of light
conventional cell p*—n or n'—p eell

d thickness of the bulk region

dp thickness of the shallow front p* region of p*—n-n" cell

dg thickness of the space charge at the-p—n front junction

Dp, Dy hole and electron diffusion coefficients

E, band gap of a semiconductor ’

h Planck’s constant

Jp,dn hole, electron and total current densities

Jee ) short-circuit current density

dseb,, Jsee, Jee 0f p'—n—n" cell and p*—n cell

k- Boltzmann constant

L - diffusion length of minority carriers in the bulk a (or p) region

L-H junction n-n* or p—p* junction

L, absorption length of photons of wavelength A in silicon

n electron concentration at any point x in the bulk region

ng electron concentration at x = 0 in the bulk region

Rop.» Noe, ng for n*—p—p* cell and n*—p cell for open-circuit condition

ng electron concentration at x = d in the bulk region

ng, ng for p'—n-n* cell for open-circuit eondition

ng, ng for n*—p—p* cell for open-circuit condition

nj . intrinsic carrier concentration ’

np equilibrium electron concentration in the p-type bulk region

Agh number of photons of wavelength A falling per unit area per
second on the front surface of the cell

n/p BSF cell n'—p-p* cell '

n/p cell n on p cell (BSF or conventional)

n/p conventional cell n'—p cell
Na concentration of ionized aceeptors in the bulk p region of n/p cells
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concentration of lonized donors in the bulk n region of p/n celis
hole concentration at any point x in the bulk region

hole concentration at x = 0 in the bulk region

po for p'-n-n' cell and p™—n cell for open-circuit condition
hole concentration at x = d in the bulk region

pg for p'—n—n" cell for open-circuit condition

pg for n*~p-p* cell for open-circuit condition

equilibrium hole concentration in the n-type bulk region
p'-n-n' cell

p on n cell {BSF or conventional)

p -n cell

p*-n or n*-p junction

electronic charge

reflectivity of the front surface of cell for A

effective recombination velocity of minority carriers at the back
of the bulk region of p/n or n/p BSF cells

recombination velocity of minority earriers at the front surface
temperature of the device '
photovoltage developed at the p—n front junction

Vyat open clrcult

Vige for p'—n- n* cell and p'-n ce]l

open-circuit voltage

Voo of p*-n—n" cell and p*—n cell
Ve of n*—p-p" cell and n"—p cell
Vye of p'—n—n' cell and n"—p-p* cell for high level conditions
V4o of p'—n-n* cell and n*-p-p* cell for low level conditions

Voe of p*—n eell and n"—p cell for high level conditions
Vo of p*—n cell and n'—p cell for low level conditions
total cell thickness -

absorption coefficient of silicon for photons of wavelength Y
wavelength of the radiation

cut-off wavelength for silicon

hole and electron mobilities

improvement in Jg. due to BSF

improvement in V,, due to BSF-

improvement in V. of p/n cell and n/p cell due to BSF
AV, for low level conditions and high level conditions
AV, for low level conditions for p/n cell and n/p cell
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