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Summary

The variation in the short-circuit current density J,., the open-circuit
voltage V.. and the efficiency n with the base thickness of an n*—p-p* back-
surface field (BSF) solar cell with a resistivity of 10 £2 cm is reported for
1 sun air mass O illumination. It was found that when the cell thickness is
small the cell characteristics are determined by the properties of the emitter.
The effects of different emitter dark saturation current densities Jgo and
different base diffusion lengths Ly on the variation in V,, with the change in
base thickness were calculated. If the base diffusion length is taken to be
equal to or greater than 1000 um for Jgo= 2 X 1072 A cm™2, the calculated
variation in V,, with the base thickness is found to be in good agreement
with the observed result that V,, is independent of the cell thickness in the
base thickness range 300 - 100 um.

The calculations which were made for the case when a light reflector is
present at the back of the BSF cell show that the maximum efficiency,
which is obtained at a base thickness wg = 200 um, is appreciably increased.

The effective surface recombination velocity S.e at the edge of the
low—high junction is calculated as a function of the thickness wy of the high
region for various values of the recombination velocity S, at the back con-
tact. The calculations show that for S, > S, (where S, is the diffusion velocity
in the high region and is equal to Dy /Ly, and Dy and Ly are the diffusion
coefficient and the diffusion length of the high region respectively) small
values of S,y are obtained when the high region thickness wy is greater than
the high region diffusion length Ly (wy =~ 3Ly). For §; =8,, 8¢t 18 indepen-
dent of the thickness of the high region and has a value given by S,Ng/Ng
when 8, < §,, the high region must be thin but the thickness must be larger
than the depletion width of the low—high junction.

The temperature degradation coefficient of V. for a BSF cell was
calculated with the band gap narrowing in both the emitter and the high
region taken into account. The band gap narrowing in both these regions
reduces the temperature degradation coefficient of V.

0379-6787/83/0000-0000/%03.00 © Elsevier Sequoia/Printed in The Netherlands
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1. Introduction

A back-surface field (BSF) solar cell contains a highly doped region at
the back of a low doped base, thereby forming a low—high (LH) junction,
Gunn [1] has investigated the behaviour of the LH junction and has shown
that it acts as a barrier to the flow of minority carriers from the low to the
high side of the junction., At low injections this property of the LH junction
is characterized by a leakage velocity which is equivalent to an effective
surface recombination velocity Sy at the edge of the LH junction. S i
depends on the level of doping in the low and high regions and on the
geometrical parameters of the high region. In cases of practical interest,
Sesr s less than the surface recombination velocity at the back contact (see
Section 5). This reduction in the recombination velocity S at the back of
the base leads to a reduction in the dark saturation current density J, and an
increase in the short-circuit current density J,. (see Section 2.1); conse-
qguently, the open-circuit voltage V., and the efficiency 17 increase.

Godlewski et al. [2] have used Gunn’s theory of an LH junction to
explain the experimental results of Mandelkorn and Lamneck [3] on BSF
solar cells, They have calculated the base dark saturation current density
Jyo using Gunn’s theory [1] of an LH junction. In their calculations a value
of 5X 107 A cm~? was used for the emitter dark saturation current density
Jro and a fixed value of 40 mA cm™? was used for the short-circuit current
density J,, for all values of base thickness. Using a shifting approximation
{4], they have calculated the open-circuit voltage V,, for different values of
the base thickness. These calculations have shown that an LH junction can
indeed be used to give higher values of V,, and higher efficiencies. The
calculated variation in V,. with the cell thickness did not, however, agree
quantitatively with the experimental values. Since these calculations were
made many papers have appeared on the BSF solar cell [5 - 8]. In a recent
paper, Singh and Jain [5] have calculated the value of V. for different
values of the base thickness., However, they have taken the emitter dark
saturation current to be zero which increases the sensitivity of V. to the
base thickness, Their calculated values of V. tend to infinity as the value
of the base thickness becomes small. The results of the present paper show
that the importance of the emitter dark saturation current in determining
the V. of a BSF cell increases rapidly as the base thickness becomes small.*
This is to be contrasted with the conventional cell in which V. tends to zero
as wp becomes vanishingly small, irrespective of the properties of the
emitter,

In this paper, we present the results of our calculation of the variation
in V,, and 17 with the base thickness wy, taking into account the variation in
both J,. and Jp, with wg (a definition of these symbols is given in the

*Singh and Jain have used the low injection boundary condition when high injection
conditions prevail. The correct high injection boundary condition has been given by
Dhariwal ef al, [9] and has been used by Sabnis [7] and by Grung [10].
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Nomenclature}. A constant value of 2X 1072 A em™? [11 - 13] for the
emitter dark saturation current density Jgo was used for the above calcula-
tions (Section 2). In Section 3 the calculations made for a cell with a light
reflector at the back are reported and in Section 4 we consider the effect of
different values of Jg, and Ly on the variation in V,,. with base thickness.

The variation in S.r; with the thickness of the high region for various
recombination velocities at the back contact is calculated in Section 5. In
Section 6 the temperature degradation coefficient of V. is calculated with
the band gap narrowing in both the emitter and the high region taken into
account.

9 Effect of base thickness on the performance of a back-surface field solar
cell

In this section we discuss the results of the calculation of the short-
circuit current density J,., the open-circuit voltage V. and the efficiency n
of a BSF solar cell for different values of base thickness. The values of the
parameters used in these calculations are given in Table 1.

The short-circuit current density contribution from the emitter and the
base was calculated using ref. 14, eqn. (4), and ref. 6, eqn. (6).

A value of 2X 1072 A cm™2 [11 - 13] was used for the emitter dark
saturation current density. The expression for the base dark saturation
current density Jpo and the open-circuit voltage V, is given below [2, 15]:

Mio-Dgs [ S S —1

Tpo= o B( L.+ tanh WB) %1+( il )tanh WBE (1a)
NgLg \Dg/Lg DygiLy

for Segr = 0
qni*Dy

Joo= 2028 tanh Wy (1b)
Nplg

TABLE 1

Values of the parameters used in the calculations in Section 2

Base resistivity (p type) 10 & em
Base width - Variable
Diffusion length Lp in the base 1000 pum
Effective surface recombination velocity Sg¢r at the edge of 0

the LH junction

Emitter saturation current density (at 300 K) 2%x10712 Aem 22

Average doping in the emitter {n type) | 102% em 3
Front-surface recombination velocity Sy 5%x10%cm 5!
Junction depth 0.5 ym

8%ee refs. 11 - 13.
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The expressions for V,,, and J,,,, are given by [15]:
Vl‘l’l . Vl’ﬂ J [+
(1 + 4 ") exp(q Sl= 2241 (3a)
kT RT Iy
Vand, v
o = T2 o (q—’“) (3b)
kTlq kT

The power output for 1 sun air mass (AM) O illumination (135.3 mW cm™?)

is obtained from the product of V,;, and J,,,,. The efficiency n can easily be
calculated.

2.1. The case of monochromatic light

The variation in J,, and V,, with the base thickness is shown in Fig. 1
for monochromatic light. Curves 1 and 2 show the variation in J, with wg
for different values of the absorption coefficient: &= 100 em™! for curve 1
and a = 1000 cm™! for curve 2. For wy 2 2500 um the values of J,, are the
same as those for an infinitely thick cell and are independent of the nature
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Fig. 1. Jg (curves 1 and 2) and V,, (curves 3 and 4) plotted as a function of the base
thickness wg for monochromatic light (absorption coefficient: curve 1, &t = 100 em™!;
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of the back contact. As wy is reduced, J, first increases and then becomes a
maximum at a particular value of wy before starting to decrease. It can be
seen from Fig. 1, curves 1 and 2, that the value of wg at which J is a
maximum is smaller for larger absorption coefficients or for incident light of
smaller wavelength.

The variation in J,, with wg, and in particular the fact that J,, has a
maximum for a particular value of wg, can be understood from general
physical considerations with the aid of Fig, 2. Figure 2, curve 1, shows the
normalized carrier profile in the short-circuit configuration for a diode with
a semi-infinite base [16]. Curve 2 shows the variation in the short-circuit
current with the base thickness of a BSF solar cell. The incident light is
monochromatic and &= 100 cm™!. The short-circuit current has a maximum
at wg = 500 um. Let us now consider the effect of putting the LH junction
at different positions on the carrier profile given by curve 1. When the LH

junction is placed at position A, the slope in the carrier profile at position A

CURVE 1

CARRIER CONC. { NORMALIZED) ~———

0.5 152
Nl
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o i | ! 1.2
o 100 2000 3000

XpCCuRvE 1), wp(curve 2)E0 o

- Fig. 2. Curve 1, the normalized carrier profile under short-circuit conditions in a solar cell
- with a thick base {& =100 cm™' (ie. A= 1.0 ym}); curve 2, the variation in the short-

circuit current with base thickness wg (¢ =100 em™1).
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will change from a finite negative value to zero (as S,y = (}). The carriers
which were previously flowing towards the back ohmic contact will now be
reflected towards the junction. A large fraction of these carriers will recom-
bine on the way to the junction but a small number will reach the junction,
increasing J,.. It can be seen from Fig. 2 that the slope of the profile
(curve 1) increases from position A towards the junction. As the LH junction
is moved from position A towards the junction, the number of reflected
carriers increases. Also, the fraction of the reflected carriers which reach the
junction increases because the carriers now have to travel a shorter distance
and so the fraction lost by recombination becomes smaller. As a result,
J,. increases continuously with the decrease in base thickness from position
A to position B. Between positions B and C the slope of the carrier profile
decreases rapidly. As the LH junction is moved from B to C, the number of
reflected carriers also decreases and J, starts to decrease. It should be noted,
however, that the short-circuit current for base thicknesses between B and C
is still greater than that for an infinitely thick cell. When the LH junction is
at position C, the carrier profile between C and the junction remains
unaffected by the LH junction because the slope of the profile was zero at C
before the LH junction was placed there and the LH junction does not
change the carrier profile. Therefore, at this cell thickness the J,. obtained
with a BSF cell is equivalent to that for an infinitely thick cell. Finally, as
the position of the LH junction is moved closer to the junction (say to
position D), the short-circuit current decreases rapidly and becomes smaller
than that for an infinitely thick cell. This happens because the carriers
generated between D and C which previously reached the junction are lost
when the distance becomes equal to the thickness at position D. It should be
noted that the effects of carriers generated in the high region have been
neglected in the present work as well as in previous models [2, 17].

We shall now discuss the values of V,, for the BSF cell as shown in
Fig. 1, curves 3 and 4. V,, shows the same qualitative behaviour as J,. It
should be noted, however, that the maxima of V. and J;. occur at different
values of wy for the same value of «. The reason for this difference in the
position of the maxima is not difficult {o understand and can be seen from
eqn. {2). The value of the short-circuit current from the base is not influenced
by the properties of the emitter. It is easy to see that, if S, is equal to zero,
both Jgcp and Jgy tend to zero for very small values of wy. Equation (2)
shows that for a very thin BSF cell V, is determined by the short-circuit
current density J,g and the dark saturation current density Jy, in the
emitter; the limiting value of V is given by

kT (J“E)

Voe® — In (4)
q JEo i

The diode is now emitter dominated. The actual position of the maximum in

the V,, curve depends on the numerical values of Jg, and Jgq used in eqn. (2).

In a conventional cell, Jg, becomes infinity as wg and V. tend to zero.

The emitter plays no role in a very thin conventional cell, whereas it plays a
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dominant rele in a thin BSF cell. If for a conventional cell the base thickness
wg 18 small but finite, then Jgey is greater than Jycg and Jyg s greater than
dep. Voo Wil now be given for a conventional cell by

Ve~ o= In (5)

JBo
and will have a very small value,

2.2, The case of 1 sun air mass 0 illumination

When white light is incident on a solar cell, the short-circuit current
density due to different wavelengths combines to yield the total short-
circuit current density. To calculate the short-circuit current density for
1 sun AM 0 illumination, the summation of J,, for the constituent wave-
lengths is carried out using the method of Wolf [18],

In Fig. 3, curve 1 (full curve), the calculated variation in J,, with the

: ‘base thickness is shown for 1 sun AM 0 light. It can be seen that although
Jo. has been integrated it still has a maximum at a base width of 600 um.

However, the maximum is now broad and is less prominent than before.
This can easily be understood from the J, versus wy plot for different
values of o, as shown in Fig. 1. The maximum values of J,, are at different

50r
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Fig. 3. Jg (curves 1), V. (curves 2} and 77 (curves 3) as a function of the base thickness
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values of wpg for different wavelengths and therefore the maximum is
broadened in the summation over all the wavelengths of the specirum. The
position and sharpness of the maximum depends on the spectral composition
of the incident light,

The calculated variation in V,, with wg is shown in Fig. 3, curve 2 (full
curve). It can be seen that V,, increases continuously as the base thickness
wp decreases; however, the increase in voltage with decreasing thickness is
much smaller than that calculated by Godlewski et al. [2]. Our analysis
shows that for base thicknesses between 300 and 100 um (the range of
practical interest) the increase in V,. is only 0.01 V. This explains the
observed result [3] that the V,_, of a BSF cell with a resistivity of 10 §2 cm is
independent of the base thickness in the range 300 - 100 um. If the base
thickness is decreased to less than 10 um, V. starts to decrease and ulii.
mately attains a value determined by the ratio of the emitter short-circuit
current to the emitter dark saturation current. (This is not shown in Fig. 3.)
However, the contribution of the high region, which is usually ignored
[2, 17}, may in this case become appreciable. :

The calculated variation in the efficiency is shown in Fig. 3, curve 3
(full curve). It can be seen that the efficiency has a maximum at wg=
200 um. The change in the efficiency for base thicknesses in the range 300 -
100 um is 0.4%; the efficiency therefore remains constant within the experi-
mental error for this range of base thickness.

3. The case of 1 sun air mass ¢ illumination with a light reflector at the back
of the cell

We have calculated the performance of a BSF cell with a mirror at the
same place as the LH junction by using the method of Jain and Jain [19]
for thin conventional solar cells. These authors have neglected to account for
the absorption of light in the emitter. When the absorption of light in the
emitter is taken into account, the base short-circuit current density can he
written as

FCy
Jsce(refl) = 1 —c. exp{—o(2wp + wg)} X
B
X {Cp + tanh Wy — Cy exp(CgWg) sech Wg} (6)

We shall now calculate the increase in the emitter short-circuit current
density Jgcp due to the back-reflected light. The boundary conditions used
to solve the diffusion equation for this part of Jgo are

Pe(0}=0 (7

at all times. The distances are measured from the n*—p junction and are
positive in the base and negative in the emitter. At the front surface of the
emitter at x = —wg
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dPe(x) ¢
= 8y Pg(—wg (8)
N . ¥ Pe(—we)
at all times. The generation rate for the reflected light is given by
Goofrefh) = a(MYF(A) exp{—a(wg + 2wy —x)} (9

The expression for Jgcp(refl) which is determined by solving the diffusion

~ equation using the boundary conditions given by egns. {7) and (8) is as

follows:
Jsce(refl)
_ gFCy exp{—a 2wy + wg)t y
1— Cg?
L3+ S¢') exp(Wg) —(1— S¢') exp(—Wg ) — 2(S¢'— Cr) exp(—CeWe)
(1+Sg')exp(Wg) + (1— Sp') exp(—Wg)

XA—Cg

(10)

It should be noted that the mirror is considered to be in the same

~ position as the LH junction. However, in a practical solar cell the reflector is
- placed at the back contact and not at the LH junction. As long as the thick-

ness of the high region is negligibly small in comparison with the thickness
of the base region, the error incurred by making this assumption is small.

For the sake of simplicity, we took the reflection coefficient to be
unity in AM 0 light, for all wavelengths. The values of the parameters used
in the calculations are the same as those given in Table 1.

The total amount of improvement in the short-circuit current density
due to the presence of a light reflector at the back contact is the sum of
Jsce(refl) and Jgog (refl), which are given by eqgns. (6) and (10) respectively.
1t can be shown from numerical calculations that the value of Jgop(refl) is
negligible unless the base thickness is very small and the wavelength is large.

The calculated variations in J,, V,, and the efficiency n with the base
thickness are shown in Fig. 3 (broken curves). It can be seen from Fig. 3,
curve 1 (broken curve), that the magnitude of the improvement in J,. is
greater for small base thicknesses than it is for larger base thicknesses. At

- wg~ 100 pm the improvement in Jyg is 4.5%, whereas for wg > 1500 um

. J,. remains practically the same as it was without a back reflector. At larger
- base thicknesses a larger fraction of the light is absorbed before reflection
- and hence only a small portion is reflected back and can contribute to the

: improvement in the short-circuit current density.

Figure 3, curve 2 (broken curve), shows that V,, increases slightly for

wg < 200 um due to back-reflected light.

It can be seen from Fig. 3, curve 3 (broken curve), that the presence of
a light reflector at the back of the cell gives an appreciable improvement in

"~ the cell efficiency 17 at the base thickness which corresponds to the maximum
- efficiency (wg= 200 pm); the efficiency improves from 16.0% to 16.4%.
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At smaller base thicknesses the improvement in efficiency is much larger
than 0.4%. Qualitatively, these results are also in agreement with other
experiments [20] that have been reported for BSF solar cells with a light
reflector at the back contact. A BSF cell with an LH junction alone has the
disadvantage that an appreciable portion of the incident light is not absorbed
in the base because the base is so thin. With a light reflector the light which
reaches the back contact is reflected back and this increases the effective
thickness available for the absorption of light by a factor of 2. However, the
actual gain in J,. is greater than the value that would be obtained by increas-
ing the thickness by a factor of 2 [19],

4. Effect of varying the cell parameters on the characteristics of a back-

surface field solar cell

From the above calculations it can be seen that the open-circuit voltage
and the power output of a BSF solar cell agree with the results determined
experimentally {3] for Lg = 1000 pm, Jgo=2X 107" A em™2 and Sesr = 0.
More detailed calculations show that, if S, is not zero but has a small finite
value (less than about 50 cm s7!), the characteristics of the cell do not
change appreciably. However, if §.¢ is considerably larger, say 1000 cm g !
or more, the theoretically calculated output characteristics become inferior.
The simple calculations using Gunn’s theory [1] show that the value of
Sos for the levels of doping used in the base and the high region is not likely
to be large (see Section 5). The diffusion length in the base and the emitter
dark saturation current are more important parameters. The calculated
values of V,, for base widths of 100 and 300 um are shown in Table 2 for
two different values of Ly and four different values of Jg,. It can be seen
from Table 2 that, for a value of Jgg of 107'* A cm ? or more, the value of

TABLE 2

Calculated values of V,, for base widths of 100 and 300 pm at
various values of Lg and Jgg

Lp (um) Jro (A em™?) Voo (mV)at the following
values of wy
100 um 300 um
230 1012 581.1 559.3
19— 1 557.4 547.5
1g-1°0 507.2 507.8
2x10712 577.1 557.0
1000 10712 611.4 - 594.6
10~ 11 568.9 565.7
1010 512.0 512.9
2x 1012 601.5 589.3
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V. for base thicknesses in the range 300 - 100 gm is smaller than the
observed value of V_, (600 mV) when Ly is between 230 and 1000 um.
Therefore these combinations of values of Jg, and Ly are not acceptable.
For Jgp=2X 1072 A cm™? (the value which was used in the calculations
of the plots in Fig, 3) the difference in V,, for base thicknesses in the range
300 - 100 um for Ly = 1000 um is 12 mV; this is in contrast with a differ-
ence of 20 mV found previously for Ly = 230 um. The calculated results
are in better agreement with those determined experimentally [3] for larger
values of Ly but the discrepancy for smaller values of Ly also appears to be
within the range of experimental error.

From the experiments of Weaver and Nasby [21] it has been suggested
that the bulk diffusion length in a BSF cell is much larger than that in a
conventional cell. Recent experiments to determine the diffusion lengths in a
BSF and a conventional cell fabricated in our laboratory showed similar

-, results. It appears that the process of forming an LH junction on the back

contact of a cell does improve the bulk diffusion length, in addition to
reducing the effective value of the surface recombination velocity. The
mechanism of improvement is probably the gettering action [21]. The
improvement in the characteristics of the BSF cell is therefore due to both
the reduction in the value of S,¢ and the improvement in the value of Ly,

5. Effective surface recombination velocity at the edge of the low-high
junction as a function of the thickness of the high region

The thickness of the high region has a large effect on the value of S.¢.
Del Alamo et al. [22] have suggested that, in order to make S, small, the
thickness of the high region should be made much larger than the diffusion
length Ly; in contrast, Michel et al. {23] have suggested that the thickness
of the high region should be smaller than Ly. In order to resolve this con-
troversy we calculated the effect of the thickness wy of the high region on
S for various values of the parameters of the high region. According to
Gunn’s theory [1], Se¢¢ is given by

NBSV Sr/Sv + tanh(wH/LH)
Nu (1+(8,/S,) tanh(wy/Ly)

(11)

Seff =

" Taking Ng/Ny=10"%, S, =Dy/Ly=1600 cm ' and using eqn. (11), we

calculated values of S, as a function of the reduced thickness Wy of the
high region for various values of the recombination velocity S, at the back
contact. The results are shown in Fig. 4. There are three cases of practical
importance, namely 8. > 8,, S, =S, and 8, < 8,. [t is convenient to discuss
the dependence of S on the thickness of the high region separately for the
three cases,

51.8>8,

It can be seen from Fig. 4, curves 1 and 2, that 8,4 decreases as Wy
increases, At small values of Wy, S.i is large and approaches the value
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Fig. 4. Sess is plotted as a function of the reduced thickness Wy of the high region for

various values of the normalized surface recombination velocity S at the back (S = 8;./S,):

curve 1,5 = curve 2,5 =3;curve 3,8 =1;curve 4,5 =0.5;curve 5,8 = 0.

8. Ng/Ng as the thickness of the high region is decreased to zero. For large
values of Wy (Wi 2= 3), S.y approaches a limiting value of S, Np/Ny. It
should be noted that when Wy~ 3 or more S; has no effect on S,i; the
value of S, 1s determined entirely by recombinations in the bulk of the high
region and 8,4 is proportional to S,.

5.2, 8, =8,

in Fig. 4, curve 3, it is shown that, when S, = S, 8.4 is independent of
the thickness of the high region. If 8, = S, is put into eqn. (11), the value of
Seps is found to be 8,Ng/Ny; this is identical with the value cbtained in
Section 5.1 for large values of Wy,

5.38.8, <8,

For 8, < S, the value of S, increases as Wy increases, as shown in
Fig. 4, curves 4 and 5, If Wy 2 3, S.¢ again becomes S .Ng/Ny. To obtain
a better performance and to reduce the value of 8., Wy must be made
small. This result is the opposite of that obtained in Section 5.1 above.
If we put Wy =0 into eqn, (11), we find that the limiting value of S 4 for
this case is S,Ng/Ny.

We can see that the minimum limiting value of 8.5 in Sections 5.1 and
5.2 is given by S ,Ng/Ny and that it is given by S,Ng/Ny in Section 5.3.
These values correspond to Wy 2 3 in Section 5.1, to all values of Wy in
Section 5.2 and to Wy approaching zero in Section 5.3. Before concluding
this section, we must point out that Wy is measured from the edge of the
depletion layer, If the thickness of the high region is smaller than the mean
free path of the electrons, then eqn. (11), which is derived by assuming a
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diffusion-based transport across the junction, does not hold. Tt follows that
we cannot obtain a reduction in the value of S5 by making the high region
thinner than the mean free path. This therefore puts a lower limit on the size
of the thickness of the high region that can be used to obtain the minimum
value of S.;; in Section 5.3, ie. when S, < S..

For small values of Wy, egn, (11) can be written in the form

Ng8 wy [ S, S
B 1+—H(———)E (12)
Ny Ly \S S

in practice, the limiting value of Sy can be calculated by putting wy equal
to the mean free path in the above equation.

Seff -

6. Temperature degradation of V,,

Mandelkorn and Lamneck [24] have observed that the temperature
degradation of the open-circuit voltage of a BSF solar cell is less than that of
a conventional solar cell. Sinha and Chattopadhyaya [25] have calculated the
temperature degradation coefficient of the open-circuit voltage (which
equals dV,./dT) of a BSF and a conventional cell theoretically. However,
they have not considered the effect of the emitter band gap narrowing in
their calculations, In this paper, we calculated the degradation coefficient
of V,., taking into account the band gap narrowing in the emitter and in
the high region at the back of the cell. For simplicity, we assumed that the
doping in the emitter, as well as in the high region, is uniform. We also
assumed that the effect of a change in the short-circuit current with temper-
ature on the temperature variation in V. is negligible (see ref. 26 for a
discussion of this assumption).

The open-circuit voltage was calculated using eqn. (2) and egns. (A3),
(A4) and (AB) for different cell temperatures. These equations are the same
as those given in refs. 15 and 16; they are rewritten in Appendix A in order
to show the explicit temperature dependence, We took wg =150 pm and
J..=45 mA cm ?; the other parameters used are the same as those given in
Table 1. The calculated variation in V,, with temperature is shown in Fig, 5,
In Fig. 5, curve 1, the band gap narrowing is neglected in both the emitter
and the high region. For curve 2, we took a value of 0.11 eV (which corre-
sponds to a level of doping of about 10" em™3) [11] for the band gap
narrowing in the high region and a value of 0.16 eV (which corresponds to
a level of doping of about 102% cm™3) [11] for the band gap narrowing in
the emitter. The effective surface recombination velocity at 300 K for both
curves was taken to be equal to the realistic value of 50 cm s 1. From Fig. &
it is clear that the band gap narrowing in the emitter and the high region
reduces the temperature dependence of V.. The value of the degradation
coefficient of V. is indicated on the curves. We also calculated the degrada-
tion coefficient for the following cases: (a) the band gap narrowing in the
high region was neglected and that in the emitter was taken to be equal to




350
600 -
350~
A
>
E
2 2176
450 |
161,99
350 1 1 — |
00 3490 380 400

TEMPERATURE (K)—

Fig. 5. V,, as a funciion of the temperature of a BSF cell with the band gap narrowing
neglected in both the emitter and the high region (curve 1) and with the band gap narrow-
ing taken to be 0.16 €V in the emitter and 0.11 ¢V in the high region {curve 2}: Sg¢r =
50 cm s ! at 300 K; the value of the degradation coefficient of V. is indicated on the
curves.

0.16 €V; (b) the band gap narrowing in the emitter was neglected and that
in the high region was taken to be equal to 0.11 eV. The values of the
degradation coefficient of V,, for cases (a) and (b) are —1.87 mV K™! and
—1.92 mV X~ respectively.
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C oL, product of the absorption coefficient and the diffusion length
D diffusion coefficient

Ey energy band gap of silicon
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L diffusion length

e intrinsic carrier concentration with band gap narrowing

o intrinsic carrier concentration without band gap narrowing

N doping concentration

I+ excess hole concentration

q electronic charge

Seft effective surface recombination velocity at the edge of LH junction without band

gap natrrowing in the high region
Seff' effective surface recombination velocity at the edge of LH junction with band gap
narrowing in the high region

Sg front-surface recombination velocity

S5 Sg/(Dg/Lg), normalized front-surface recombination veloeity
S; hack-surface recombination velocity

Sy Dy/Ly, diffusion velocity of high region

T temperature (K}

Vmp open-circuit voltage at the maximum power point
" Ve  open-circuit voltage

w width

W wiL, reduced width

o absorption coefficient

AE, energy band gap narrowing

n conversion efficiency

Subscripts

B hase

E emitter

H high region

A monochromatic light
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Appendix A. Temperature degradation of V.

According to ref. Al the emitter dark saturation current density is
given by

JE 0

D S g -1
= T M ( " _ 4 tanh WE) ;1 + (—F ) tanh WE% (A1)
NpLg \Dg/Lg Dg/Lg

The intrinsic carrier concentration n; is given in terms of the tempera-
ture and the band gap narrowing as [A2, A3]

E, + AEB)
BT
where C is a temperature-independent constant. Putting n,* from eqn. (A2)

into egn. (Al) and combining all the temperature-independent terms into a
constant A, we obtain

E, +AE g

Jro= AT? ex f(g—-—g)%
ED P% T

The value of A in eqn. (A3) is obtained by using Jge= 2 X 10712 A cm™?

[A4 - A6] at 300 K for any value of the emitter band gap narrowing AE .
Similarly, putting n;.2 from eqn. (A2) into eqn. (1a) and assuming the
band gap narrowing in the base for a doping level of about 10'* cm™ to be

zero, i.e. AE, = 0 in egqn. (A2), we obtain

BT*Dg | Sest’ Sest’ -1 E
b0 = 4 B ( eft 1+( ot ) tanh ng exp(— —g)
LyNy \Dg/Lp Dy/Lg kT(AtL}

where for silicon B = 2.8 X 10 em ®* K™ [A2] and E, = 1.1 V.

(AZ)

n? =C73 exp%—(

(A3)

+ tanh WB)
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S, at a temperature T(K) for band gap narrowing AF,y in a region is
given by [A7]

AEgH) (A5)

- RT

Equations (A4) and (A5) were used in combination to calculate Jg,.
After calculating Jg, and Jg, for a given value of AE g and AEgy for a given
temperature, we used eqn. (2) to calculate the value of V.. The value of
Jo. for a back-surface field cell was taken to be equal to 45 mA cm 2 for
1 sun AM 0 illumination (Section 2).

Seer’ = Sert EXP(
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