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ABSTRACT

This paper presenis technical considerations,
preliminary results, and fabrication details on a
new family of high-volitage Planar Multi-junction
{PMJ) solar cells. The new cells combine the at—
tractive features of planar cells with conventional
or interdigitated back contacts and the Vertical
Meltijunction (VMJ) solar cell. The PMJ solar cell
is internally divided intoe many voltage-generating
regions, called unit cells, which are internally
connected in series. The key to obtaining reason-
able performance from this device was the separa—
tion of top surface field regions over each active
unit cell, Using ex1sting solar cell fabricating
methods, output voltages in excess of 20 volts per
linear centimeter are possible. Analysis of the
new device 15 complex, and numerous geometries are
being studied which should provide substantial
benefits in both normal sunlight usage as well as
with concentrators.

INTRODUCT ION

In a number of existing and future applica~
tions of photovoltaic systems, one can see the de-
sirability of having solar cells which can provide
two orders of magnitude higher voltages, while
still retaining the characteristics of present
wafer devices. Other desirable features include
smplicity of fabrication, ease of interconnection
and panel assembly, ready bonding of cover glasses
for space usage, and reduced losses due to grid
shadowing, series resistance and high temperature.

Various innovative designs such as the Inter-
digitated Back Contact (IBC) solar cell (1), the
Tandem Junction Cell (TJC) (2), the Vertical Multi-
Junction (VMJ) seolar cell (3), the Horizontal
Multigunction (HMJ) solar cell {4}, and the
V-Groove Multijunction (VEGMJ) solar cell {5}, have
been proposed to reduce or eliminate losses due to
grid-shadowing and the sheet resistance component
of series resistance. Also, all cells except the
IBC and the TJC operate as high-voltage, lowcurrent
devices and further reduce series resistance as
well as temperature effects due to IZR heating.
Significant transparency to infrared photons
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further reduces high temperature effects in these
cells.

However, while these cell structures share
many good features, each structure suffers from its
own drawbacks. None of these structures 1s a high
voltage cell on a single substrate with the advan-
tage of swmple fabrication., The IBC and the TJC
are not high-voltage solar cells, the WMJ is not a
planar device on a single substrate, the HMJ is
felt to wnvolvé a fairly compliex fabrication pro-
cess and the VGMJ ends up having physically sepa-
rate semiconductor unit cells held together on a
glass plate.

It 15 the purpose of this paper to present
preliminary experimental results on a new cell, the
Planar Multijunction {PMJ). This new device 1s not
only a high voltage solar cell fabricated on a sin-
gle semiconductor substrate, but it is also ex-
pected to share the good features common to the
previous structures, such as elimination of losses
due to gridshadowing, reduction of the sheet re-
sistance component of series resistance, and reduc-
tion of high temperature effects. Also, the rela-
tively simple geometry of the PMJ solar cell shouid
allow for a simple fabrication process using stan-
dard integrated circuit techniques.

PRELIMINARY DESIGN CONSIDERATIONS

Figure 1 shows the PMJ cell in schematic
cross-section. The illuminated top surface area 1s
divided into several field regions caorresponding tc
the unit cells positioned beneath. These unit
voltage-generating cells are electrically connected
in series within the wafer. A number of alternate
concepts are being considered®including the in-
verted structure of that shown in Figure 1, a cell
with unit cells both top and bottom, and a concen-
tric unit cell device with center and perimeter
output pads, which may be used with sunlight con-
centrators, and a six unit cell device containing
circuitry for alternating current output.

Because we have not developed the mathematical
theory completely for this device, 1t is not pres-
ently possible to optimize geometric and material
design parameters, However, some preliminary de-.
sign values of key parameters may be obtained from
physical considerations and from theory developed
from a somewhat similar structure, the TdC (2). In



Figure 1, W is the width of the unit voltage-
generating cell, while the subscripts refer to the
respective widths of the n* and pt doped regions

and the gap separating them. The implanted or dif-

fused metal interconnection bar is intended to be

as narrow as possible, but its exact dimensions are

not presently known.

From simple physical considerations the long-
est path which a photo-generated electron needs to
travel in order to be collected is approximately:

Voo (5)

This path length should be shorter than a dif-
fusion length of electrons in the base region to
obtain high collection efficiency. Then, 1t fol-
lows that both h and (wp+ + gl /2 must be
individually shorter, preferagly much shorter,
than the electron diffusion length in the base
region. Within this constraint, 1t has been
found experimentally that for the TJIC, fractional
stripe widths of Wu+ = 0.85W: Wp+ = 0.1W, and

Wq = 0.05W give high collection efficiency
without sacrificing the fi11 factor due to high
series resistance. These same fractional stripe
widths should also apply to the PMJ cell. For a
low voltage PMJ solar cell with only eight umt
celis per centimeter, the above considerations
give W = 1,250 pm, Wp+ = 1,063 um, Hp+ =

125 um, and W, = 62 um. A high voltage PMJ

with 40 unit Cells per centimeter would have the
dimensions, W = 250 pm, HWp+ = 213 pm, Hp+ =

25 pym, and Wgq = 12 um. In either of these two
cases, if thé cell thickness i1s 75 uwm, then the
path length for coliection will be 120 wm, in the
low voltage cell and 77 wm in the higher voltage
cell. A diffusion length in the base of 250 um
or greater would ensure a high collection effi-
ciency in either cell provided that surface re-
combination losses at the front and back surfaces
are low.

2

Based upon experimental results for the TJC,
the junction depth of the diffused regions on the
front surface should be 0.2 to 0.3 um, while back
Junctions equal to or greater than one micrometer
are preferred to reduce series resistance. Base
material resistivity as low as 2 ohm-cm has been
found to yield PMJ devices without serious shunt
losses when used at higher light levels, Possi-
ble 1nternal shunting of the output voltage
across the base or substrate material was also
considered. However, our preliminary results
from fabrication and measurement of the solar
cells shows that this problem 15 not of great
consequence.

EXPERIMENTAL FABRICATION

Cell fabrication occurred in three stages.
The first experimental cells, shown schematically
in Figure 2, were made with Czochralsk1 grawn
siticon, boron-doped of 2 and 10 ohm-cm resistiv—
ities as the base or substrate material. A n¥/p
Jjunction was formed over the entire surface of
each circular wafer with conventional phosphine
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diffusion in a tube furnace at BS09 C: for 30
minutes. The diffusion oxide was removed from
one face of the wafer and a pattern of parallel
bars of aluminum paste was screen-printed on the
cleaned surface and fired in a belt furnace at
6500 C. with a 40 second pass. The firing time
was sufficient to assure penetration of the
aluminum through the diffused n* region on this
face. The wafer was then cut into a 1 1/2 em x 1
1/2 cm device.

A narrow portion of the n* region was re-
moved alongside of each aluminum bar on one side
of the wafer by making a shallow cut with a dic-
ng saw. This formed the required gap between
the p+ and the nt collector regions. The fin-
ished devices of this first group consisted of
from four to six unit cells per device. Contact
to the end p* and n* regions was made with fired
si1lver paste.

These first high voltage solar cells exhib-
ited open circuit voltages only slightly higher
than the voltage from a single junction conven-
tional sclar cell. We reasoned that this lower
than expected voltage was caused by the top dif-
fused region rising to an intermediate voltage
over its entire conductive surface and effectively
short-circuiting the unit cell voltages. Individ-
ual field regions over each unit cell were then
isolated from each other by dicing shallow grooves
between them. The solar cell voltages subsequent-
ly increased substantialiy. In all of the devices
in this study, it was found necessary to separate
these surface field regions to obtamn high volt-
ages.

The second and third groups of experimental
cells were made by modifying portions of TJC solar
celis kindly provided by Mr. Bernard G. Carbajal
of Texas Instruments, Inc.. These devices ap-
proached the desired geometrical configurations
and dwmensions of the PMJ. For this second part
of our work we studied the series connection of
several regions on a single substrate. Each re-
gion was, in effect, a unit cell having a surface
field and interdigitated back junctions. We made
a number of devices having two and three umit cell
regions as shown schematically in Figure 3. Some
of these devices were series connected on their
surfaces with silver paste, while others had leads
attached to bring the output of each unit cell out
for testing and external connection in various
combinations.

The third group of cells more nearly aﬁ-
proached the trus PMJ structure and were made by
removing the side bars of TJC cells and shorting
out every other gap to produce unit cell inter-
connections. Shorting was accomplished by apply=
ing small dots of silver paste between the contact
bars and firing. Leads were attached to the end-
ing n* and p* regions in a similar manner.

The front field regions of all of the unit,celds
were separated by shallow cuts through the difs,
fused layer with a dicing sawe - These chps wert s
precisely located over the unit cell boundaries.
One of the cells of the third group is shown in
the photograph of Figure 4. '



RESULTS AND DISLUSSION

Solar cells from each ot the three groups
were tested in the X-25 AMO sunlight simulator as
well a5 at 3 and 10 Suns n ¢ large ares pulsed
s0ler swmulator. Open circuit vollages of cells
from esch group are shown n Table 1. Unit cell
voltages were not measured for the Group I and
IIl cells. Current-Voltage curves of these first
experimental cells showed that they suffered from
hoth shunt and series resistance problems which
caused low fill factors. It will be noted that
the PMJ cells, in general, do not display output
voltages equal to the sum of the unit cell volt-
ages at one Sun but do reach this value at higher
11ght levels. One possible explanation of this
is that the voltage difference between unit cells
does not change very much from one Sun to ten
Suns. Shunting currents in the bulk therefore
remain essentially constant at varying light
Tevels. However, because the light-generated
current has increased significantly with il1lumi-
nation intensity, the effects of shunting between
unit.celis becomes less important,

The one-Sun current-voltage curve of the
Group III cell pictured in Figure 4 is shown 1n
Figure 5. This device measures approximately 0.8
cmé 1n area and contains six unit cells 1n
series, The series resistance problem shown by
the slope of the curve near the open circuit
voltage point is once again believed to be due to
poor interconnection of the umit cells. At one
Sun, voltages are below the expected sum of the
unit cell voltages, while at a 10 Sun level,
voltages over 0.5 volts per umit cell arz demon-
strated.

Group i1 cell No. 10-31-1 had two equaliy-
performing junctions prior to paste inter-
connection. Apparently, one junction was par-
tially short-circuited by the silver paste, In
spite of this "problem, the voltage of the inter-
connected cell was equal to the sum of the two
umt cell voltages. With cells made up of more
than two unit cells this was not the case, as can
be seen from the results of cell No. 11-2-1, also
of Group Il but having 3 unit cells. However,
this same solar cell showed moare than 0.5 volts ~
per unit cell at 3 Suns and -approached 0.6 volts
per unit cell at 10 Suns, In additron to the-
cited interconnection problem 1t 15 felt that
there are other phenomena at work as yet not
fully understood that account for the complex
behavior of these cells at the various illumina-
tion levels.

In order to determine whether the high shunt
resistance seen in this 3 uni1t series cell of
Group 11 was genuine or caused by a single low
current unit cell, a series of measurements were
made. In this experiment, six leads were brought
out from the wafer so that external connections
could be made to the cells individually and in
various series combinations. Beginning at one
end, the unit cells are numbered-l, 2, and 3, and
their IV curves measured ndividually with the
other cells floating at open circuit are shown in
Figure 6. .
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Wherﬁggggggﬁf'unit celis 1 and 2 were con-.
nected n series with unit cell 3 left floating,
Lhe curve 1*2 resuited. It may be seen that the
total current is greater than that of either umt
cell while the voltage is less than the sum of
the anit cell voltages. However, when unit cells
I and 5 ab the water exlremes were connecbed 1n
series with Lhe center unit cell 2 lett floating,
the very different curve 1*+3 resulted. Near
short circuit current, the curve follows that of
umt cell 3. However, this combination produces
an open circuil voltage considerably higher than
combinatjon 1+2. Even more interesting, when ail
three un1t cells were connected in series, very
11ttle gain in voltage was noted over combination
1+3, Calculations from the curves show unit
cells 1 and 2 have shunt resistances of approxi-
mately 1,700 ohms each, while their series com-
bination 15 1,250 ohms. These experiments sug—
gest that collection is taking place from adja-
cent unconnected regions. Thus it appears that
the geometrical relationships of unit celis 1n
PMJ series devices must be further studied to
fully understend this effect. Also, the factors
affecting the addition of such series-connected
junctions sich as the influence of cell reverse
characteristics, shunt and series resistance must
be studied further.

The effects of increased illumination on the
PMJ sotar cell are shown 1n Figure 7. This cell,
which is the same device shown in the photograph
of Figure 4, had its one Sun IV shown in Figure
5._ The overall device measures approximately 0.8
em? in area-and contains six unit cells in |
series. The shape of its 10 Sur IV curve -is
guite complex. A dramatic increase 1n both cur-
reni and voltage with increased light levels is
shown. The increase in current 1s more than
linear-with intensity. Clearly, the factors af-
fecting both the magnitude and the shape of this
curve with intérsity are complex and warrant fur-
ther study. .

SUMMARY AND CONCLUSIONS

It has been shown that the Planar Multi-
Junction (PMJ) concept is feasible. The shunting
problems generally associated with a muiti-
Jjunction device on a single wafer do not inter-
fere with the successful performance of such de-
vices, However, it was found necessary to iso-
late front junction or field regions over the
unit voltage-ggnerating cells to achieve high, .=,
voltages. H13§ series res1étéﬁf§"fﬁ§5%252‘%1?E;M
experimental cells became less important at ’
higher Tight" Tevels and voltages approached those
expected by summning the unit cell voltages at
intensities of 3 Suns.
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