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ABSTRACT

Analysis of multi-step diffused, high voltage
0.1 ohm-cm solar cells suggests that the increased
voltage capability of these cells is correlated
with localized variations in the base minority car-
rier mobility. An attempt to calculate the behav-
ior of those cells has revealed some unexpected
results. It has been shown, cc.trary to what might
have been expected, that spatial variations in the
mobility can effect severe changes in the short-
circuit current and the spectral response. Varia-
tions 7 cell output as a result of imposina
abrupt, linear, and exponential mobility varia-
tions are presented.

INTRODUCTION

Recent efforts at the Lewis Research Center
have resulted in significant increases in the cpen-
circuit vcltage of 0.1 ohm-cm p-base silicon solar
cetls (1). The improved performance has been
achieved through the use of a multi-step diffusion
{MSD) technique. Analysis of the charactaeristics
of the MSD cell indicates that the increased volt-
age is due to a reduction in the electron mobility
in the cell base (). It has been postulated that
piezoresistive effects caused by diffusion-induced
lattice stresses result in localized regions of
lower-than-expected electron mobility nea: the
Junction in the base. In the course of our inves-
tigations, a versatile semiconductor device compu~
ter program developed by Hauser and Dunbar (3) for
solar cell application was used to model the pro-
posed structures. Since the parametric variations
considerea here could not be handled through closed
form soiution of the device equations, this program
which simultanecusly solves Poisson's equation and
the electron and hole quisi-fFermi level equations
was used to provide aa accurate numerical solution
without limiting assumptions or approximations.
These calculations have yielded some unexpected
results which are reported here.

It is well known that the minority carrier
mobility in the cel) base plays an impor® .nt role
in determining the cell open-circuit voltage
through its effect on the saturation current, The
short-circuit current and the spectral response, on
the other hand, can easily be shown to be indepen-
dent of the base mobility as long as the rear sur-
face recombination velocity differs from the diffu-
sion velocity by several orders of magnitude (4).

When this condition is met, the mobility terms drop
out of the equations and thc base mobility has no
influence on either the short-circuit current or
the spectral response.

In the course of the present work we found
that the above statement is not valid if a spatial
mobility variation exists in the base. We have
found, further, that it is not the magnitude of the
mobility that affects the cell output, but rather
its degree of change. That is, we find that for a
cell with an abrupt change in mobility, from a
value 4] to a value w2 that occurs somewhere
between the junction and t"e rear contact, the cur-
rent and spectral response are determined by the
ratio wuj/uz and are independent of the absolute
values of u] and wjp.

The purpose of tgis paper is to present the
details of our spectral response calculations for a
variety of minority carrier mobility variation:,
The mobility profiles considered include abrupt,
linear, and exponential changes as well as some
combinations of these. While the major thrust will
be to determine cel) output as a function of base
changes, a few calculations to determine the et-
fects of mobility variations in & field-free emit-
ter cell will be presented. Also presented are the
results of a seri2s of emitter etching experiments
which illustrate the use of mobility variation cal-
culations in explaining unexpected spectral re-
sponse benavior in high voltage MSD cells.

General Model

As stated in the INTRODUCTION, the major part
of this work is concerned with the effects of base
mobility changes. These calculations were per-
formed on a typical Lewis MSD cell since it is for
this type of cell that we have evidence of spatial
mobility variations in the base. The parameters
used in the calculations are listed in table I.
for the emitter calculations we wanted to work with
a cell which would illustrate the effects of mobil-
ity changes without the complexities intreduced by
the presence of electric fields. We therefore
chose a cell with a homogeneously doped emitter and
a deep junction. The values of the parameters used
in the calculations are given in table 1. It
shoulu be noted that these parameters are similar
to those found in the University of Florida's high-
low-emitter (MLE) cell (5).



Base Mobility Variations

Abrupt variation. - The first case to be con-
sidered 1s the abrupt or step change. As shown in
figure 1 we will assume that a sudden change in the
mobility occurs at a distance, w, from the junc-
tion. The mobility ratio will be defined as
w2/u] where u) 1is the near-junction value. Only
the mobility ratio will be referred to in what fol-
lows because calculations show the resuits to be
independent of the absolute mobility values used.

If, for the MSD cell of table I, we assume a
mobility ratio of 10 and calculate the effect of
varying the low mobility region width, w, we obtain
the series of curves shown in figure Z.

As would be expected, the short wavelength
response is not affected by these charges in the
base mobility. The long wavelength response, on
the other hand, shows a dramatic decrease as w is
increased from 0 to about 20 um. For further in-
creases in w the red response passes through a
minimum and begins to rise. As w approaches
165 um (the base width) the entire curve approaches
the values it had when w = 0., That these two
spectral response curves (w =0 and w = 165 um)
are identical illustrates the fact that the spec-
tral response of a homogeneous base cell is inde-
pendent of the value of the mobhility therein. Al-
so, to illustrate the fact that the spectral re-
sponse is dependent only on the mobility ratio and
not on the absolute values used, the calculations
of figure 2 were repeated using widely varying val-
ves of mobility while maintaining a ratio of 10.
The results in each case were identical to those in
the figure,

As shown in figure 3, changes occurring close
to the junction have a strong effect on the 0.9 um
response. The presence of a 10 um wide layer of
reduced mobility is sufficient to reduce the 0.9 um
response by 40%. Also plotted in figure 3 is the
effect of increasing cell thickness to 560 um. As
can be seen, the response shows an overall increase
due to the increase in cell volume. The position
of the minimum, however, is not affected.

The effect of the mobility ratio on the long
wavelength response is shown in figure 4. As can
be seen, the higher the mobility ratio, the greater
the reduction in response for a given region
width. Also, as the mobility ratio increases, the
region width for minimum response moves to lower
values. Note again the extreme sensitivity of the
response to very thin laye-s of low mobility adja-
cent to the junction. This sensitivity is accentu-
ated by high mobility ratios. It should be men-
tioned that the base region adjacent to the junc-
tion would be the region mcst affected by cell fab-
rication procedures, such as junction diffysion,
which have been postulated to cause localized mo-
bility changes (2).

The value of the base diffusion length, L, can
also affect the response~width relationship, This
is illustrated in figure 5 for a 560 um thick
cell. The lower value of L depresses the re-
sponse as expected, but it also moves the minimum
to lower values of w. In this case the 0.9 um
response drops 25 % due to the presence of a low
mobility layer (uwp/uj = 10) only 5 um thick.

Up to this point we have been considering the
case of a depressed mobility region adjacent to the

Junction, It should be noted that there also is
evidence in the literature supporting the existence
of regions of anomalously high mobility (5). For
instance, piezoresistive mobility increases in sil-
icon have been observed upon application of a uni-
axial compressive stress where the mobility mea-
surements were made normal to stress direction.

Let us now consider, therefore, a near-junction
region of enhanced mobility. In figure 6 we repeat
the calculatic1s of figure 3, but this time for
mobility ratios of 0.1 and 0.5. We find, in con-
trast to the depressed mobility case, that as the
high mobility region width is increased the 0.9 um
response increases, passes through a maximum, and
finally returns to its original value as w ap-
proaches the base width. It appears possible,
therefore, to increase the cell current signifi-
cantly by the insertion of a thin region of en-
hanced mobility adjacent to the junction.

Linear variation. - The above calculations
were performed for an abrupt change in the minority
carrier mobility. To determine whether the calcu-
lated response variations were due to the abrupt-
ness of the mobility change, a set of calculations
was performed in which the abrupt change was re-
placed with a linear variation. Figure 7, for in-
stance, shows the 0.9 um response variation as a
function of the width of the region in which the
linear mobility change takes place. Here a physi-
cally conservative mobility ratio of 2 was used and
the center point of the ramp was fixed at 40 um
from the junction. As can be seen the cell output
is insensitive to the transition from the abrupt
case (R = 0) to the more gently varying linear
ramp. For the case considered in figure 7 the re-
sults show very little change for ramp widths
<40 um, It appears, therefore, that the physi-
€1lly-more-meaningful case of a gradual mobility
variation from region to region can be closely ap-
proximated by an abrupt transition which is much
easier to handle analyticaily. A similar transi-
tion behavior was found for the case of an enhanced
mobility region near the junction.

Experimental variation. - The effect of re-
placing the linear ramp with an exponential mobil-
ity change is shown in figure 8 where the 0.9 um
response is plotted against the width of the region
of lowered mobility. For these calculations the
mobility at the depletion region edge was fixed at
one~-half the value in the high mobility region. We
find very close agreement between these data and
those computed for linear changes over the same re-
gion. The results appear to be insensitive to the
details of the spatial variation.

Double step or layer variation. - The finai
base mobility variation considered involves the
insertion of a layer of either enhanced or de-
pressed mobility into :n otherwise homogeneous
base. Figure 9 shows the variation in cell output
as a function of the location of a 10 ym wide re-
gion with abrupt boundaries and a mobility one-half
that of the surrounding base. Here again it can be
seen that the near-junction region is most sensi-
tive to the presence of mobility variations. As
the layer is moved toward the rear of the cell, the
0.9 um response rises to meet and then exceed the
homogeneous base value. Similar to the case of an
abrupt change, insertion of a layer of enhanced
mobility showed essentially the reverse behavior.




As the enhanced mobility region was moved from the
Junction region to the rear of the cell, the cell
output decreased, eventually dropping below that
calculated for the homogeneous base case.

Emitter Mobility Variations

Let us now consider the effect of spatial mo-
bility variations in the emitter. In order to com-
pare these results with those of the previous sec-
tion, it would be desirable to eliminate the com-
plicating presence of electric field effects. We
can do this and still work with a physically mean-
ingful cell by using the HLE {3) cell for our
model. This cell has a uniformly doped, epitax-
ially deposited 0.1 ohm-cm emitter, whose surface
is passivated with a field layer that reduces its
effective surface recombination velocity to low
values. The specifics of this call are listed in
table I.

Abrupt variation. - This effect of inserting a
layer of Tow mobilily (with abrupt boundaries) into
the emitter adjacent to the junction is shown in
figure 10. In order to amplify the 2ffects of mo-
Lility changes we used an arbitrary mobility ratio
of 100 in these calculations. As can be seen, the
short (0.5 um) and the long (0.9 um) responses are
affected by changes in the low mobility region
width, The short wavelength response is minimiZzed
wher the emitter is evenly divided into high and
low mobility regions regardless of the emitter dif-
fusion length. The long wavelength response, on
the other hand, becomes very sensitive to mobility
changes occurriry rear the junction when the emit-
ter diffusion length is less than the emitter
thickness.

When we consider the reverse case, that is
when the near-junction region has the higher mobil-
ity, we find that both the short and long wave-
length responses increase and go through maxima as
the high mobility region is expanded (fig. 1l1}. As
can be seen in the figure, however, this is true
only when the er tter diffusion length is small
compered to the emitter width. For long diffusion
lengths (~80 um) neither the long nor the short
wavelength response is affected by region width
changes.

Comparison with Experiment

The .ewis MSD cell is a deep junction device
with an inherently low blue response and a less-
than-desired short-circuit current. In an effort
to increase blue response, the junction depth in
several completed cells was reduced by chemically
etching the emitter surface between the grid fig-
ures, As the junction depth is decreased we would
expect a rise in the blue response, no change in
the red response, and a rise in total rurrent (2).

The measured variations in current and spec-
tral response at various stages in the etching pro-
cedure are shown in figure 1. As can be seer, the
blue response increases with junction depth reduc-
tion as expected, but the red response and the
short-circuit current exhibit severe and unexpected
decreases. While we cannot explain this behavior
with homogeneous base models, we can get some in-
sight into what is happening by making use of the
variable base mobility concept.

1f, as has been proposed (1), long diffusions
cause stress fields to be propagated into the base
from the highly doped and highly stressed emitter,
it follows that, when we remove highly stressed
emitter regions, we also allow stress relief to
occur in the base. In other words, we reduce the
width of the low mobility region. If we calculate,
then, the variation of the spectral response as the
width of the near-junction low mobility region in
the base decreases as a result of surface etching,
we obtain the set of curves shown in figure 13. In
these calculations, an arbitrary mobility ratio of
100:1 was used, and the junction depth was held
constant at about 3 micrometers for simplicity. As
can be seen the results are quite similar to what
was observed experimentally. It thus appears that
we can explain the unexpected drop in red response
with emitter etching by using a model which relates
highly stressed regiocns in the emitter with regions
of lowered minority carrier mobility in the base.

CONCLUSIONS

The major conclusions to be drawn from the
preceding analysis are:

1. In contrast to the case of a homogeneous
base cell, we have found that the short-circuit
current and the spectral response in an inhomoge-
neous base cell are functions of both the degree
and location of the mobility variation.

2. Short-circuit current and spectral response
are strongly affected by changes in mobility that
oCCur in a narrow region adjacent to the junc-
tion. High mobility ratios and short base diffu-
sion lengths enhance this sensitivity.

3. Whiie variations in the base mobility af-
fect only the long wavelength response, mobility
changes in a uniformly doped emitter can effect
collection at all wavelengths,

4. Spectral response changes brought on by
base mobility variations are insensitive to the
abruptness of the mobility variation. Thus the
physically-more-realistic case of a gradual mobil-
ity change can be closely approximated by an abrupt
change which is much easier to handle analytically.

5. Unexpected spectral response changes due to
emitter etching in MSD cells can be explained using
a mobility variation model.

REFERENCES

1. M. P. Godlewski, T. M, Klucher, G, A. Mazaris,
and V. G. Weizer, "Open (ircuit ¥oltage Im-
provements in Low Resistivity Solar Cells,*”
Conference Record, Fourteenth Photovoltaic

Specialists Conference, s PP. 166189,
1380

2. V. G. Weizer and M. P. Godlewski, "The Effect of
Minority Carrier Mobility variations un the
Performance of High Voltage Silicon Solar
Cells,” Space Photovoltaic Research and Tech-
nology, 1980, NASA CP 2169, pp. 29-35, 1980.

3. P, M, Dunbar and J. R, Hauser, “Efficiency of
Silicon Solar {ells as a Function of Base Lay-
er Resistivity,” Conference Record, Eleventh
Photovoltaic Specialists Conference, ILLEL, pp.
13-18, 1975,

4, J. P. Mckelvey, Solid State and Semiconductor
Physics, New York: Harper  Row, 1960.




5. F. A. Lindholm and A. Neugroschel, "Studies of
Silicon PN Junction Solar Cells,* Univ. of
Florida, Gainesville, Fla., Final Report NASA
Grant NSG-3018, 1979.

6. M. W. Cresswell and D. R. Muss, “Uniaxial Stress
in Silicon and Germanium," AFML-TR-68-124,

vol. 1, 1968,

ADB35764.

TABLE I. - VALUES OF VARIOUS PARAMETERS USED IN CALCULATIONS

MSD cell

HLE cell

Base
Doping concentration

1.5x1017 cm-3

3.43x1017 -3

Diffusion length 230 um 80 um
Surface recombination velocity 12106 cm/sec 1x106 cm/ sec
Thickness 165 um 90 wm
Mobility Variable 550 IVgec
Emitter
Doping concentration 5.6x1019 €RFC 0.833x 9x1016 -3
Diffusion length 15 um 80 um
Surface recombination velocity 1x105 em/sec 0 cm/sec
Thickness 2,78 wm 10 v
Mobility 350 owCpVgec Variable
A. R. coating None 510,
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Figure 1. - Schematic identification of parameters used to calculate
effects of abrupt mobility variation. See table [.
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Figure 3. - 0.9 um response variation with width of low
mobility region: effect of cell thickness.
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Figure 6. - 0.9-um response variation with width of high
mobility region, w,
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fFigure 7. - 0.9-um response variation with
width of linear mobility ramp, R.
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Figure 8 - 0.9-um response variation with width of region
of exponentially changing mobility.



* Sumy

0.5-um RESPONSE, mAimW g

0.9-um SPECTRAL RESPONSE,

mA /mW

MSD CELL

Al—
Uﬂﬂz‘z

40— r-UNIFORM MOBILITY RESPONSE
: ' LEVEL —
‘39.—. t — i4—

o] ul I|

sk U
38— = -3 !

DISTANCE
) L] l L]
0 20 40 60 80 100 165
DISTANCE FROM JUNCTION, a, um

Figure 9. - 0.9-um response variation with location

Figure
reqiol

of low mobility tayer.

Vo1 RECEL
M Moy - 100

A ImW

9-um RESPONS.,

WIDTH OF LOW MOBILITY REGION, w, um

10, - 0.5- and 0. 9-um responise variation with width of low mobility
n, w, and emitter diffusion length, L.



"M ‘YIpim U0ibal A)jlaow MOy Yiim asuodsal
jeJy3ads u} uoyjelieA pajeinojed - ¢l 34nbi4

wr "HIONTTIAYM
ot 6 8 L 9 ¢ v €

‘Juawisadxa buryna Jayiwa buyinp sabejs snoriea e
painseaw asuodsal eJj0ads pue Jualun) - 2 aJnbiy

wr “HIONTIIAYM

0T 6 g ! 9 S v £

O T
1T 17T 17 1 1 » I N
R v
—1 e . -
= 8
= 91
—e A v —Z
3 v zo..ﬁﬂ_u%
¢ =2 n — ¢’
I i p €210 £
: ) 171 7 cmSl
001~ wrigz 'z ‘HId3Q NOILONOT —{p° 3 Sl
002 - wrooT ‘01LYY ALINGOW E) o€ 3
wnggs QM ISYE | . = &
wr ‘m 5 =
oy r~

-} ‘yibuay uoIsnp Japiwa pue uotbal
Apgow ybiy jo Uiptm uotieriea asuedsas wrt-6°G pue -¢°Q - 11 ainbiy

wr ‘NOI93d ALIMSOW HIIH 40 HIAIM

)| 4 0 01 g 0
e e N . . o
r [ % _ | 40 %2
o .
wrg .} P

3 )
& S 2
Chﬂm = u‘d:s - Ov. .m IJ, 91" w |IL x h«\!u

2 AT :
001 ‘OlLvd ALINBOW ® L2 , 2
T13) TH —og® w @ % 2

v 1 -
= _ &
wrigg - - wrigg - h | €
g e dw =

M/ yw "JSNOJS3H TvH103d S



