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1. SUMMARY o | : N ;?7/7

This report describes the results of a theoretical and
experimental study of drift field solar cells, The objective of

the program was a general comparison of drift field cells with

_ conventional solar cells, and in particular to understand and

to predict the radiation damage behavior of drift field cells.

The work which is reported here concentrates onltwo_
specific investigations: the current—voltage relationships in
drift field cells compared with cconventional cells; and the .
spectral response of the two types of cell, In both phases of
the program detailed measurements were carried out at various
saﬁple temperatures, %Eé in normal and irradiated cells, The
temperatures were in the range from room témperature down to
77°K, and the irradiations were with 1 MeV electrons and 3 MeV
protons, . _ _

The results of the investigations provide clear indications
of the reasons for the failure of drift field cells to outlast

conventional cells when they are operated in a radlatlon

environment,
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11, CURRENT-VOLTAGE CHARACTERISTICS

A conventional silicon solar cell is very nearly a classical
abrupt p-n junction with perfect planar geometry. The base |
region has a uniform, homogenéous concentration of impurities_
(donors or acceptors, depending on the conductivity type).

- The surface layer has a large gradient in impurity.concentrétion,
but this is of little practical importance. The transition _
between surface and base regions- is well-defined, and consequently
the depletion layer is quite narrow (much less than 1 micron
thick).

In a device of this description, the currents which flow
~under both forward and reverse bias coriditions can be éttributed
to several sources, One source is a‘diffusion current consisting
of minority carriers which diffuse into the depletion layer
and are then swept across the junction by the internal electric
field within the depletion layer and any external bias which .
may be applied. At zero external bias the total net current
flow is zero, and this condition is achieved by a detailed .
balance between minority carriers flowing across the junction
and generation-recombination on both sides of the jﬁnction.

In addition to the diffusion currént, there is a1s6 a
current produced by thermal generation-recombinaﬁion within the
depletion layer. The features of the generation-recombination
current have been treated by Sah, Noyce, and Shockley(l).

In the work which is described in this repoft, we have
confined most of our observations to low current-voltage conditions,
By this we mean that the injected current in the forward direction
does not produce non-equilibrium carrier concentrations that are
comparable to the majority carrier concentration in the lighter-
doped side of the junction, and that the applied bias in the
reverse direction is not large compared with the electrostatic

potential barrier at the junction, Under these conditions,
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is given by the ideal diode equatlon

L =1, [exP (OV fQT‘) — (1)

According to this equation, the forward current goes approximately
as exp(qV/KT) and the reverse current saturates at a value of'Io..

The thermal diffusion current at intermediate current levels
approaches a voltage dependence that is given by exp(qV/2kT).

The space-charge region generation-recombination'current(l)
should go as exp(qV/2kT) in the forward directibn and as V©
in the reverse direction, where n is between 1/3 and 1/2 depending
on the shape of the impurity prdfile in the vicinity of the

jﬁnction (i.e., whether the junction is gradual or abrupt).

Both of the currents discussed above have characteristic
voltage and temperature dependencé° In addition to these currents
several other types of currents are observed. The most important
of these is a current in the forward direction which has a much
~ slower voltage dependence than either of the .previous cases,

In some of the individual cells we have studied, nofably the
early drift field cells, this component manifests itself strongly
at low and intermediate forward biases,

We have termed this current the "excess current" following
the nomenclature used to describe similar currents in tunnel dlodes;

Under large forward or reverse bias conditions there are
effects other than those described above. Large forward currents
are accompanied by series resistance effects, and large reverse
biases produce leakage currents which may exceed Ioo The I-V
characteristics as described can be analyzed using the equivalent
circuit shown in Fig, 1. _

So far we have confined our discussion to an idealized
- conventional solar cell, Extending it to drift field cells _
imposes no major changes in the phenomena to be expected. Currents

which originate in the space charge'region should be essentially
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the same as for conventional cells, et least in the forward
direction, In the reverse direction\theAspace charge g-r
current will differ only slightly in the two cases. The thermal
current in the forward direction consists mainlj of majority
carriers from the surface layer which are injected into the
base, Since there is not any special difference between

surface layer production methods in conventional yvs, drift

field cells the thermal currents are expected to be the same,

Temgerature Effects

The temperature dependence of the I—V characteristics
can be qualitatively deduced from Qur previous ‘discussion.
The thermal curreht has a voltage dependence that is strongly
temperature~-dependent; at low temperature the current is
more steeply voltage dependent .than at high temperature. In
addition, I° decreases rapidly with decreasing temperature,
If we are observing a minority carrier diffusion current,
I will have a temperature dependence that is given approx1mate1y
by exp(-Eg/kT) neglecting factors which are only slightly
temperature~dependent. In this expre531on, Egrls the bandgap
energy. .

If Io is due to g-r current in the space charge region
its temperature dependence depends on the location of the g-r
centers in the band gap. For centers lying midway between
valence and conduction bands the temperature dependence is
given approximately by exp(-Eg/ZkT).

We are unable to deduce the temperature dependence of the
excess current, however, since its origin is still unknown,

The reverse 1eakace current (due to surface effects, for
example) is expected to have a relatively slow T-dependence,

as is the effect of series resistance in the forward direction,
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J1lumination Effects

In'all cases studied to date, both conventional and drift
field cells, the effect of illumination can be well repreéented
by a pure translation of the I-V curve in the negafive-I
direction, This is consistent with all previous descriptions
of the operation of these devices, and will not be pursued

further here.

Radiation Effects

Radiation damage affects the photovoltaic response much more
sensitively than the dark I-V characteristics. The first ob-

servable radiation effects can be described as a slow decay .

of the illuminated I-V curve back along the I-direction towardé :

the dark I-V curve. Thus the shape of the I~V curve determines
the relative damage to Igc and Véé (the photovoltaic short-circuit
current and open circuit voltage, respectively). _

At considerably larger fluxes the shape of the dark I-V

curve is also changed., These chénges appear in both the forward and

‘reverse characteristics, In the sections of this report which

follow we will discuss the details of these changes, and
correlate the experimental results with the basic current-

generating processes described above, - : :

Experimental Results

(A) Forward Characteristics

The forward I-V curve for a conventional n/p cell is shown in
Fig, 2. This curve is typical of practically all of the
conventional célls that we have examined; The current-voltage
dependence is practically a perfect exponential function:
I=1 [exp(qV/nkT)] where n=1,6 for the cell shown,
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The forward I-V for a typical sample of the early model
drift field cells is shown in Fig. 3. The striking feature of
this characteristic is the presence ofA"structure" in the
characteristic, namely a current at low énd‘moderate forward
bias which is large compared with the thermal current, and which
has a slower voltage dependence than the thermal current, This
current dominates the forward characteristics for forward biases up
to 0,5 volt, and forward currents up to 10 milliamperes. The
result, as far as the operation of the drift field cells is
concerned, is a distinctly un-sqcare»I—V characteristic, with
a consequent loss of conversion efficiency., Also, under irradiation
as the I-V curve shifts towards smaller current, there is an '
anomalously rapid deterioration of the photovoltage cpmpared‘&ith
the deterioration of the photocurrent, . o '

The I-V of recent drift field cells is typified by Fig. 4.
These cells are similar to conventional n/p cells as shown in
Fig, 2, in that the excess current is either quite small or is
totally absent, _

A comparison of the room temperature and low temperature
behavior of a conventional cell is showniin Fig, 5. This figure
also shows the curves after iﬁradiation with 3 MeV protons (to a
flux of 1013 protons/cmz). As ekpected, the thermal current is
totally unobservable at low temperature; the current.remaining
at low temperature has a slow voltage dependence, and the size of
the current at low bias is very nearly équal to that at room
temperature., On the assumption that the departure of

the room temperature I-V characteristic from pure exponential
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at low voltages is the so=-called excess cufrent, we would conclude
that the excess current has a small or vanishing temperature
dependence, _

After heavy proton irradiation the forwade I-V at room
temperature is changed in a way that is best described as a large
increase in the series resistance of the ceil. The current at.
large forward bias departs markedly from the thermal (exponential)
current, as shown in Fig, 5. i

The residual forward current at low temperéture'thich.we
believe may be solely the $§cess current) is strongly affected‘
by proton irradiation: 10 protons/ci. produces a factor of 20
reduction in the current., Forward I-V measurements made on electron-
irradiated conventional and drift field cells (with much lower
effective fluxes) indicates that this effect is present under électrén
irradiation also: a bombardment with 2‘x'1015 e1ectrons/c_m2
@ 1 MeV produces a small relative reduction in the amount of excess
current present, B

Fig, 6 shows the forward characteristics for a conventional:

15 ém-z)

and Fig, 7 shows the same curves for a drift field cell, There

cell before and after 1 MeV electron irradiation (2 x 10

appears to be a small increase in the thermal current in both cases’
following irradiafion, and a similarly sméll decrease in the excess
current, Both of these changes are too small to be asserted confidéntly,
but if real they are quite significant, and it is our recommendation

that similar measurements be made on cells more_heavilyvirradiated.



(B) Reverse Characteristics

The reverse I-V of a conventional cell at room cemperature
and at 779K are shown in Fig. 8. At room temperature the current
is linear with voltage, At low temperature the curve is not a
pure power law, and at all voltages the dependence is faster
than linear,

* Similar measurements made on a drift field cell are shown
in Fig, 9. In this case the temperature dependence is greater
than in the conventional cell, but the general characteristics
described above obtain here also, The room temperature current
is linear with voltage, and the iowAtemperature»current rises
faster than linearly, o

The effect of proton irradiation on a conventional cell is
shown in Fig, 10, Before irradiation the cu#rent is linear with
voltage; after irradiation it is roughly proportional to’ %o

An electron-irradiated conventional cell is shown in Fig, 11,
In this case a relatively light electron bombardment produces a
definite reduction in the reverse current, but leaves its voitage
dependence unchanged, 1In both cases the current is nearly linear.
with voitage. _ |

 Similar results for a drift field cell before and after
electron irradiation are shown in Fig, 12, In this case irradiation
reduces the reverse current_sharply,'but“it leaves the current- |
voltage dependence nearly unchanged,

The tempeféture dependence in a-'lightly-irradiated drift
field cell is shown in Fig, 13, The effect of cooling is similar
to the effect of irradiation shown in Fig, 12; the current is

reduced but the voltage dependence is unchanged.




Discussion and Conclusions

Comparing the results of measurements made on conventional
solar cells and on early and recent drift field cells, we
believe that the reported anomalous drop in open circuit voltage
in drift field cells can be attributed completely to ﬁhe excess
current which is present in the early drift field cells,
Since the recent drift field cells do not exhibit this current
nearly to the extent seen in the early drift field cells, we
believe that the phenomenon is associated with the early
- fabrication procedures, and that it is not inherent in the drift
field configuration, _ o
- The linear current-voltage relationship which we have seen-
in both conventional and drift field cells is inconsistent with
either generation-recombination currenté or with diffusion current
from the base, In the former case the current should vary as vt
where n is between 1/3 and 1/2. in the latter casé, the reverser'
current should saturate as the reverse bias is increased, The
voltage dependence of the reverse.currént is also inconsistent with

both of these currents, The nature of the excess current and the

reverse current is not known at present,



«10-

ITI. SPECTRAL RESPONSE

The spectral response of conventlonal solar cells has been

calculated by Dale and Smlth( ) and by Wysocki and Loferskl( ).

Based on a solution of the transport equation with appropriate

boundary conditions, the spectral response can be divided up

into two contributions: one from the base and one from the

surface layer. The base response contributes more than the

surface to the overall performance of the device, and it is

more easily amenable to analysis in terﬁs of the basic properties

of the base material, ’ |
Following the notation of Reference (3) the base response

—wxd A
<L, e
Q)= F /'“”‘L%) (2)

is given by

where ®{ = absorption constant, - LB::the minority carrier diffusion
length in the base, ,2 = the thickness of the surface layer. 1In
this expression the surface reflectivity is taken to be zero.

If we consider only the wavelength region for which X is
small compared with 1[1 (-{ is typlcally less than 1 micron, so -
X must be smaller than 104 cm ) we obtain |

!
QL = ;5—7:’ | (3)

The limiting value of Q(o()é{ as X tends to zero is
just Lye A '

At intermediate values of X the left hand side of equation (3)
approaches a 1/xX dependence, At large values of X the factor
e must also be included., What is observed, in fact, is a
déviation of‘Q(a:)/u: from a purely 1/X dependence as
increases, and this deviation may be used to determine the thick-
ness of the sur face layer.

Since the major differences (if any) between conventional

and drift field cells will lie in their respective base response,
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we have concentrated in the present investigation on the -
base response exclusively,

The expression given above for conventional cells was
calculated by solving the transport equation and was based on
diffusion of the minérity carriers from their point of
generation to the plane of the junction., To a good approximation
the probability that a carrier will survive to diffuse through
any distance x is a simple exponential fuﬁction of x:
Pfobability = exp(—x/LB). As Fang has shown(‘+) the function

Q(=)/x is related to the Laplace transform of the collection
probability function., The Laplace transform of exp(-x/LB).
isAlléiféé) -and this result is identical to the expression
given above (Eq., 3) based on Reference 3,

In the spectral response analysis Which follows, we have
plotted the function Q(o¢) /x vS. 'K in all casés. 'This
allows a convenient, straighéfbrward determination of the
basic properties of the material before and after irradiation,

‘In each case the resPOhsé before and after electron irradiation
is shown; the bombarding energy was 1 MeV and the total
flux was 1016 electrons/cm2 in each case,

Fig. 14 shows a typical such plot for a conventional

cell, As expected, the curves saturate at low values of % and

tend to go as 1/x at higher values of X (stili less than 104 cm-l).
From the saturation value of Q(x )/« we can infer the diffusion
length Lg. For the cell shown, we find that LB(pre—irradiation)

is 90 microns, and LB(post-irradiation) is 10 microns.

Writing the effect of irradiation on diffusion length in the

usual form

= ‘A .\_Kgb

.2 i . 4
BFI?\‘;\L B UNTR AN ( )
we calculate that K = 1,0 x 10“10, a value that is in reasonable

agreement with existing data on conventional cells.(s)
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The shape of the spectral response of drift field cells has
not previously been calculated, ‘Following Fang's Laplace transform
approach we can calculate the respdnse for cases where the
collection probability funétion G(x) is pure exponential,

If G(x) = exp(-x/L) in the drift field region, and G(x) = 0

elsewhere,

-l .
jG(x) e X ax -
wr

Je-x/L e x dx

o

| -(1';+u<)w~
P+ [‘~ = - )

M( )

The asymptotic behavior of this expression is useful in
analyzing the experimental data: - ' A

At small values of « -w/L

M(K) —> L 1 - e /Ty )

At large values of & M(X) = 1/ (7)

We may now consider two limiting cases: (a) L*w;
(b) L>>w. |
(2) LLw
In this case the asymptotic behavior of M(x) is the following:
' small: M(X) —= L '(8) A
% large: M(x) = 1/X

This result is identical to that previously described for

the conventional solar cell,

(b) 1w _ _
From Eqs. (6) and (7) the asymptotic behavior is:
< small: M(X) > Ll -14+w/L..o.L.) = W

(9
X large: M() —> 1/>=

It is apparent from these results that it is impossible to
differentiate between case (a) and case (b) from an analysis of
the limiting behavior of M(<)., Since this ambiguity exists,

and since the "diffusion length" in the drift field region is
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ot € the true minerity carrier diffusion length in

the epitaxial material, we will hereafter refer to the experimental
parameter determined from the limiting value of M({) as. ©—>0

as the "depth parameter' in drift field cells. |

The depth parameter in either case (a) or case (b),
or in any intermediate case, cannot exceéd-w. Furthermore, the
pre-irradiation value of the depth parameter establishes a lower limit
for w, and any changes produced by irradiation must be related ’
to a true reduction of the "diffusion length" rather than to any
reduction in w, As a result, the post-irradiation value of the
depth parameter can be related'to-the damage constant”K~given'in
Eq. (4).

Figs. 15 through 24 show Q(<¢)/ vs. X for a number of
drift field cells before and after irradiation.'.The resu1ts of our
analysis of these curves are given in Table I,: _

The most striking feature of the results is the unusually
rapid deterioration of the depth parameter'ﬁndervirfadiation.
Whereas all expectations werevthat the electrostatic field would
assist in carrier collection, and hence reduce the value of the
damage constant K, in practice the damage constants in these
drift field cells are considerably higher-than in conventional. o

cells, To be specific: in conventional ceils,.K is typically 10~
In our sampling of drift field cells, the average value of K
. - .A=10 ‘ -10

is 4.6 x 10 t

1x 10-9. The worst cases, TI 4-4 and TI 4-5, were a factor

, and the range of values is from 2 x 10 o

of 10 more damage susceptible than conventional cells,




TABLE I

Cell Number Depth Parameter (microns) K
Before irradiation[_Afterwggﬁs

TT 1A-1 1% 3.5 7.8 x 1070
1A-2 16.2 1 aa 5.4
2-1 19 6.7 2,0
2-2 19 B 4.7
3-4 28 6.7 2.0
3-5 30 | 6.7 2.0
3-6 32 7.8 1.7
L=4 12 2.8 10,
4=5 10 . 2,8 10.
5-1 33 5.6 3.0
5-2 37 ' 7.0 1.9




CONCLUSIONS AND RECOMMENDATIONS

To summarize our findings to date:

(1) The excess current which we have observed in early models
of the drift field cell were responsible,.in our opinion, for the
reported anomalous voltage degradation in these cells upon irradiation.

(2) Samples of drift field cells made in recent productidn
do not exhibit as high an excess current as did the early drift field
cells; as a result, the recent cells do not show any unusual
degradation in the open circuit photovoltaoe under bombardment

(3) The excess current may easily be monitored in any production
run of drift field (or conventional) cells, If this is done,
a relatively important factor in determining,the radiation damage
rate of these cells can be controlled or eliminated, It is our
recommendation, therefore, that such monitoring be done, at least
on a sampling basis, in future productlon runs,

(4) The results of our spectral response analysis indicate
unambiguously that the drift field material (epitaxial silicon)
has significantly higher damage susceptibility than the materlal
used in making conventional solar cells (1-10 ohm-cm). We recommend,
therefore, that if research & development in drift field_célls is
to be continued a more basic study of rédiétion damage in epitaxial
silicon is almost mandatory. Such a program should consist of
Hall measurements, lifetime & trapping stﬁdiés, EPR; infrared
absorption and photoconductivity, etc. : .

The work which has been done to date, 1nc1ud1n0 the present
investigation, has not yet answered the questlon as to the »
future of the drift field solar cell, It does indicate, in our
opinion, that a straightforward continuation of present programs

on their present scales is not likely to be successful,



ACKNOWLEDGEMENT

The work described in this report was the result of considerable
collaboration between Princeton Research &.Development Co. and
NASA - Goddard Space Flight Center. = Dr. P.lH. Fang and
Y. M, Liu provided the spectral response data and portions of
the I-V data used in our analysis. In addition, P, H, Fang

stimulated and assisted in formulating our approach to the

problem,




(1.

(2).
(3).
(4).
.

-17-

REF ERENCE S

C~T Sah, R, N, Noyce, and W, Shockley, Proc, IRE
1228 (1957) :

B, Dale and F,P, Smith, J, Appl. Phys. 32, 1377 (1961).
J.J. Wysocki and J, J, Loferski, RCA Review 22, 38 (1961),
P, H, Fang, unpublished study,

W. Rosenzweig, Bell Syst, Tech, J, 41, 1573 (1962);
W. Rosenzweig, H, K, Gummel, and F, M Smits, Bell Syst.
Tech, J. 42, 399 (1963),




Figure 1, _
Equivalent Circuit Used to Analyze Solar Cells
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