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THR DRIFT FIELD MODEL APPLIED TO THE LITHIUM-CONTAINING SILICON SOLAR CELL

Michael P. Godlewski, Coamo R. Baracna
and Henry W. Brandhorst, Jr.

National Aeronautics and Svace Administration
Lewis Research Center.
Cleveland, Ohio

SUMMARY

The drift field model used by Wolf to calculate
the ghort-circuit current (I .) was extended to permit
calculations of the open-circuit voltage (‘lo ) and the
meximm power (Py) under conditions of illusination of
either tungsten (2800° C) source or AMD sunlight.
Volteges were calculated using an expression for the
drift field diode saturation current derived here.

The model, applied to the oxygen rich (C-13 group)
lithium solar cells, was used to calculate the pre-
and post-electron bombardment trends of the Vou, Py,
and I, for lithé gradients in the range o

1018 to 1019 Li/eam*. Published experimental data
characterizing these cells were used to tailor the
model. Tha calculated trends are in reasonable agree-
ment with the empirical data of Faith. Diffusion
length degradation and carrier removal effects were
sufficient to predict the cell performance up to
3004 e/cn®. Beyond this fluence it was necessary to
include drift field removal effects.

INTRODUCTION

The unusual performance of lithium-containing
solar cells has been studied by several investigators
{1-3). In order to explain the self-healing effects
of these cells when exposed to & radistion er Aromment,
it has been proposed that the lithium neutralizes the
radistion induced defects resulting in leas severe
effcct on cell performance. Recently Faith (4, 5) has
measured, using a tungsten light source, the open cir-
cuit voltage (voc;, short circuit current (I;.), and
maximm power (Pp) of oxygen rich (C-13 gro:)ni} lithivm
ee]ﬁ exposed to 1 MeV electrons in the 3XQ to
305 e/ fluence range. From these data, empiri-
cal formulae were constructed which relate the radia-
tion behavior to the magnitude of the lithium ient
near the junction. Additional work by Iles (6) hed
shown that unbombarded cell performance can be corre-
lated with the 1lithium gradient. In addition Faith
et al. (7) have considered a cage in which the lithium
gradient gives rise to an internmal electric field.

Although & drift field model has been developed
and applied to calculate the short circuit current
performance (8-10), the model has not been used to
ana.yze the open circuit voltage or the maximum power
of the lithium cell. Thus it is the purpose of this
paper to formulate & general field model for the lith-
iwm solar cell, to use this model to calculate the
current, voltage, and power of the cell, and to pre-
dict the initial and radiation bombarded performance.
The model will be applied specifically to the C-13
group of lithium cells, since the electrical perfor-
mance of these cells is well documented. The formula-
tion for Ig, obtained by Wolf (8) and the diode eat-
uration current derived here will be used to obtain
the Voo from the simple diode equation. The maximm
power and cell curve factor are also calculated.

These equations include drift field effects and apply
to the low injection cage.

REVIEW OF PREVIOUS EXPERIMENTAL WORK
Lithiun Gradient ana Cell Performance

The calculations using the four layer drift field
model are based on measwrements of the lithium profile
end diffusion length for the C-13 group of oxygen-rich,
lithiuw-diffused p on n solar cells published by Faith
(4, 5) and Iles (6). These date are summarized in
Teble I for nominal lithium concentrations evaluate
at the junction edge (x;), at the rear contact (W),
and at the subregion edée (X). The preirradiated cell
performance, e.g., Voo, Py, Ig., and lithium rofile,
was measured for eelgs in this group and was found to
correlate with the lithiuvm gradient at the junction
edge. The high vpltage ceils, wnicnh nad & high gra-
dlent (~ 1019 cm~*), were fabricated in short lithium
diffusion times (375° C - 180 min). Using experimental
data, it was estimated that the gradient extended over
a region 3 um thick next to the junction. Similarly,
cells which were diffused for longer ti.neg (325° C -
480 min) had & lower gradient (~ 1018 ™) and also a
lower V,, compared to the high gradient cells. The
subregion thickness for this case was estimsted to be
about 10 to 20 pm. Cells diffused in the short times
had higher measured lithium concentrations everywhere
in the n-bagse, than were cells diffused for longer
times. No experimental diffusion s ule can be
as. igned to the medium gradient (5-A0°C) cells. How-
ever, it is thought that these gradients are a result
of the 375° - 180 min diffusion end extend over a
thickness that is intermediate to the high and low
gradient cases. Correlations of the lithium gradient
with the measured values of I,, and Pm were also
made. In these cases hovever the trend appears to be
that the highest values of I,, and F; occur for the
low gradient and the lowest values for axe high gra-
dient. The carrier lifetimes shown in Table I repre-
sent nominal data representative of each type cell.

irical Bombardment Data

Measurements of the V.., P, and I ., of select-
ed C-13 cells after exposure to T MeV, elecgron fluences
in the range of 3X1013 to 3x1015 e/en® have been re-
ported by Faith (4, 5). A tungsten light source was
used for cell evaluation. From these data empirical
formulae were developed that reflect a dependence of
each cell parameter on the electron fluence and on the
1lithium gradient (dN/dx). These relationships which
are valid only in the above fluence range are shown
below:

Open Circuit Voltage

_18 4N
Voo = v(o)l° + A log (m 18 E) ()

Maximm Power

B = I'(o)l4> - B log (10':lB % ) 2)



Short Circuit Current

Ige = I(°)|° - C log (10-18 g) (3)

The slopes A, B, and C, determined fram the measured
date, are 16 mv/decade, 2.4 mw/decade, and 8.5 ma/
decsde reapectively. The intercepta v(o)'o R P(tn)[°
andolg(o“g represent values corresponding to the

1200 ®* gradient and have different magnitudes at
each fluence level. In addition an empirical relatione
ship for the 1 MeV electron demage coefficient (Kj)
was determined from the I,, bombardment behavior and
is shown below.

-18 73N 1/2
k(o) = 5.3a0°0 (T) 7 (1 - 0.053 10g ) ®)

THEORY

Description of h-layer Model

The cell model shown in figure 1 is identical to
the one used by Wolf (8) to calculate drift field cell
collection efficiencies. The homojunction semiconduc-
tor device is divided into a diffused and e base re-
gion. Each region is further divided into two sub-
regions resulting in four layers for the total strue-
ture. The subregion boundaries, Y and X, can be varied
to alter the relative thickness of each subregion. The
depletion region is not counted as & fifth layer since
all photogenerated carriers in this region are assumed
t0 be collected (i.e., 100% collection efficiency).
The impurity concentrations shown in figure 2 are
gpecified at the boundaries of the front and rear
surface (O and W), the subregions X, Y and the deple-
tion region. This arrangement permits drift electric
fields to be applied acroes the subregions. For this
study only exponential impurity distribuiions are
agsumed which result in constant drift fields. Other
cell properties used in calculations are shown in
Table II. Individual subregion properties such as
mobility (u) and carrier lifetime (t) can be specified
independently. Additionally the surface recombinatjion
velocity for the rear (s,) and front (sg) surfaces are
specified. The calculations are for a tungsten 2800 K
spectrum except where noted.

The general approach to the solution of this
model requires solving the continuity equation using
the current transport equation and appropriate boun-
dary conditions.

We have extended the work of Wolf (8) to permit
evaluation of the open circuit voltage and maxiwmm
power, in addition to the short circuit current. Using
the same boundary conditions at the subregion and front
and rear surfaces, as cited in (8) an expression for
the drift field diode saturation cwrrent (I,) was de-
rived, and is shown in Appendix A. Hence Ig reflects
the four layer concept in that not only can the mate-
rial properties of each sublayer be specified, but also
that drift fields can be introduced via the exponen-
tial impurity dist-ibutions. Thus expressions for
and I,, were programmed on a high speed digital com-
puter and used to calculate the voltage frum the ex-
pression

I
V°c=%1n(—’1°£+l) (s)

The maximum power was calculated using the well known
relationship

Frax = F * Voo * Ige (6)

The curve factor (CF) was calculated using the
equations and an iteration method proposed by Loferski
(11). The overall computer program is arranged to
pernit performence analysis of a variety of cell de-
signs and operating enviromments. The cell geometry,
the depletion region width assuming an abrupt Junction,
material properties and drift field strength can be
selected or calculated in addition to the choice of
cell operating temperature and photon spectrum for
either tungsten or sunlight. The cell spectral re-
sponse can also be calculated, Reflection coefficients
for either a bare or Si0 coated cell can be selected
to simlate the real cell, rather than assuming ccm-

plete absorption.

Mode of he Lithium Cell

The computational model used to represent the
experimental cells was constructed in the following
way. The lithiumn concentration from figure 2 is spe-
cified at the depletion region edge (x = x,), at the
subregion boundary, and at the rear contect X = W.
Even though the real profile may be .far more coaplex,
the lithium concentration was approximated by an ex-
ponential increase from the depletion edge to the sub-
region boundary. From there to the omic rear con-
tact, the lithium was assumed uniformly distributed
and therefore fleld free. Thus, having specified the
concentrationg, the width of the subregion nearest
the junction (i.e., field region width) was calculated
using the experimental values for the lithium gradient
and equation (B6) derived in Appendix B. (Conversely,
given the concentrations and the field region width,
the gradient could be calcula ed if so desired.) The
field regipn widths calculated for the 11019 and
1 can™" 1ithium gradients ere about 3 end 11 um
respectively. These values are in reasonable agree-
ment with the experimental Cace

The selection of velues for the various cell
paremeters algo was based, where possible, on experi-
mental data. The initial carrier lifetimes shown in
Table I were based on the I.. versus diffusion length
data from Faith (12). The same lifetime was assumed
for both subregions, The differing carrier mobilities
shown in Table II reflect the difference in average
lithium concentration of the two subregions. Other
cell specifications used in the modeling are shown in
Table II.

For the electron fluence range of zer> to 3K101'*
e/cm?, the lithium cell performance was easily simu-
lated assuming only diffusion length (1lifetime) degra-
datinn and carrier removal effects. The changes in
the initial diffusion length were calculated using the
damage coefficients computed from equation (4), Car-
rier removal effects were simulated by reducing the
initial lithium concentrations using a constant carrier
removal rate (CRR) of 0.04 carriers/cm-electron.

At the 3x1015 e/cm? fluence the assumption of
field removel, in addition to diffusion length and
carrier removal effects, was necessary to simulate the
measured data. Field removal was included by artifi-
cially reducing the electric field strength in the
subregion nearest the Junction. The field was de-
~reagsed using a trial and error method vrnc¢il the vol-
tages calculated for the 3x1017 e/cm® fluence vere
brought into agreement with the experimental data. It
is obvious that this procedure "forced"” the highest
fluence voltages into agreement with the experimental
trends. However the appropriateness of this approach
was judged primarily by the magnitudes and trends that
resulted for the short-circuit current and the maximum
power.



RESULTS

Open-Circuit Voltage

The results of the calculations for the initial
and bombarded V4., K and I . are shown in
£ 3, for lithium gradients in the range of 1013 to
1019 @™, The calculated data are based on lifetimes
calculated from the empirical damage coefficients and
for a constant CRR of about 0.0k. Figure 3a shows the
calculated voltage data as the open symbols compared
to the empiricel deta, shown by the solid lines. The
initia:(l calculatec; voltages are representative of the
range (error bars) of experiment. mea, values
corﬁesponding to gradients of 1019, leoﬁl;e:nd 1019
cm™*. In general it was found that the initial vol-
tages depend strongly omn the lithium concentration at
the depletion region edge, and to a lesser degree om
the initial carrier lifetime. The agreement between
the calculated and experimentai trends at the three
fluence levels ig excellent. The fall off of voltage
being about 15 mV/decade; in agreement with experiment.

Decregges in the lithium gradient are predicted
above 3 e/cm and are ghown in the figure. TLese
changes are due to carrier removal effects and are
most severe for the lowest gradient due to an overall
lower lithium concentration in that cell. It was
found that lifetime degradation and carrier removal
alone would result in a slope at the 3<10°? e/cm?
level that wes much steeper than that indicated by
the expe imentel data. Agreement was achieved, how-
ever, by artificially reducing the drift field to
simulate radiation induced field removal. Although
there is no experimental evidence suggesting that
field removal does indeed occur, Dresselhaus (13) sug-
gests that mobile negatively charged radiation induced
defects (1, 14) can drift within the field region.

If this were the case & counter field would arise
weakening the lithium dvrift field.

Maximm Power

Figure 3b shows the initial and bomberded trends
predicted for the maximum power. The calculated curve
factors of about 0.80 were reduced by 8% to more
clogely agree with experimentel data. These data
correspond to the seme conditions as discussed for the
voltege. The s0lid lines represent the empirical data,
while the broken lines and open symbols show the cal-
culated trends. The experimental data were converted
to a power density by assuming an active area of 1.8
@2, The disagreement between the experimental and
the calculated power densities is about 5 to 10%.

The predicted slopes are slightly steeper but yet in
reasonable agreement with the empirical trends. As

shown in Table III, the calculated range is 3.33 to

2.46 ni/decade compered to the average experimental

value of 2.40 mi/decade.

Short-Circuit Current

The predicted short.circuit current densities
(broken lines and open symbols) are shown in figure 3¢,
and are again compared with the empirical trends
(80144 lines). The experimental current Adensities
were calculated assuming an active area of 1.8 eam®.

As can be seen the predicted dependence of current on
lithiun gradient is in reesonable agreement with ex-
periment. These slopes are compared in Table III,

The calculated values range from B.91 to 8.37 ma/
decade compered to the experimental average of 8.5
ma/decade. It is perplexing, however, that the magni-
tudes of the calculated current density at the 3

and 32015 e/cm? fluences are in disagreement by about
10% with the measured deta, The current is under-

eat(i).?ted at 3a013 ¢/ o, but overestimated at the
3x1015 fiuence level.

Since the current is more sensitive than the V..
or P to intensity, spectrum, and diffusion length,
failure to closely simulate the experimental conditions
would have a more pronounced effect on the current.
Furthermore, the radiation damage trends are found to
be sensitive to the character cof the light source.
Figure 4 shows the results of the I,, calculation
where the AMD sunlight spectrum was substituted for
the tungsten 2870° K spectrum used previocusly. Not
only is the slope significantly shallower (%.8 ma/
decade) than for the tungsten case, but the AMD current
densities are also about 16% higher. These results are
not unexpected since it is well known that a radiation
dameged cell will appear more severely degraded when
evaluated with a red-rich light scurce compared to a
similar evaluation with a blue peaked source. This
shows that in addition to the intensity, the spectrum
of the light source plays a significant role i: deter-

e cell's radiation performance trends as a func-
tiop of lithium gradient.

CONCLUSION

The four layer drift field model was used to pre-
dict the pre- and p~st-irradistion performance of the
lithium solar cell. Using this model and published
experimental data for the C-13 group of lithium cells
the Voo, Igo, and Py were calculated and compared
with the measured performance. The empirically deter-
mined dependence of these parameters on electron
fluence and lithium gradient has been verified using
+hig model and by assuming diffusion length degrada-
tion, and carcier removal. For fluences above 3)(101
e/t:mé the added assumption of field removal was made.
Calculations using an AMD light source epectrum pre-
dict that tt. rate of change of the performance para-
meters with lithium gradient is less than when measured
under tungs-en illumination.

It is roncluded tnat this model can be applied
generally .u explain tne performance of all lithium
cells pro-iding sufficient information is available
concernin  the litnium profile and the minority carrier
iifetime, as well as the character of the light source.

APFENDIY. A - SATURATION CURRENT

Using the model shown in figure 1, the n-base
nt of the diode saturation curremt density is
derivad from the continuity and the current transport
equations. The treatment i3 Identical for the p-base
component. Hence, for the one dinensional case, the
general differential equation can be written in the
steady state

2
dn  gE n
+ nev==0 (A1)
o B L

where E 18 the constant drift field and the
n-base bulk diffusion length. Equation (Al) has the

general solution

n(x) = D, F1X , p_oT2% (A2)

2

where



ro is similar except that the 2nd term has a negative
sign instead of positive. A similar solution with
different coefficients is written for the second sub-
region. Equation (A2) is the general expression for
the minority carrier density in the n-base. The drifit
f4218 solution is obtained by golving for the coeffi-
cients subject to the following boundary conditions:

l. at x= xJ
By
n(x,) = T, {exp BV -1)
where 8 = q/kT, n; the intrinsic concentration, end
Np the lithium concentration at the junction edge.

2. st x =X
my () = 2y(0)

(x) (x)

an,,
N “nlElnl(x) = Do, Tax

Y

M LlanZn‘Z(x)
(a3)
where the subscripts 1 and 2 refer to the subregion

nearest the Junction and nearest the contact respec-
tively.

3. at z =W
(W)
dnadx = - 5,n,(¥)
where
gE 8
Sp = Fz ‘5
o

and 8, is the surface recombination velocity.

After an algebraic manipulation, the following
expression is obtained for the diode saturation

current
o2 CBl+A.1expm1'A])xJ)+ oF, !Cwmml'A])xJ)
I =-qD -—1' 1
° THN Crexp PL-AD%]
where
qE (qzm 2 1V V2
An = T - 2u) * <L—) * "o S
;. (Ak)
Bm = an + Gnm

wvhere m = 1 i3 the subregion nearest the junction,
m = 2, nearest the contact; and

8.~
(sz_:: exp 0o (H-X) 31'7“2] . [51' 732] exp20nr

C= (. 2~Aa 200 (WX) 10 -
5,75, [7A2 Al] * [7 2 Al]
o2

Bay

A similar equation can be derived for the diffused
layer. Therefore the total diode saturetion current
used to calculate tne open-circuit voltage can be
vritten

Ioaionﬁlop (AS)

APPENDIX B ~ FIELD REGION WIDTH

The field region wiath was calculated by assuming
1ithium concentration (Np) at the depletion edge (xj)
that increases exponentially to the subregion boundary
X. The width of this subregion is therefore (Xexty ).
The concentration (Ny) is essumed constant from tge
subregion boundary (x = X) to the rear contact (x = W),
The lithium concentration within the subregion
(x - "J) can be expressed

Nl(x) = No exp ax (F1)

where a is the grade constant. (Bl) is subject to

the boundary condition:

at x = xJ: N(xj) = No exp axj = NL; (B2)

at x=X: N(X)=N°exan=NH

The lithium gradient is given by

a5 _ B
= ek exp ax (®3)

evaluating (B3) at the depletion region edge x = X;

FU}

dx saNL

X = X, (B4)

From (B2), the grade constant can be determined

N
1n 2
— (25)
as X-xj 5
Substituting (BS) into (B4) and solving for X - xy
N,
1n &
&
X - xJ = NL
x = x, (B6)
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TABIE I

PUBLISHED EXPERIMENTAL DATA FOR C-13 GROUP
OF LITHIUM CELLS - REFS. S5 AND 12

High Gradient Low Gradient

(375°C-180 min)| (325°C-480 min)|

Lithiwm
Concentrat ton{1)f x=x
toms,/

gaott 3oLk
5xq0%6 101
5x3016 1016

Xﬂ'XJ

x=W

Gradient , atoms/ca

109 108

Initial? et ime
(N-bage {2

s usec 10 27

[sbregion wiath(3),m

~3 10-20

TABLE 1T

ASSUMED OR CALCULATED DATA USED IN
LITHIUM CELL MODBLLING

[ High | Medium Tow
Gradient|Gradient | Gradient
Field Region (X-xJ) 3.0 6.6 1.1

Junction Depth (xJ)

Cell Thickness
(um)

-_— 0,25 ————t

- 375 ——a

Mobility, [(X-x,) Region
cmz/volt-aec (W-X) Regl

e 500 i
300 300 L0oo

Diffusion Region Profile

erfc (1/3 Dead layer)

Surface
Recambinat Front -1 >
Velocity, 8
om/sec Rear -— 10—
AR Coating g si0 -
Lithium Gradient 19 17
atons/cal 1.108] 5x1018 | 9,520
TABIE TII

CALCUIATED AND EXPERIMERTAL RADIATION
DAMAGE DATA FOR Igoc AND Byay FOR
HIGH AND LOW GRADIENT LITHIUM
DRIFTED SOIAR CELLS

Current (ISCC)
poctron | o1 (A=1.8 cn?) Exper inental
’
o /cm2 Decade Slope
303 8.46 8.4
paott 8.91 8.4
paotd 8.37 8.9
Average 8.4 8.5
Maxinmm Power
Electron
AP (A=1.8 cn)] Experimental
F]é‘;e;n%e’ Decade Slope*
303 3.33 2.3
30 3.2 2.40
3q0t? 2.6 2.42
Average 3.01 2.4

* Refs. 4 and 5
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CROSS SECTION OF FOUR LAYER MODEL
OF LITHIUM SOLAR CELL
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Fig. 1

LITHIUM PROFILE AND FIELD REGION WIDTHS
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OPEN CIRCUIT VOLTAGE IMMEDIATELY AFTER IRRADIATION
VERSUS LITHIUM GRADIENT FOR TUNGSTEN 2800K SPECTRUM

ELECTR

62,02 O CALCULATED DATA FLLEUEN(??

: —— EXPERIMENTAL 2
RANGE OF 0 0 efcm

sal INITIAL

. VOLTAGE-S—‘D—’/D-——"D'- 3x1013 elcm?

.54

Voc 3101 efcm?
]
3)(1015 elcm2
. 46 - D/%

V] | | 1 ni l | S l l | ] |J
1017 1018 1019 102
LITHIUM GRADIENT tcm ™%
Fig. 3a

MAXIMUM POWER IMMEDIATELY AFTER IRRADIATION AGAINST
LITHIUM GRADIENT FOR TUNGSTEN 2800K SPECTRUM

20—
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18+—0040 CALCULATED (CF REDUCED &%) FLUENCE
~Om—m (elcm?)
16 |- O =~0~0
14 L—
P ==
MAX ==
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SHORT CIRCUIT CURRENT IMMEDIATELY AFTER
IRRADIATION AGAINST LITHIUM GRADIENT
FOR TUNGSTEN 2800K SPECTRUM

ELECTRON
L] o FLUENCE
| {elcmd)
36—
32
(mAlcmz) |
2
|- — EXPERIMENT
(AREA 1.8 cmd)
—0,00,A,0 CALCULATED }mols
16 | | I | L 1.
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LITHIUM GRADIENT (cm™%
Fig. 3c
CALCULATED RADIATION BEHAVIOR OF SHORT CIRCUIT
CURRENT DENSITY FOR AIR MASS ZERO SPECTRUM
YU 00.AD cALCULATED
a2l AVERAGE SLOPE 4.5 ma/DECADE
o~ o ELECTRON
o ~a . FLUENCE
38— ~o. 0 elem
Isc. 5l ~ T~a
(malcm2) \A\\ =~ O. 3X1013
57| o >~ -
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o =~
O . 3r1015
l Lo l L gl L]
1017 ] }Pw 02
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Fig. 4
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