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SUMMARY

Performance of epitaxial drift field silicon solar cell
structures having a variety of impurity profiles has been
calculated, These structures consist of a uniformly doped
P-type substrate layer, and a P-type epitaxial drift field
layer with a variety of field strengths. Several N-layer
structures were modeled. A four layer solar cell model
was used to calculate efficiency, open circuit voltage and
short circuit current. The effect on performance of layer
thickness, doping level, and diffusion length was determined.
The results show that peak initial efficiency of 18, 1% occurs
for a drift field thickness of about 30 um with the doping
rising from 10" ltoml/cma at the edge of the depletion re-
gion to 1018 atoms/cm® in the substrate, Stronger drift
fields (narrow field regions) allowed very high performance
(17% eft‘lclencg') even after irradiation to 3x10°" 1 MeV
electrons/cm”,

INTRODUCTION

Methods of improving silicon solar cell performance
include incorporating back surface fields (BSF) (1-4) and
drift fields (DF) (5-7) into the structure. The back surface
field is an abrupt (i. e., several orders of magnitude) doping
level change in a short (i.e., a few microns) distance. The
drift field solar cell is usually made by epitaxial deposition
in which doping level changes occur over longer distances.

The epitaxial BSF cell has been reported previously (4).
It was shown that the BSF can be made by epitaxial deposi-
tion, that the substrate diffusion length can influence perfor-
mance and that low-high junction theory can be used to pre-
dict cell performance. Experimental results on epitaxial
drift field structures have also been reported (5). It was
shown that reproducible good quality junctions can be made,
Intentionally graded epitaxial drift field layers resulted in
high (0,636 V) open circuit voltages. While these results
are promising, a more comprehensive evaluation of doping
profiles and epitaxial layer thickness ranges is needed to
pinpoint optimum structures. Because the number of possi-
ble combinations of cell construction features and materials
properties is great, an experimental evaluation would be
time consuming and expensive,

The present work explores analytically the performance
of a wide range of epitaxial drift field N on P solar cell
structures, The purpose is to identify the cell design fea-
ture producing highest performance. A four layer solar cell
model was used in these calculations, This model has been
used previously (8, 9) to calculate solar cell performance
with good agreement with experiment, Cell perfci mance

calculated with this model includes short circuit current
density, Jgr OPen circuit voltage, Voc, and efficiency.

The influence on performance of field strength, substrate
doping level, epitaxial layer width, diffusion length, and
N-layer profile was determined. In all cases, the limits of
present technology were used to determine achievable ranges
and values for the modeling parameters so that the calcu-

lated performance wou'd he realistic,

MODELING OF THE EPITAXIAL DRIFT FIELD CELL
Theoretical Model

The cell model used has been described elsewhere (8, 9).
It is based on a four layer, homojunction semiconductor de-
vice in which region widths, impurity concentrations, and
material properties such as diffusion length, mobility, and
reflectivity can be specified. A schematic of the cell model
is shown in Fig. 1. Only exponential impurity distributions
are assumed, resulting in constant drift field strengths with-
in each layer,

The model was derived by solving the continuity equa-
tion using the current transport equation and appropriate
boundary conditions to solve for the diode saturation current
density (Jp) and for "sc' The voc' maximum power

(pmax) and air mass zero (AMO) efficiency (eff) were calcu-
lated from the following expressions:
J
voc_—.ﬁ [n(ﬂ + 1) (1)
J
q 0
Prmax = CF Voo Jge @)
P
EFF = [ —02%) » 1009 (3)
135.3

where k is Boltzmann's constant, T is temperature, q is
electronic charge, CF is curve factor which was calculated
as previously described (8). The curve factor assumes unity
diode quality facwor (n = 1) and zero series resistance, For
most cells, series resistance leads to about a 3% loss in
power and curve factor, However, these data were not ad-
justed for that loss, The AMO solar constant used was

135. 3 mW/cm”,

Figure £ shows the expected value of diffusion length as
a function of doping level before radiation damage (10) and
after a radiation fluence of MIO14 1 MeV vlcctroma/cm2 (end
of life, EOL) (11). Even though * pine levei was assumed to
vary exponentially in the epitazial s cr, oniy single values
of diffusion length and mobili.y in eac: Wave™ ure possibiv



with the model used, The values chosen for modeling were
based on the impurity conceniration at the center of the epi-
taxial layer,

The four layer solar cell model has been used previous-
ly to calculate performance of epitaxial BSF cells (4), drift
field lithium cells (8), and ailoyed BSF cells (9). Agreement
between calculated and experimental results was good. Thus
extension of this model to the present study can be done with
confidence.

P-Layer Data

The range of values for the doping level in the uniformly
doped substrate, Noub and at the depletion iegion edge,
Nep‘, the width of the epitaxial layer, wep‘, and the diffusion
length in the epitaxial layer, Lepl' are shown in Table I,

The doping level combinations were constrained such that
Nepl = Nsub' The field strength in the epitaxial layer, Erpi'
can be calculated using these parameters and the equation

N
Eepl = ok m(ﬂ) (4)
qwepl Nepi

The order of magnitude difference between the Nsub and
Nepl doping concentration is defined as:

N
3o ‘°510 sub

(5)
epi

N-Layer Data

The principal criterion for the design of the N-layer is
that it yield high conversion efficiency, high short wavelength
(0.4 um) collection efficiency, and high voc' There are a
large number of N-layer constructions and an even larger
number of possible P-layer configurations, In order to limit
the number of calculations, guidelines were used to reduce
the number of N-layer profiles evaluated to six.

These guidelines were that: (1) junction depth, Xj, be
shallow (=1 um) for good collection efficiency, (2) carrier
concentrations be high for good Voe but no higher than
1019 ll!omm/cm3 to avoid heavy doping effects (13, 14), and
(3) present epitaxial technology limits doping level changes
to about two orders of magnitude and layer widths to a mini-
mum of 1 micron. In addition, surface reflectivity of 3%
(12) and a front surface recombination velocity of 103 cm/sec
were used, A diffusion length of 3 ym was used in the N-
layer. This value is comparable to those measured on bulk
material doped to this level,

With these guidelines, the N-layer profiles shown in
Fig. 3 were used in the calculations, The A and B profiles
could be made by epitaxial deposition of a uniformly doped
N-layer with subsequent diffusion of a more heavily doped,
N-type profile, The C and D profiles are typical of those
obtained by diffusion, however, a 0.25 um layer thickness
may be too thin for epitaxial deposition, These layers were
included in the evaluation for comparison to more conven-

~

tional N-layer profiles, The E and F profiles could be made
by epitaxial deposition directly.

RESULTS AND DISCUSSION

N-Layer Effects

The sensitivity of cell performance to N-layer profile
was investigated. Calculations were made for two P-layer
profiles with each N-layer profile shown in Fig, 3. The
P-layer pmﬂlt:: were3 Noub = lollsscnfa, N
and wa =10""em °, Nepl =10"" cm

17 -3
epl‘lo em ©,

Table Il shows collection efficiency, Ve = and conversion
efficiency for each N-layer profile, The performance is high
even for the 1 micron junction depth profiles, This is due to
the good N-layer parameters used and shows that shallow
junctions ave not needed if 3 um diffusion length in the N-
layer is achieved. Profiles C and D are less desirable be-
cause the 0,25 micron junction depth may not be attainable
by epitaxial methods. Profiles A and B have somewhat
lower performance than profile E. Note that although the
difference in collection efficiency between C and E seems
high, there is only 0.1 percent difference in efficiency, Al-
though profile F has a higher collection efficiency (due to its
higher field strength), the voc is lower because of the
lower impurity concentration at the depletion region edge.
This leads to a lower efficiency. Profile E has a high over-
all performance and can also be fabricated with existing epi-
taxial technology., Therefore, based on these results, pro-
file E was used for the remaining calculations with the P-
layer.

P- Layer Effects - Initial Performance

Using the expected values of Lepl shown in Fig, 2,
each of the P-layer cases has a maximum efficiency at some
value of Ne i and W it The highest of these maxima
(called the peak efficiency) for each value of N Bl is shown
in Fig. 4. The N, = 10"® em™3 case has the best overall
efficiency, 18,1%. For higher or lower values of N
efficiency drops.

sub’

In Fig. 5, the importance of Ne ; in achieving high
efficiency is shown, Maximum efficiency for each case is
plotted against Noub with N,,i s a parameter. Note that
Fig. 4 was derived from Fig. 5 by plotting the upper enve-
lope of efficiency at each Noub doping level, The ove'rall
highest efficiency, 18,17, is for the N, = 10'8 cm"’,

N =107 cm's, A =1 case, The next closest efficiencies

epi
of about 17, 8% are for the uniformly doped 1017 em™® and
Thus these three cases define the area of

10“‘ 3

em " cases,
greatest interest to the solar cell designer,

The uniformly doped l(ll7 cm":{ case gives the highest
J“ (43. 8 mA’('mz) because of its high diffusion length,
The uniformly doped 1018 ('m'3 case gives the highest voc
(0,703 V) because of its high doping levels at the depletion

region edge, However the efficiencies in these cases are



somewhat lower than the N, =10'® em™, N = 10'7
em™3 case. This latter case is a better compromise be-
tween the uniformly doped cases because high voltage

(0.671 V) is attained without significantly reducing Jeo
(43.5 mA/cmz). The doping level, diffusion length and
drift field aided collection combine to give best performance
in this case. Thus moderate drift fields do vffer a perfor-
mance advantage at beginning of life.

High doping level differences (A > 2) are not an advan-
tage, For example at N, = 1019 cm'aé the highest effi-
ciency of 16.75% is for N =10'7 em™, A = 2. Higher
values of doping level difference (A > 2) do not result in the

highest maximum efficiency. At r‘sub = 10ls cm's, maxi-

mum efficiency at Nepl = 1016 cm'a, A =3 is below that
17 -3
for the Nep' =10"" em ", A =2 case,

Figure 5 also shows that for N =107 cm’3, peak

efficiency is for a nonfield, conventional cell, i.e., N wtih ™
Ne p A= 0. Thus for lightly doped substrates, the drift
tlefd epitaxial cell has no advantage, The Voo achieved
with high N i makes a greater contribution to performance
than that due to the high field strengths which result from low

Nepi:
Figure 6 shows the variation of efficiency with width of

the epitaxial layer for the N . = 1017 cm'a. Neb ™ 1018

em™ and 10!? em™3 cases. Maximum efficiency of 18, 1%

Zgl8 TS | M

for Nsub 10=°5; Nepi =10"", A =1 case is at wepi ~

30 microns, Equation (4) shows that this corresponds to a

field strength of about 20 V/cm, This peak is due to a bal-

ance between increasing V__ and decreasing "s o s Wc

oc pi
decreases, This effect is shown more fully in Fig. 7.
These data are for the N . = lowcm'a. N =107
3 su epi

em , A =1 case. Maximum efficiency of 18, 1% occurs at
about wep, = 30 microns, The increase of V . as Wepi
decreases is due o increasing field strength and to the de-
creasu of the ratio of wepi to Lepi'
leads to a decrease in the calculated reverse saturation cur-

rent and thus increasing Voc'

This decreasing ratio

The effect of epitaxial layer diffusion length on efficiency
for the N, = 1018 cm's, Nepi =107 ¢m™3 case is shown
in Fig. 8, The 18, 1% efficiency discussed above occurs at a
Le g = 60 um value obtained from Fig. 2 for this substrate
doping level, If epitaxial technology cannot produce material
with this diffuvsion length, then peak efficiency will be re-
duced, Conversely, if epitaxial methods can produce higher
diffusion length materials at these doping levels, higher peak
efficiencies appear possible,

P-LAYER EFFECTS - END OF LIFE PERFORMANCE

In Fig. 9, peak efficiency is plotted against N
the end of life (EOL) vai

tial peak efficiency curve from Fig, 4 is included for refer-
4 -2
ence, After a fluence of 3» 10' em™? the highest peak effi-

sub for

values shown in Fig. 2, The ini-

ciency of 17.1% {s still for the Ny, = 10'8 cm'a, and N”‘

= 10" cm'3 case, Higher and lower values of Nlllb have
EOL efficiencies below 17%.

Figure 10 shows efficiency against W for the N -

18 -3 17 -3 apt Lo
107" em™ ", Nepl =10"" em " case for several values of
Lep!' The maximum efficiency point shifts from wepl =
30 um (field strength of 20 V/cm) to wep' ~ 8 um (field
strength of 75 V/cm) as Le i decreases, This shows the
importance of field strength in achieving high EOL efficien-
cies, Note that the initial and EOL peak efficiency values do
not occur for the same cell structure, Hewever, by altering
layer thickness to about 15 um, a nearly optimum perfor-
mance can be achieved. In this case, initial efficiency is
about 18% while EOL efficiency is 17.1%. Another design
choice would be to minimize decrease in performance with
radiation fluence, In that case, an 8 um thick layer would
have an initial efficiency of 17.7% and an EOL efficiency of

17. 2%.

CONC LUSIONS

The P-region doping levels of greatest interest to the
solar cell designer have been identified as ranging between
10’7 em™? and 10'® em™®, Within this range tradeoffs be-
tween V. and J . plus use of drift fields combine to give
the highest efficiency. Drift fields slightly improve solar
cell beginning of life performance within this range. A peak
initial efficiency of 18, 1% was calculated for the substrate
doping level of 108 cm':‘, epitaxial layer doping level of
1017 cm's. epitaxial layer width of 30 pm, field sirength of
20 V/em P-layer case, Diffusion length of 60 um, the drift
field and good solar cell properties combine to yield this ef-
ficiency,

High values of field strength in the epitaxial layer (i, e,,
above approximately 100 V/cm) do not result in the highest
efficiencies. The cell structures that produced the highest
efficienciis for substrate doping levels <1017 em™? were
nonfield, 'miformly doped struc'ures, This is because the
open circuit voltages achieved with high values of epitaxial
layer doping level are greater than those obtained in the high
field case where this value is necessarily low,

High collection efficiencies (i, e., above 0,95) and high
conversion efficiencies are possible with deep (1 um) junction
depths if high (3 pm) diffusion lengths are assumed,

The highest efficiency for end of life (3-10” w'cmz) was
17,2%, 'This occurs for a substrate doping level of 101® cm'n_
17 cm"n, and epitaxial layer
width of 8 um, Field strength is an important parameter for
achieving high EOL efficiency., Thin epitaxial layers and high
field strengths give the best EOL efficiencies, Change of

epitaxial layer doping level of 10

w i to 15 um results in near optimum initial and EOL per-
formance, This vields a cell with initial efficiency of 18, 0%
and an EOL efficiency of 17,17, This represents a tradeoff

between highest initial and EOL efficiency,
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TABLE 1. - RANGE OF PARAMETERS
USED TO MODEL DRIFT FIELD

SOLAR CELL
Parameter Range

14 19 3
Noub 10"* to 10"¥ atoms/cm

14 19 3
Nepl 10" to 10" atoms/em
wapl 8to 178 um
l“epi 10 to 100 pm
Epi 0 to 372 V/em
A 1to5

TABLE II, - SUMMARY OF PERFORMANCE OF
CELL WITH DIFFERENT N- LAYER PROFILES

N-layer | Junction | Collection voc' Efficiency,
profile depth, | efficiency,| V %
um ut 0.4 um

A 1 0,912 0.675 17.3

B 1 .944 .620 15.9

C .25 . 992 .691 18,1

D .25 . 996 . 679 17.8

E 1 . 958 . 689 18,0

F 1 L 979 L 662 17.3
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Figure 1. - Cross section of drift field cell model.
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Figure 2. - Variation of diffusion length with carrier con-
centration before and after electron irradiation.
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Figure 5. - Variation of maximum efficiency with substrate dop-
ing level for values of epitaxial level.
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Figure 10. - Variation of efficiency with drift field layer width for
values of diffusion length.
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