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Summary

The investigation into the interrelationships bépveen material and
dimensional parameters in their influence on collection é_fficiency from both
the base region and the diffused region is completed. As aresult, a set of\,
curves constituting essentially a "silicon solar cell design handbook” could
be issued. The essential results of this study are:

1) It is theoretically possible to collect over 99% of the minorlty
carriers generated by photon absorption, even in thin solar cells,

2) A wide range of material and dimensional parameter combinations
permits approaching the ideal case.

3) A diffusion length at least 3 times the thickness of the diffused.'
region is required to fulfill point 2 above, but.near 10 times the
thickness. is needed to satisfy point 1.- In the base region
a diffusion length of 300 y m is satisfactory.

4) Until diffusion length in the diffused region can be better controlled’
than at present, improvement has to be a_ccdm;ﬁlished through thit_::k-
ness reduction,

5) .Reduction of surface recombination velocity will be a necessity, .
but highér values can be tolerated than had been thought before,

6) Base region diffusion lengths, as achievable with present technologies,
are sufficient from the collection efflclenCY vieWpoir!xt

7) In the base region. , the detrimental effect of the back contact can
be neutralized by a drift field in front of the back c;,fontact. Its. dim=
ensions are not critical,

8) Longer minority carrier lifetimes will be wanted from the viewpoint
of the IV-characteristic, Also, trade-~offs may be required against
collection efficiency considerations. This will be particularly

true for point 7 above,
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Recommendation;
Proceed in the project as planned. Beyond this, continue the general
stress on improvement of low resistivity silicon material properties, and on

reduction of surface recombination velocity,
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I. Introductibn

This progress report is the first semi~annual report on contract
NGL~39-010-001, covering the period from July 1, 1970 to December 31,
1970. The object of the mentioned contract is research for the improvement
of solar cell efficiency, primarily oriented towards silicon solar cells.

Most of the work during the first half year has concerned itself
with deepening the understanding of the collection efficiency effects
observed in present solar cells, and with éstablishing desidn criteria for
future, improved silicon solar cells, This has been done on a theoretical
basis, using previously published relationships and ma‘king.use of the
computer as an expedient tool for performing a q:.iantity of design calcula-
tions which otherwise could not have been carried out because of the com-
plexity of the cc;mputations.

The second part of the effort has been directed towards acquiring a
smilarly useful tool for the further investigation of the relationship govern
ing the current-voltage characteristic of the silicon solar cells, For this
purpose, a computer program has been developed to calculate the five
parameters which determine the current-voltage characteristic of a silicon
solar cell, based on the assumption that the characteristic is composed of
two superimposed exponential terms including series resistance. In order
to arrive at the best possible values of these ;five parameters, based on

all the experimental data available for the characteristic of a given device
‘ the least squares method has been chosen as the basis for this program,
’ 'I’he extent of the usefulness of the program will have to prove itself throug
its future application,

The following three sections contain a discussion of the collection

efficiency in the base re‘gion of silicon solar cells, the collection efficiency
‘ from the diffused region of silicon solar cells, and a discussion of the com-~

puter program.for evaluation of the parameters of the current-voltage charac-

teristic. Section V summarizes the status relative to the work schedule while

f

section VI lists the work planned for the next half year,



II. Collection Efficiency from the Base Region

1. Introduction

A considerable amount of work concerning the collection efficiency
from the base reglon has been carried out, the latest one only during the
last year (ref, 1), It has there been pointed out thét imprévement of the
collection efficiency in the long wavelength range can contribute an in-
crease of the overall performance of silicon solar c:elié by as much as 7%.
However, it was mentioned that a relatively large thickness of the base
region was needed in order to accomplish this, This is somewhat in con~-
flict with recent efforts to decrease the thickness of the solar cells in
order to save spacecraft weight. In the same paper, 1tu had also been re~
" marked that a drift field in front of the back contact did not affect the
collection efficiency in the thicker cells, but that some observations have
beer} made that indicated that such a drift field might be beneficial in thin
cells. In order to fully clarify this point, it was further investigated under
this project. This investigation was based on the use of equ, 33 of ref. 2
which permits the calculation.of collection efficiency as function of wave-
length based on‘t‘he material and dimension parameteré. of the solar cell
considered, The equation represents the exact solution of the differential
equation governing the generafion and motion of minority carriers in either
the diffused or the base region of the solar cell. The equationvis not based
on any approximajtions or ont unduly restrictive assump;!:ions. The only

general exception to this statement is the condition that current contributions
from different wavelengths are linearly superimposed. This means that the

spectral response is intdependent of light intensity or bias light of any wave-
iength. Bxpreséed in material parameters, this requires that significant
trapping effects are not observed, and that the minority carrier lifetime, 2s
well as all other material parameters, are independent of minority carrier
concentration '1n‘i:he range of interest, It has been established that these
conditions are fulftlled for normal silicon solar cells for light intensities up

to geveral hundred times that of normal, non~concentrated sunlight.



The mentioned differential equation has been sol%red with the 'approp-
riate boundary conditions so as to include two distinct layers in either the
base or the diffused region of the solar cell. These two distinct layers can
include different material parameters,including impurity density gradients
such as to ﬁ.z'oduce a drift field, 'Equétion 33 of ref, 2 constitutes such a
solution for a two layer structure in either of the two major solar cell regions.
With this feature the equation is uniquely useful for the solution of problems
as that at hand.

It may be noted that an explicit solution of the transport differential
equation is possible lonly if the ‘material parameters-in each of the sub-
regions (or layers) are constant throughout the sub-region., This may not
always be the case, particularly if gradients of impurity &ensity exist. Then
both minority carﬁer lifetime and mobility will vary as function of impurity
concentration. EThe solution, however, is based on constant mobility and
constant minority carrier lifetime throughout the sub-region. By use of
weigﬁted average values for mobility and minority carrier lifetime in the
subregion, calculated collection efficiency values have been obtained
which deviate by only a few percent from those obtained by numerical eval-

uation of the corresponding case with varying material parameters.



2., The Computer Program

The :;)rogram constitutes a siraightforward evaluation of equ. 33
of ref, 2, performing the computation of the collection efficiency as function
of wavelength, of the overall collection ‘efficiency weighted by the spectral
distribution of the incident light, and of the short circuit current. It had
previously been programmed for use on a time-sharing computer system,
This program has been transierred to the IEMSG 0-75 computer at the University
of Pennsylvania. Although both systems utilize Fortran IV language, the change
from a. time-sharing ksystem to a card input system necessitated some program
changes. The modified program has been debugged and is running well. The
input format to the program is shown in Fig. II-1. The first line contains a
field for two integer digits as index (subscript) for the beginning of the spec-
tral wavelength range to be used, followed by two 1n1feger ‘digirts as the index
for the end of the wavelength range, The possible wavelength index (subscript)
numbers run from 1 through 40, each corresponding to a wavelength interval
of 500 ?\.ngstrom width around a‘ center wavelength starting with 2,000 Angstrom
for index 1", anci increasing in SOO'Kngstrom steps to 21,500 gmgstrom for
index number #40",

The spectral distribution data for three different light sources are
stored in the program: airmass zero sunlight from the wavelength interval cen-
tered at 2,000 2 to that centered at 21,000 R , airmass one sunlight from the
wavelength interval at 4, 000 & to that at 11,000 R’, and incandescent light
(tungsten filament) at 2 ,BOOQT( color temperature from the wavelength interval
at 4,000 & to that at 11,500 8, Absorption coefficient data at 300 °K and 77°K
are also stored from 2,000 & to 11,500 R, and fram 4,000 & to 10,500 &, respec-.
tively, 8Since each wavelength interval is 500 ):4 wide, the spectral distribution
range for airmass one sunlight, for instance, actually covers the range from

3,750 to 11,250 R wavelength, The call~out for use of the desired spectral
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Fig, I~1  Data Input Format for Computer Program SOCEL 2 for the Calculation
of Collection EBfficiency as Funciion of Wavelength,



distribution occurs in line 2 by entering either PHAMD for the airmass zero
spectral distribution, PHAMI for the airmassg one Spectrai distribution, or

PHW?28 for the Z,EBOOK tungsten-light sp‘ecfm}:mibn. Similarly,

in line 3, AB200 calls for the absorption coefficients at 300°K, ABD 77 for
those at 77°K.

Line four contains the entries for the location of region boundaries
for the bése regjon, measured from the active surface of the solar cell in
cm. Three fields of ten positions each for floating decimal entry are pro-
vided. The first field is for entry of the location of the front boundary of-
the base region (its boundary with the depletion region), the second field
for the location of the interface boundary between the two base sub~regions, .
and the third entry for the interface with the ohmic contact, which is usually
identical with the total thickness of the silicon wafer. ILine five contains
three corresponding entries for tiae diffused region, in the same format, The-
sequence here is from the front boundary of the depletion region, to the
interface between two different sub-regions in the diffused region, to the
front boundary of thg diffused region, which is normally zero. Subscripts for
the region boundaries are used as follows: the first 's’ubscript refers to the
r;aajor regions of the device, that is, "1" refers to the base region, "2" to
the diffused redgion. The second subscript runs from 1 to 3, *1" referring
to the boundary to the depletion region, 2" to the 1ntérface boundary
between the two adjacent sub-regions, and *3" .ta the boundary farthest
removed from the depletion region. If no entries for :intei'face boundaries
are made, the ce.;mpute!' will automatically substitute the midpoints between
the outside boundaries of the appropriate region. If no entry for the near
boundary of the depletion region is made, which is the front boundary of the
base reglon, the front boundary of the depletion region will automatically be



substituted. If the entries between rear houndary and front boundary of the
depletion region differ, the computer will consider the depletion as a third
region; with a thickness as determined by the difference between the two
entries for the depletion region boundaries, and will assume 100% collection
efficiency within the depletion region.

The entry in line six is a single number for the temperature of the
solar cell, to be entered in fixed decimal point notation with two positions
behind the decimal point, '

The next four lines contain the entries of the material properties in
the four sub-regions of the solar cell for which collect’lon efficiency is to
be computed. The arrangement of the subscripts for the regions is as follows
first subscript;"1" re‘fer-s to the base region, "2" to the diffused region; seco
subscript: "1" refers to the sub-region adjacent to the depletion region, in
either thé base or tl;e diffused region, "2" to the sub-region farther removed
from the depletion ‘regi.on. There are four eniries for each region, to _be made
in floating decimal notation, with ten positions provided for each, including
three positions behind the decimal point. The sequence qf the entries is:
diffusion length (L) in cm, minority carrier lifetime (t) in s, minority carrier
mobility (M) in cmz-V-ls_l, and diffusion constant (D) in cmzs—l. If the diffusion
constant is entered, but not the mobility, the latter will be determined by the
computer, If the diffusion length is not entered, but the minority carrier fifetime,
the diffusion length will be computed by the program. Conversely, if the dif-
fusion length is entered, but not the minority carrier lifetime, the latter will be
computed, Thus, two entries need to be made here, either mobility or diffusion
constant, and minority carrier lifetime or diffusion length. If no entries are made
for sub-region 2,*the values for sub-region 1 will be automatically entered. This
means, that for any region not consisting of two sub-regions, only one set of

entries has to be provided.



Line 11 contains two entries, again in floating decimal format with
a field of 10 each and three positions after the decimal point., The entries
are for the surface recombination velocity at the front (aétive) surface
of the cell, and at the back surface of the cell, If no entry for the surface
recombination velocity at the back surface is made, a value of 108 cm sm1
will be automatically substituted.

Line 12 may contain enteries for the majority carrier concenirations at
_the boundaries of the respective sub-regions, using first sqbscripts uy
and "2" for the main regions, ‘and second subscripts "1" through "3" for
the boundaries of the sub-regions in the same system as used for the
location of the boundaries themselves, Six entries may be made in
floating decimal format of ten positions each, with three positions after
the decimal point,

‘Lines 13 and 14, respectively, contain entries for the potential
differences that may exist across any one of the four sub-regions, or
for the elec&ostatic field strengths within them, If the electric field is
zero in any one of the sub-regions, no entries for the c-orresponding sub-
regions have to be made., Also, only one set of data has to be entered
for each respective sub-region; that is, eifher the carrier concentration
at the two boundaries of the sub-region, or the potential difference
across or the electric fieldstrength within the subregion suffices. From
any of these data sets, the computer will proceed to calculate the electric
fieldstrength and enter it into the calculation of collection efficiency.

A typical printout of the results from the computer-program is shown
in Fig.Ii-2, This printout is one from the investigation of the
diffus‘ed region ‘collection efficiency, and the entries of interest
in this invéstigation have been especially marked, The first line con~
tains the subscript numbers of the wavelength intervals used as limits

in the calculation, in this case, 1 and 19 corresponding to the wavelength
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Computer printout from program SOCEL2, Underlined are


http:10500.00
http:10000.00

intervals centered at 2000 and 11, 0G0 gngstroms. The next twg lines

indicate the spectral distribution and absorption coefficient data used.
Subsequently, two lines give the data for the sub-region boundary locations
entered into- the program for regions 1 (base region) and 2 {diffused region},
respectively, Line 6 indicates the operating temperature entered, This is
followed by.a table for the material constants for the four sub-regions, with
subscript J referring to the major region,and X to the sub-region within the
major reglon, The table is followed by a line indicating the surface recombina-
tion velocities at the base and the diffused regiorpn this sequence. The

next table contains the values of potential difference a_nd electric field-
strength as they apply to each of the four sub-regions. This last table

of entry data is followed by a table of computed results. It shows subscript
I for the wavelength regions in the first column, the center wavelengtli of
each interval printed out in the second column, followed by the computed
collection efficiencies in each wavelength interval for the diffused region,
‘the depletion region, and the base region, in this sequence, in columns

3 to 5., Column 6 finally contains the total collection effiéiency of the cell
for each wavelength interval as the sum of the collection efficiencies of the
three regions. If the depletion region width is entered as zero, the collection
efficiency for this region will be zero. .

Below the table are additional computed results, iriqluding the unweighted
average collection efficiency (ECOLAV) obtained from column 6, In the next
line, the total light generated current values computed by use of the
entered spectral distribution, are shown for the diffused region, the base
region, and for the entire cell in this sequence. The next to last line of
the printout indicates the total number of photons contained in the spectral
distribution curve within the entered wavelength limits (PHNRSP), and the

‘collection eff}ciency weighted by the spectral distribution (COLLEFF). The

. last line finally contains the total number of photons in the entire spectral
distribution curve contained in the program (PHNTOT), and the overall

collection efficiency of the cell, determined from this total spectral
distribution curve (OVCOLF).

10



3. Results of the Computations,

As mentioned above, the preceding work had led to the conclusion that,
using a base region with uniform material parameters, high collection
efficiency values in the long wavelength part of the spectral response range
can be obtained with rather large values of wafer thickness (0,05 c¢m and
above.) Reference 3 indicated, that improvement of minority carrier diffusion
length should lead to better collection efficiency in thin silicon solar cells,
approaching that of the thicker cells. Since this is in conflict with the
expectation that bringing a minority carrier sink, namely ‘the ohmic contact,
closer to the depletion- region, should not be curable by increasing the
diffusion length alone, this point was investigated first, The solid curves
of Fig. 1I-3 summarize the results of this investigation into the effect of
diffusion length on collection efficiency from the base region, using wafer
thickness as parameter with values of 500).1m (0.020"), 300 um (0.012"),
and 100 pum (0.004"). A base region with uniform material parameters

correspondmg to 10 0 cm resistivity and with a normal chmic contact of high

surface recombination velocity (108

cm S ) at the back of the wafer were
used. . .- -

Total short-circuit current generated in the cell under air mass zero
sunlight is plotted in Fig. TI-3 as function of diffusion length, However,
on the right hand side of the figure, an additional scale has been added
for the ordinate to express the data in "collection efficiency."

_Itis clearly visible in the figure, that increasing the diffusion length
has a lesser influence c'>n‘cells with smaller wafer thickness. In particular’
no significant improvement can be expected by increasing the diffusion -
length beyond the base region thickness, as vividly i-l.lmustrated by the
curve for the 100 Jm thick cell. However, ir}tr_oducing a drift field in
front of the back contact removes its effect as a minority carrier sink,

as shown by the dashed curves of Fig, II-3. Here, the effe‘ct of thickness

11
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has largely been eliminated, so that the collection efficiency increases

with diffusion length up to values of approximately 3 times thg base region
thickn.ess. Also, collection efficiency values within a few percent of

those of the thick cells are achievable in 100 um thick cells. The drift

field is obtained by introducing a p+ region into the base region of the

cell, just in front of the ohmic contact. The legend in Fig, II-3 is somewhat
misleading insofar as it refers to the transition region between the base region
and the p+ region (0.0125Q cm) of 5 um thickness, rather than to the latter being
this thick, It may be noted that p+ regions are occasionally used as

silicon solar cells to improve the characteristics of the back contact,

rather than to improve collection efficiency in thin cells. Also, there

has been evidence, that the diffusion length is degraded in the fabrication

of thin cells, and that it can be restored to the values obiained in thick

cells by use of gettering processes (ref.4).
These first calculations on the effects of a drift field were carried out

for 5 pm thickness of the field region., Such a large thickness is, however
generally not obtained in present cells, The question then arpse whether
comparable results could be obtained with thinner field regions. In order
to eliminate (for the purpose of comparison) the effect of decreased
absorption in wafers of lesser thickness, the collection efficiency has
been split into two factors:

Necont =R aps * Reont
Rabs represents‘ the ratio of the number of photons absorbed in a wafer
of thickness d, to the total number of photons incident on the surface

of the cell, The second factor, labeled Rc represents the ratio of

oll’
the number of minority carriers actually collected at the pn junetion

to the number generated in this absorption of the photons. Fig, II-4

presents the ratio Ra as function of thickness d for air mass zero

bs

13
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sunlight in silicon at 200° ¥ temperature. It should be noted that this
ratio refers only to the number of photons contained in the sunlight spectrum
up to 1,125 pm wavelength, just as the other collection efficiency data} do,
Fig. I1-5 then presents the ratio R oll 38 function of wafer thickness d
for cells of 3 different values of diifusicn length, with and without a
drift field in front of the back contact, Itis again evident that the drift
fteld has no i{nfluence at large values of wafer thickness. The reason
is that the back contact as well as the drift field are réemoved from the
depletion region by substantially more than a diffusion length, 50 that
their properties can not significantly affect the collection efﬂciency. On
the other hand, it is clearly visible that the diffusion length substantially
influences the overall collection efficiency by 1ncreasing the "effectve
‘wafer thickness“, as compared to the "physical wafer thickness" entering
into R abs” The fact that R oll increases with decreaaing wafer thickness
towards medium wafer thickness for the smaller values of diffusion length
may appear puzzling at first, but is readily explainable as follows:
A number of photons is absorbed well beyond tﬁe diffusion length in thick
wafers, which would not be absorbed in the wafer of smaller thickness,
This results in.smaller values of R_, _ for the thinner wa;fe;s. The

abs
minority carriers potentially generated from these photons would not

be collected in either a thick or a thin wafer, resulting in appmriimately
equal values of the collection efficiency 1 coll {see Fig. 1, 300 and 500‘;:, m
thickness). Since, in a thin wafer, the effect of thess photons enters
into Rabs' thig permits R{x311 to appear more favorable, ‘

The interesting aspect of Fig, II-5, however, is again the fact that
with a drift fleld {in this casge 0.1 pm thick) in front of the back contact,
substantially higher values of Rcoll are obtained than without the field
at the smaller-wafer thickness. To emphasize again , the collection
efficiency at the small wafer thickness is not greater than that of a

thick wafer, since the good value of R oy 1§ multiplied by a considerably

lower value of R | abs’

15
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Finally, the effects of the thickness of the drift field layer in front of

the back contact and of the median diffusion length within this field layer
were investigated. The more illustrative of the data obtained are summarized
in Fig. 11-6, showing Rcoll as function of drift field layer thickness, The
calculations represented in this figure were carried out for cells of 100 pm
thickness, a thickness which is practical, and where the drift field has

a significant inﬂﬁence. Here, the interesting observation ¢an be made that
at values of drift field layer thickness as low as 0.1 pm, practically the
same value of R

coll
5 pm However, the diffusion length in a thinner drift field region can he

can be obtained as with layer thicknesses as high as

smaller than that required for optimization in a thicker drift field region,
It has thus been shown that even with very thin drift field regions, a large

improvement in collection efficiency can be obtained in thin selar-cells,

4, Conclusjons

1. Thin silicon solar cells can be prepared with nearly the same collec-
tion efficiency as thick cells, the difference being determined essen-
tially only by the smaller number of photons absorbed, as expressed
hi’ Rabs' {Fig. 11-4),

2. p regions, as occasionally introduced for the improvement of the
ohmic back contact, will provide this collection efficiency improvement
in thin cells,

3. - The thickness of the field region and of the p+ region is not critical,
A field region thickness of 0,03 um is definitely sufficient,

4, A diffusion length value of approximately 300 um is sufficient to
approach maximum collection efficiency in both thick and thin sola
cells,

5. Decreased wafer thickness will also affect the current voltage
characilzeris tic {detrimentally!). The drift field cannot be expected
to be equally beneficial here. This ar-

. the subsequent parts of this study.
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II1. The Influence of Material and Design Parameters on the Collection
Efficiency in the Diffused Region ’

i, Introductipn

In past development efforts on silicon solar celis, the performance of
the diffused region has been improved primarily through work on two parameter:
only: on the thickness of the diffused region, and on optimization of the anti~
reflection coating. Since the diffused region coniributes to the collection
of minority carriers primarily in the short wavelength region, where photons
have a small penetration depth, the results of these efforts towards per-
formance improvement have been connected with names like "blue solar
cell” and “super blue solar cell.*”

The most recent investigation into potential performance improvement
of silicon solar cells {ref, 1) has led to the conclusion that the collection
of minority carriers which are generated by the absorption of short wavelength
photons, can be considerably improved through a reduction of the surface
recombination velocity combined with a further reduction of the thickness
of the diffused region. This improvement is achievable while maintaining
_ the minority carrier lifetime at the presently observed value near 3 ns.

In a later section 6:E the same paper, however, it was obsez:veéi that, in the
interest of obtaining high open circuit voltages and curve factors, attain~
ment of a minority carrier lifetime in the diffused region of 4us would be
desirable, It is clearly of interest that these two differing statemenis,
both relating to performance improvement of silicon solar cells, be tied
together, Beyond this, it ié very worthwhile to investigate the interre-
lation of the various material and design parameters of the diffused region
in their influence on the coliection efficiency from this region, Such an
investigation sh‘ouid provlde answers to questions such as: What minority
carrier lifetime, or diff usion length, will be negessary for high perfor-

mance from a given thickness of diffused region? How thick or thin
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should the diffused region really be for optimum performance? How low a
value of surface recombination velocity should one strive for? , and so forth,

To obtain the answers to such questions, a comprehensive theoretical
investigation of the influence of material and design parameters on the per-
formance of the diffused region was undertaken, and its resulis are described
" and discussed in this section., The invesﬁgation was carried out through
use of the same theoretical relationship and computer program described in
the preceding section. The important parameters varied in this study, are the
surface recombination velocity at the exposed surface of the diffused region,
the minority carrier lifetime in the diffused region, and the thickness of this
- region as given by the distance between the exposed surface and the edge
of the depletion region of the pn junction. The computations yield the
collection efficiency as function of wavelength, separately for the diffused
region and the base region of the solar cell, as well as combined for the
entire cell; the light generated current céntz-‘ibutions from the two regions
and from the entire cell, as produced by airmass zero sunlight, and
the overall collection efficiency, weighted by the spectral distribution of
this sunlight up to 1.125 ym wavelength.

Of the two physical parémetefs xh_entioned, l_:he anti-reflection coating
is essentially a device external to the solar cell, which does not di-
rectly interact with the material or physical device parameters considered -
in the following discussidns . In these discussions, therefore, the anti-
reflection coating will be omitted and the assumption m—ade that the solar
cell will be a black absorber, as if an ideal anti-reflection coating had
been applied. Such a solar cell is a device with 100% absorption at all
wavelengths in the range of interest, i.e. for a silicon cell from approxi-
mately 0.3 to 1,125um, It is clear that, for the ultimate pérformance
evaluation, an allowance has to be made for.thg difference between such an

ideal _anti-—re_aﬂebtion coating and the performance of real, achievable ones.
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2. Results of the Computations

The calculated collection efficiency curve for a diffused region of 0,4um
thickness, having a minority carrier lifetime of 3 ns and a surface recombina-
tion velocity of loscm s_l is shown in Fig, III-1, Thése are the values which
apply to typical, present day silicon solar.cells of 10 Qcm & base resistivity,-
and which have been found to yield a theoretical spectral response curve
closely matching those obtained experimentally (ref.2), It is very evident in
this figure that the collection efficiency drops off radically below 0.5um wave-
length where a significant amount of solar energy falls on the active surface of
the solar cell, particularly with the airmass zero spectrum, As was recognized
in the recent puk;licat}ion by this author (ref. 1}, improvement of collection
efficiency in this wavelength range would not only be desirai:le, but also most
likely achievable,

Fig. III-Z‘presents the collection efficiency as function of wavelength for
a solar cell of same junction depth (0.4um), but with a considerably improved
hole lifetime (300 ns) in the diffused n-type region. Surface recombination
velocity has been used as a parameter in this figure, resulting in collection
efficiencies varying from approximately 0.08 to 0.87 at 0.3um wavelength,
The curves shown represent the contribution from the diffused region and the
total collection efficiency from the entire cell, As expected, the long wave-
length portion of the collection efficiency for the entire cell is not influenced
by changes in surface recombination veiocity on the diffused region, It may
be noted that the parameters used for the base region of the cell correspond
to those of a good, present-day 0.3 mm (0,012") thick "n on p" silicon
solér cell,

Two items appear noteworthy in examining Figure III-2: First, most of
the change in shoi't wavelength collection efficiency is caused by a change in
surface recombination velocity by one order of magnitude only; and, second,
the overall éollect:llon efficiency for the entire cell, weighted by the airmass
zero sunlight spectrum up to 1.125um wavelength, is 0.847 for the surface

recombination velocity of 4 x 103 cm/sec, while that for the cell with a surface
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recombination velocity of 4 x 105 cm/sec is 0.7, This means that the overall
collection efficiency of the entire cell is only moderateily affected by chanqes
of the collection efficiency at very short wavelengths, even if these changes
amount to an corder of magnitude or more.

Fig. I1I-3 shows a similar set of cur ves for the same thickness of the
diffused region. Here, however, the surface recombination velocity is constant
and 100 cm S-l, and the hole lifetime is used as parameter, The collection
efficiency at 0.3 ym wavelength, and the overall collection efficiency
under the airmass zero sunlight spectrum vary over approximately the same
ranges as in Fig. III-2, and again the entire collection efficiency change is
caused by a change in minority carrier lifetime of essentially one order of
magnitude only.

In comparing Figs. III-3 and III-2, a few interesting observations are
made: first, the general shapes of the collection efficiency curves (that is,
the spectral response from a constant number of photons), are rather similar
to each other for v\;idely varying values of minority carrier lifetime and suriace
recombination velocity. This is deduced from the bottom curves of both
figures, for which the minority carrier lifetime is 0,15 ns in ‘one case and
300 ns in the other, while the surface recombination velocities are 100

1, respectively. One might thus superficially

cem s , and 4 x 10° cm s~
conclude that the same effect can be obtained with changes in either one
of two different material parameters. Second, in the wavelength range
between 0.4 and 0.45um, a diffused region with a longer minority carrier
lifetime exhibits a larger collection efficiency than one with a shorter
lifetime, This effect was expected, since the absorption coefficient in
silicon increases towards shorter wavelengths, reaching its largest
values at wavelengths below 0.4um. Thus; the minority carriers resulting
from the absorption of photons will be concentrated most closely to the

surface for photons of wavelength below 0.4pm, with the result, that
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the surface recombination velocity will have its greatest effect at these
wavelengths, On the cther hand, minority carriers generated from photons
penelrating slightly deeper will be more affected by minority carrier
lifetime than by surface recombination velocity., Thus, the photons in

the 0.4 to 0,.45um wavelength range should be more effectively collected
in cells with better minority carrier lifetimes, as is confirmed in Fig. III-2
and III-3,

The gquestion arises, however, whether the effect will be large encugh
to permit determination, from experimentally obtained spectral response
curves, which of the two para‘metersw—minority carrier lifetime or surface
recombination velocity~-needs modification in order to achieve a collection
efficiency improvement . Figues III-4 and III-5 show,therefore, the
collection efficiency and the spectral response curves, respectively, for
two cells having the same collection efficiency at 0.3am wavelength, with ol
having a minority carrier lifetime of 0.3us. and a surface recombination
velocity of 4 x 10° cm s

0.15 ns and a surface recombination velocity of 100 cm s~

. while the other has a minority carrier lifetime of
L. Fig. m-4,

the collection efficiency curve, shows a rather large difference between the
two types of cell in the short to medium wavelength range, However, the
spectral response curves, taken with constant light intensity rather than
constant number of photons, represent the normally performed type of
measurement, In this mode of measurement, the response in the short wave-
length region is depressed, and the sensitivity for observation of material
parameter changes in the diffused region thus reduced, Inspection of

Fig. IiiI-5 shows that the differences between the two curves are still
significant, amounting to as much as 100% of the measured values at some
wavelength vaiues. For the adeguate anaiys:is of the material parameters

in the diffused region, however, it will be necessary to perform very precise
spectral response measurements down to at least 0,3um wavelength, To
accomplish such precision, the use of the com-mon, relatively low color-
temperature incandescent light sources in the monochromator can be ruled

out, Rather, use of-a UV monochromator with a light source with high
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intensity in the UV and short wavelength visible regions will be a neczssity
for work on the improvement of the short wavelength response of silicon '
solar cells.

Figures III-2 and III-3 led to the conclusion that a different pre-
sentation of the data would be desirable to better display the dependence
of diffused region performance on the material parameters. Therefore,

Fig. I1I-6 shows the light generated current confribution from the diffused
region under the air mass zero sunlight spectrum plotted as function of
minority carrier lifetime for five different values of surface recombination
velocity. These five values cover four orders of magnitude, although most
of the transition is accomplished within one order of magnitude. The figure
indicates also that the tt;ansition from low values of light generated

current to high values is accomplished within two orders of magnitude

in minority carrier lifetime., This transition region appears to be
essentially independent of the value of surface recombination velocity.

It is also evident from Fig. III-6 that the material parameters of the

-1
S cm s surface

present cell, namely 3 ns minority carrier lifetime and 10
recombination velocity,‘ are rather unsuitably chosen for achievement of good
collection efficiency from the diffused region. As a matter of fact, the
minority carrier lifetime is so low as to fall into the trarisition region,
However, in view of the high surface recombination velocity, an improvement
in minority carrier lifetime _alone would bring no significant results. In order
to obtain a high light generated current contribution from the diffused region,
the minority carrier lifetime will have to be increased by about one order of
magnitude, simultaneously with the improvement in surface recombination
velocity. On the other hand, as was suggested ref, 1, the minority carrier
lifetime improvement might be circumvented by a decrease in the thickness
of the diffused region,

Fig, 1II-7 contains a similar set of curves for the diffused region of
0.4/.1m thickness, in this case, however, presenting the light generated

current conftribution as function of surface recombination velocity, with minority
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carrier lifetime as parameter, As was seen to be the case in Fig, I1I-6, the
curves ‘are S-shaped, with a transition region in surface recombination
velocity containing values within approximately two orders of magnitude.
In order to obtain maximum light generatéd current contributions from the
diffused region, suriace recombination velocities of 103 cm s-1 are fully
satisfactory, as Fig, III-7 indicates, Values as low as 100 cm sul, as given
in ref, 1, would not bring any significant advantage.

After the effects of minority carrier lifetime and surface recombination
velocity have been thoroughly investigated in the previous paragraphs for
a fixed value of the thickness of the diffused region, it was thought to be
of conslderable interest to extend the investigation to the influence of the
junction depth, In the previous publication (ref. 1}, use of a diffused
region thickness of 0.2pum had been suggested, This thickness will there-
fore be investigated next. However, once higher values of minority carrier
lifetime and lower surface recombination velocities can be obtained, it may
not be impossible to utilize diffused regions of greater thickness. Tl'%erefore,
the further discussion will also be extended to greater values of xj,

Figure II1-8 shows a plot of collection efficiency versus wavelength for
a 0.2pum thick diffiused region, having a minority carrier lifetime of 0.3us,
with surface recombination velocity used as parameter, The graph is
similar to Fig. III-2. However, it may be observed that the small peak
in the collection efficiency contribution from the diffused region alone
has moved to somewhat shorter wavelengths, and that it falls off more rapidly
towards longer wavelengths in comparison to the thicker diffused region., It
will also be noted that slightly larger values of surface recombination velocity
appear to yield similar collection efficiency values in the thinner diffused
region, compared to those computed for the greater junction depth.

Fig, III-9 presents the corresponding set of curves for a constant surface
recombination velocity of 100 cm/s, with minority carrier lifetime used
as the paral:neter. The prime purpose of this figure is to permit comparison
with the corresponding Fig, III-3 for the diffused region thickness of 0,4um.

Beyond this, all observations to be made from these curves have already been
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discussed. Again it was felt to be desirable to display the dependence of
the light generat_ed current on the material parameters more directly. Thus,
Flg, III-10 presents a plot of the light generated current contribution from
the diffused region as function of minority carrier lifetime, with surface
recombination velocity as parameter. Fig, III-10 is similar to Fig, III-6,
except that it applies to a junction depth of 0,2 ym. The only difference
noted in the comparison of these two figures is the shift of the transition
region in minority carrier lifetime to lower values. The magnitude of this
shift is approximately a factor of four, as would be expected from the
relationship between diffusion length and minority carrier lifetime, if the
ratio between diffusion length and diffused region thickness is kept constant
in order to maintain equal performance, '

Fig. III-11 shows the corresponding set of curves for the current con-
tribution from the diffused région as function of surface recombination velocity,
with minority carrler lifetime as parameter, Again, a general similarity to
Fig.. III-7 is noted with the previously made observation that the transition
region in the surface recombination velocity is shifted slightly towards
larger values of tl}iS quéntity. Two additional observations may be made
here. A minority carrier lifetime of 3 x 10-10 s corresponds to a diffusion
length, the magnitude of which equals 0.88 times the thickness of the
diffused region; In the past it has generally been considered to be a require~
ment for good diffused region performance, to have its diffusion length equal
the thickness. Fig, 1II-1! shows clearly that this requirement results in per-
formance of the diffused region which is far from ideal. Rather, a diffusion
iength greater than three times the diffused region thiskness is required in
order to approach the ideal performance of the diffused region,
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With Fig. I11-12, the discussion moves towards solar cells with greater
thickness of the diffused region, This figure presents a plot of coliection
efficiency as function of wavelength for a diffused region thickness of
0,8um and a minority carrier lifetime of 0.3 am , with surface recombination
velocity as parameter. The plot is basically similar to the corresponding
previoug ¢nes for 0.4 and 0,2 /um“j unction depth, but it is very evident
that the diffused region plays a larger role in the collection process
for the entire cell hére than in the case of diffused regions of lesser
thickness, Also,‘high surface recombination velocities have a more
damaging influence on the entire collection efficiency curve than with
thinner diffused regions.

The same observation can be made relative to the minority carrier
lifetime which is used as parameter in a similar plot with constant surface
recombination velocity of 100 cin st (Fig, I11-13). These last two figures '
make it obvious why, in view of the existing low values of minority carrier
lifetime and large surface recombination velocity, the tendency was to
develop devices with thinner and thinner diffused regions. However,

Fig. III-13 also indicates that with a minority carrier lifetime of 30 mS -~
only a factor of ten larger then observed on present solar cells-- and
with considerably improved surface recombination velocity, cells
witha 0.8 pm diffused region can be made with practicany as good

a collection efficiency as was pastulateci in ref. ! for a diffused "

region of 0.2 uni thickness, Fig, III-14 shows the contribtition of the
diffused region to the light generated current as function of minority
carrier lifetime, for a constant value of surface recombination velocity,
This value was chosen sufficiently low to eliminate its influence.
Again, most of the transition from large values of light generated
current contribution to smaill ones takes place within 2 orders of

magnitude of the minority carrier lifetime. However, this transision
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region is shifted towards longer values of this lifetime, compared to-the
cells with thinner diffused regions, Fig. I1I-15, finally, shows the light
generated current contribution from the diffused region of ¢.8 am thickness
as function of surface recombination velocity, with minority carrier lifetime
as parameter, ‘

Numerous additional data were obtained, not only for the values of
diffused region thickness discussed so far, but also for a thickness of
1.6, 2.5, "and 6 4 ,um. The latter two values of thickneshs—;v—e—;'e -studsEd
particularly-in connection with the minority carrier lifetime of "4A8
which had been found desirable from consideration of the current-voltage
characteristic., The presentation of all data wo_uld lead well beyond the
scope of this report. However, these data are incorporated in the following
figures and discussions. At 4 us minority carrier lifetime, the diffusion
length is approximately 20 um, This is, for a diffused region thickness
of 2,5pm , 8 times the thickness value, and approxima'tely three times
the thickness value for the 6.4 um thick diffused region. At the 2.5um
thickness, the ideal short circuit current contribution from the diffused
region can still be obtained with this value of minority carrier lifetime.
However, the 6.4‘/.1m thick diffused region can only deliver about 91%
of the ideal light generated current contribution, if a surface recombination
velocity of 100 cm s is used. _

Although an 1ncfease of the minority carrier lifetime proportional to
the square of an increase in the diffused region thickness would be an
expected requirement to achieve comparable performance, a dependence
of performance on the surface recombination velocity relative to diffused
region thickness variations is not obvious, Figure III-16 presents therefore
the normalized light generated current contribution as function of surface
recombination velocity for different diffused regions. The curves of

-this figure are plotted as function of surface recombination velocity for

diffused region thickness of 0.2, 0,8, 2.5 and 6.4 pm,  For each diffused
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region thickness, a minorify carrier lifetime value has been chosen so that
it falls well inside the saturation region, that is, above the value for which
further increases in minority carrier lifetime will not yield higher values
of light generated current. This statemeﬁt holds for all curvés except the
one for a diffused region thicknéss of 6.4 _u m, for which the minority
carrier lifetime is close to reaching the saturation value. Since a qiffused
. region of different thickness contributel:s‘ a different amount of light ger{erated
current, the curves were all normalized to the maximum light generated
current achievable ﬁnder the airmass zero sunlight spectrum at a given
thickness and with sufficiently large values of minority carrier lifetime and
low surface recombination velocity. Figure II7-16 illustrates clearly that
the curves of normalized light generated current versus surface recombination
' véiocity are of similar shape for varying diffused region thickness, but that ~
they are displaced towards lower values of surface recombination velocity for
the greater values of diffused region thickness. This statement about similarity
holds at least down to a value of about 0.6 in normalized light generated
current, As a matter of féct, one will observe that the product of surface
- recombination velocity and diffused region thickness ie; approximately
consntant down to the mentioned 0.6 value of normalized light generated current,
A solar cell designer will find himself confronted with questions such as:
"If I want to approach the ideal light generated current within a given
perceritage, what values of minority carrier lifetime and sﬁrface recombination
velocity should I strive for at a given thickness of the diffused region?"
Curves to give answers to such questions are presented in Fig, III-17,
_Given are two 'sets of three curves each. One pair of curves applies for
the case where 97.5% of the maximum possible light generated current
contribution frc;m tﬁe diffused region is to be obtained through choice of

the corresponding parameter according to the applicable curve, The. other
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two pairs of curves apply for 95 and 90%, respectively, of the maximum light
generated current contribution. Thus if values for minority carrier lifetime

and surface recombination velocity are chosen from the 97.5% curves, a

short circuit current contribution equal to approximately 95% ( 0.975 x 0.975)
of the ideal case is expected to be obtained. It may be interesting to note

that the curves for 90 and 95% of maximum light generated current contribution
are straight lines on the log-log plot, and are parallel to each other, However,
the curves for the 97.5% approach to the ideal case are curwed. They indicate
a requirement for higher perfection in both minority carrier lifetime and surface
recombination velocity at the higher values of diffused region thickness.

3. Conclusions

A number of interesting conclusions can be drawn from the computations
which were carried out to investigate the influence of material and device

dimensional parameters on the performance of the diffused region. They are:

1. Present silicon solar cells operate at inadequate
values of diffused region minority carrier lifetime
and surface recombination velocity.

2, In order to improve device performance in view of the
inadequacies mentioned above, the device developer

is forced to move in the direction of decreased diffused
region thickness,

3. Near ideal light generated current contributions from
the diffused region should be achievable in the near
future through proper choice of diffused region thick-
ness, minority carrier lifetime, and surface recombina-~
tion velocity without requiring great technological
breakthroughs.

.4, Technological breakthroughs in material processing.
should lead, in the long run, to the availability of

longer minority carrier lifetimes in low resistivity
silicon,
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5. With values of minority carrier lifetime and surface
recombination velocity, which are expected to be
available later, larger values of diffused region
thickness will become practical, The upper limit
for the thickness probably will be niear 6.4 m.

In order to protect the device from degradation due
to radiation effects on spacecrafi, the largest

values of diffused region thickness will probably
not be chosen,

6. Devices with lower values of diffused region thick-
ness are more tolerant to lower values of minority
carrier lifetime and of larger surface recombination
velocities, Diffused regions of greater thickness
carry a larger share of the minority carrier collection
from the entire cell, Therefore, cells with large
diffused region thickness will degrade more rapidly
with deterioration of either diffused region minority
carrier lifetime or surface recombination velocity.
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IV, Evaluation of Experimental Current-Voltage Data

1. Introduction

It is frequently necessary or desirable to describe the junction
current-voltage characteristic of diodes or solar cells by a mathematical
expression. Such need arises in device development efforts, in radia-
tion effects studies, and in applications problems,

A mathematical model of the form:

o vy ]
= 1 E"p(ﬁﬁ?') -l W

has commonly been used for this purpose.

Here, IDand VD are the junction current and voltage respectively,
and I 0 is the saturation current, T is the absolute temperature, g and k
are the electronic charge and the Boltzmann constant, respectively, while
A is a dimensionless factor, originally introduced to better describe the
experimental data.

With A =1, equ. (l) represents the expression derived by Shockley
for the pn junction diode based on the diffusion of thermally generated
minority carriers (ref. 1), With 1 <A = 2, it approximately describes the
junction model including minority carrier generation in the depletion
region as described by Sah~-Noyce-Shockley (ref. 2).

In praxis, the terminal current I and the terminal voltage V are

generally measured rather than the junction values, It is:

VDfV— IRs : . (2)

where RS is the series resistance, assumed to be of the single lumped

element form, and, in'di.odes:
) ,.-av

_ D

D Rsh
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where Rsh is the shunt resistance, representing ohmic shunt paths,
In many practical devices, Rsh is sufficiently large so that this term

can be neglectéd. The assumption

-’ L]
RSh Qo ; (4)

will therefore be made for the following work,

In solar cells and photodiodes:

I1=1. -1 ; (5)

where IL is the light generated current. Note that ID < IL in most
operating modes of practical interest, sothat I <« 0.

it has been found, however, that equ. (1) does not describe the
experimentally determined solar cell characteristics very well, but that

a relationship of the form ;-

- ., - —s -1 : 6
Ih = In [e"p (AlkT ) 1] * Ige [exp (Rt ) (6)
provides a much better descripiion fref. 3). The same appears to be the
case with some diodes (ref. 4).

Five constants, I I A_,and Rs (included in VD) are thus

01’ A1 r702'72 _

required to uniquely describe the junction current-voltage characteristic.
In the past, these constants have been determined by plotting the

experimental data on semi~logarithmic graph paper, correcting, when

terminal data were plotted, the high-current points for the series

resistance effect by use of a separately determined value f_or Rs, and

drawing 2 best-fitting (visually ! )} straight lines through the data points.
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The slopes of the siraight lines provided the "A" - factors, their intersects
with the ordinate the I 0 values, Successive approximation through check-
ing the points in the overlap region between the 2 exponentials at intermediate
voltage levels and in the fransition region at small voltages, where the -1
terms become influential, against the experimental data has occasionally
been used to improve the quality of the results, ‘

It would be clearly desirable to replace this tedious method by a
computer operation. Several attempts at this have been made in the past by
other workers, who, however, used the single exponential expression {equ. 1)
and achieved less than satisfactory results. A new apprqach to the problem

was therefore indicated.

2. A Method for Numeficél Evaluation of the IV Characteristic

The following describes a way to arrive at the values of the constants
1014 Al ' 102 rand Az for equ. (6) by a numerical method which lends itself to

computer application. For this purpose, a set of at least 4 points on the
current voltage characteristic obtained from experimental measurements is
required, If RS is not entered - the preferred approach -, then Rs will also
be determined, requiring at least 5 measured points. For accuracy, however,

a minimum of 12 points with junction current between 10-6 Acm -2 and

10“1 A cm“2 ‘should be used.

There exist, basically, two approaches to obtaining the constants in
an analytical description for a set of experimental data, after the type of
the mathematical relationship (i.e. polynomial, exponential, etc.) has been
determined. The first approach uses a set of data points equal in number to
the number-of constants to be determined for the mathematical relationship.
The method provides a perfect fit to these data points. However, if a
larger number of data points is available, no attenti on is paid to these points, -
nor to the quality of fit of the resulting mathematical relationship to these

other points, The second approach, the least squares method (ref. 5},
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provides those values for the constants for which the mathematical
relationship provides the best ("most probable") description of all the
data points' entered into the evaluation, although possibly none of the
points may lie exactly on the theoretical curve. The method is based on
the assumption that the deviations follow the Gaussian error function,
Since the attributes of the least squares method appear so much more

_ appropriate to the problem at hand, this method has been selected for
use,

Let L = £ (Vv ), kK =1, ..., n (7)

be the n data points. Then their deviations from the theoretical

relationship
I, =1 (Vvy): (8)
are:
-~
vy = L - L (9)
where Ik are the values of ID obtained by substituting VD = Vk

into equ. {8), or, actually, equ. (6). According to the Gaussian law
of error, the probability of obtaining the observed values Ik iss

n .
P=(-h—}exp(-h2£vk2i‘: (10)
i k=1
- 2 . .
Clearly, a minimum of ka will provide a maximum of P, Since the
n 2 k
sum § = %; . Vk is a function of the choice of the r constants al, az, .o

a. in equ, {8), it follows that necessary conditions for a minimum are:

= 0; vee0-d8 =0 ; : - (1)
BAr
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Fach "residual” Vk is a function of all constants ai. Equ. (11) provides
a set of r equations for r unknowns, This set consists of linear equations
and is readily solvable in the case where equ. (8) represents a polynomial,
If equ. (8) represents a function such that the set of equations according
to equ. (i1) is nonlinear, a good approach is to express equ, (8) bya

Taylor seriés in the "constants” a,, expressing the latter as

~
a, = a, + Aa, ; (12)

o
where the a i are estimated values of the constants a . Since the ai's are
constant, it is

da, = 3 (Aai) H (13)
Then:
o~ o~ —~
f (VD, al,‘ a,, a )y = £ ( VD‘ a, 35, ceea @, )
r
+ T of Aa
- 1
=1 R
i a zdav
i i
r 2 |
+1 I 3 f &2, A
21 i,j= aaiaa )
& =3
a=a,
b )
+oeune s (14)

Assuming that the ?1'1 have been chosen so that the aa i are sufficiently

small, then equ. (14) can be broken off after the first order term, to obtain
"
Ik. Then:- -
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3z k
as . k=
33y a(aai)
n a v
=2 X v .

~
o n 3 Iy,
- 2 8 (b( - I —————————— = 0 i=1,2' ..,,1‘; (15)
a(a a,)
i
According to equ. (6) :
~~ ~ —~ L ~ ~ (-g/
a In,; &, =B, = q HEE- P 1, = Al S
0 3 02 4 2 :
R T B, KT
—~ o~
3. = RS ; (16)
and, wit;h equ, (14):
=z 5 ~ ]
IDk - IDk I o1 exp (B1 VDk) -1 exp (B2 ka',) -1

o~ —~

+ [e"p By Vi) ‘IJ Bloy *+ Ip; Vi oxp By Vi) ABI
r~ f“ i~

* E"p B V! '1] Blgp * Igp Vpy+ 0 By Vi) 2B,

o~ o~ ~ ~

-L Iy B, exp (131 ka)HO2 B, exp (B2 Dk) L 0
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- '_I_ - _ N i )
° Dk =exp (B, V) -1; (18a)
3 (AL ) Dk
a1
3T 7 ("’
Dk = V_, exp(B.V :
Dk Dk)’ 18b
SGBy Ot 1 "Dk) (18b)
9] i
Dk =exp (B, V_.)-1; (18c)
02
g [l et
c - - :
Dk IOZ ka exp (B2 VDk) : (18d)
-]
(A B,)
BT o~ o~ o~ —~ o~ o~
- (Ia)kR ; = - Ik 101 B1 exp (B1 VDk) + 102 B2 exp (B VDk) {18e)
s

Equ. (i5) yields a system of r =5 linear equations of the form:

A =
C +GC_, AB) +C g AL, +GC 8B, +C (AR =C

02 n4 2 né
n=1,2, .ve; 5 (19)

n1 & Yo n3

It RS is predetermined, r = 4, and the C511 terms are omitted.

‘Fqu. (19) represents™a system-of 5 simultaneous linear equations
which can be solved for the 5 unknowns by standard methods. The coefficients

of these equations are then obtained from equ's (15), (17) and (18).
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The computation of the coefficients and the evaluation of the set of

simultaneous linear equations lend themselves readily to computer application.

3, A Computer Program for Determining the 5 Constants

- The. evaluation of the system of linear equations containing matrix

elements C 11 through C 56

set of estimated values for the 5 constants, is a straightforward task. So

to cobtain correction values to be applied to the

is the repeated application of this method to obtain a best fitting set of 5
constants,

However, it has been found that the method is very sensitive due
to the exponential nature of the relationshib {equ. 6), so that divergence can
occur or that intermediate terms attain magnitudes exceeding the capacity of
the computer, It has been found that different choice of estimated values or
manipulation of the correction values or of intermediate terms overcomes the
problem.

It would be clearly desirable to have a computer program which will
always arrive at a set of constants which provide the best fit of the theoretical
relationship to the experimental data, without any actions by the computer op-
erator beyond entering the experimental data. This condition includes the re-
guirement that a single set of estimated starting values will suffice to achieve
convergence and arrive at the least squares approximation for any set of data
entered. This feature is particularly useful when large amounts of data are to
be reduced, which will be the case, for instance, in reduction of housekeeping
or experimental data by telemetry from a spacecraft. Here, it would be par-
ticularly interesting to obtain a simple printout of the variation in time of the
parameters of interest, without any manual reductions or computer manipulations
" required, A special effort has, therefore, been made to augment the basic pro-
gram of the least squares method so that it will run through and come to a con-
vergence without any operator-influence, These additions have expanded the
program considerably, but have fulfilled their task in the data reductions carried

through as test cases so far.
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In the effort to make the program self~-running, it was found that the
choice of the estimated value for the series resistance was particularly critical
for achieving convérgence. The program is arranged now so that, if convergence
is not achieved, a different estimated value of resistance will be tried until
convergence is achieved, or until the values of resistance are outside of reason-
able bounds.

The program has been designed to be rather fleXible, so as fo permit
different types of input data, as well as to provide different forms of output
computations, The program will accept both solar ceil current-voltage data
and dark diode current—véltage data. Furthermore, the program will accept the
data either in the form of junction data}, that is, after the elimination of the in-
fluence of series resistance, or as terminal data including the eiffect-of series
resistance, If junction data are entered into the program, the problem consists
only in the solution of 4 linear equations, and series resistance will not be con-

" “tained .in-the output data. -It is further possible to carry out the computations

for a fixed value of the factor A v usually A, = 1. In the case of the evaluation

of the parameters with a fixed factor A andlno series resistance, the problem is
reduced to the solution of 3 linear equations, Also, A values slightly below 1
have ;epeatedly been obtained, Since such A values are 'not expected to be

. _phy_e_:;p_all_y’_r_g‘evaningful,_ the program has been altered so as to provide in these

cases the constants with Al =A1.
The prigtout of the program contains the saturation current I 01 and the
factor Alfor exponential 1, the saturation current 102 and factor AZ for exponent-
ial 2, and the final value R, for the series resistance. Also,the standard devia-
tion ¢ for all data points from the final theoretical curve, based on the computed
constants, is printed out, It has been foﬁnd that standard deviations.near 5%
are mc;st commonly obtained, Such a value is very reasonable, since the e‘x-‘-

perimental data have to be expected to contain errors of this magnitude,
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It has been further observed that rela]*.ively small changes in the standard
deviation are connected with changes in the 5 constants which might be
considered meaningful. This is illustrated in Table IV ~-1. Here, the
best-fit data obtained by the computer are compared with results obtained

by the old manual method., Also, fixed values of Rs and of A_ have been

1
entered into the computer evaluation. It is evident, that changes in A and

Rs by 5% and in I by 50% can be connected with a relative change in the

standard deviatiog.lof + 10% (from 3.7% to 4,1%). This will have to be kept
in mind by using these 5 constants in describing experimental data. ‘To
obtain higher confidience lito the theoretical de;scription of theT “
current—voit:a-ge charact:eristic, it may ultimately becomeé necessary to acquire
more accurate experimental data. This last point leads to an interesting
observation, The least squares method slavishly alters the constants for
the theoretical expression, until the best fit to the experimental data has
been found, that means, the smallest standard deviation is obtained.
Héwvever, small changes in the standafd deviatién may be associated with
"meaningful" changes in the theoretical parameters. It may be, however,
questioned, in view of the quality of the data entered into the evaluation,
whether it is reasonable to change the theoretical constants in order to
reduce the standard deviation b} a small amount, As an example, it had
been observed from previous manual reduction of data on the I-V
characteristics of silicon solar cells which had been subjected to nuclear
particle radiation, that the five constants appeared to be changing in a
certain fashion as a result of this irradiation, Evaluating the same data
with the computer program however seems to result in a less orderly

change of these constants, This leads to the interesting philosophical

question: will it be possible to obtain meaningful results after substitutiné
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TABLE IV-1

Values of the 5 Constants for Solar Cell D-9, Measured 4-7-70

After Irradiation with 3--].()15 cm_2 Electrons (1 MeV)

Determined Manbally and by Computer with Different Input Data

Input Data ) Output Data
L 4 I A T2 A, s g
0 - A - A - 0 %
=10 ’ -8 .
\'s .V 9.4+ 10 1,07 1.7 10 3.25 0. 816 3.7
: -9 -8 " .
0.76 i 1.5 10 1.10 1.8 -10 . 8.38 - 4.3
0.78 v 1.3 10 109 1.8-10° 3,33 - 3.9
0. 80 v L1102 108 1.8-107° 3.98 - 3.7
-1 -— 1
0.82 v 9.1+ 100 167 17107 3. 24 - 3.7
0. 84 v 7.8- 10 1.06 1.7- 107° 3. 20 - 3.8
0.86 \4 660 1070 104 L7107 3.16 - 4,0
0.88 v 5.6° 100 1.08 1.6 107" 3.18 . . - 4.4
~10 ‘ -6
v 1,00 3.2° 10 - 1.5 10 2,98 0. 893 5,2
—
Earlier -10 _8
Manual Reduction 2.3+ 10 1.0 - 1.6-:10 3.0 1.0 -

V = Variable, determined by computer



a "dumb" computer for a "skilled" investigator as readily as before the
substitution? It is obvious that the "skilled” investigator is liable to
apply some "bias" in his interpretation of the data, that he may look for
some relationships which may be very weak or not existent at éll. On
the other hand, this "blas" may also lead to the recognition of potential
relationships which can be confirmed or disproved by further detailed
or more accurate investigation. The computer would not apply a similar
bias, and would give immediately objective results from the data entered
into the evaluation. On the other hand, faint relationships may go un-
detected. Interestingly, this question i{s already touched upon in the
discussion of the least squares method in ref, 5

The upshot of this last little discourse is, that caution has to be
exercised in the use of data, and that the results have to be related to
the quality of the experimental data. Objective results have ultimately
to be obtained, be it through more accurate data or a greatér data base,
with statistical evaluation of error magnitude and degree of correlation,
Since the usefulness of this computer program still has to be established
through more extended application, a further description of the program

and of its use will be postponed to the next semiannual report.

4, Conclu'sion.

A computer program has been developed for the description of the
solar cell current-voltage characteristic by "best fit" from experimental

data. The usefulness of the program still has to be proven through more

extensive application,
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V. Project Status

In section 1 of the work schedule "Optimum Device Structure", points
a (Determine diffused region parameter interrelation) and b (Determine

base region parameter interrelation) are completed.

Work on points 1¢, 2a, and 2b has been started,
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Vi, Plans for the Next reporting period,

Shift prime emphéisls to reduction of surface recombination velocity
(section 2 of work schedule}, with simultaneous progress onpoint lc,

including completion of work on the computer program.
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