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carrier injection control where the channel is in a gate-induced
pinchoff. The I-V characteristics in the SIT follow an expo-
nential behavior in the lower current region where the effect
of series channel resistance is not significant, while the SIT
operates as a voltage-controlled resistor if the channel is not
in a gate-induced pinchoff. With increasing current, the I~V
characteristics change to a nearly linear relation due to a
negative-feedback effect associated with series channel
resistance.

The temperature coefficient of the current has been shown
to be positive in the lower current region where the effect of
series channel resistance is negligibly small and positive in the
higher current region due to the series channel resistance.
Therefore, thermal runaway is completely suppressed in the

SIT. By properly designing the structure and the impurity -

profile, it is possible to eliminate these effects for the fabrica-
tion of an SIT having zero temperature coefficient over a wide
range of bias conditions.

The series channel resistance in the SIT was measured experi-
mentally, and was found to increase with increasing gate voltage
and to decrease with increasing drain current. It has been ex-
perimentally demonstrated that the product of series channel
resistance and dc intrinsic transconductance in the SIT is less
than unity in the bias conditions investigated in this study.

The voltage amplification factor of the SIT has been shown
to be almost independent of large variations of drain currents
regardless of whether the /-J characteristics are in the expo-
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nential or linear region. Furthermore, it remains almost con-
stant for the temperature variation from -78°C to 110°C,
although the transconductance and the series channel resistance
vary with temperature.

Three-terminal devices satisfying the principle described in
this paper exhibit the nonsaturation /-V characteristic regard-
less of the material used. A GaAs Schottky-barrier SIT has
recently been realized {6}, which is very promising for high-
frequency and high-speed operation. The success in the reali-
zation of a GaAs SIT indicates that the current saturation of a
GaAs FET arises from the negative feedback action due to the
series channel resistance [5].
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Solar-Cell Design Based on a Distributed
Diode Analysis

JACK L. BOONE Anp THOMAS P, VAN DOREN, MEMBER, IEEE

Abstract—The front surface of a p-n junction solar cell has resistive
losses associated with the diffused layer, the metal-semiconductor
contact, and the grid structure. These losses are analyzed by con-
sidering the spatially distributed nature of the p-n junction and the
grid conductors. This distributed diode analysis is especially useful for
solar cells operated under concentrated sunlight conditions. The resuits
show the dependence of the V-I characteristics and the maximum
power output per unit cell on the ratio of the diffused layer resistance
to the junction dynamic resistance. This ratio can assist the designer in
establishing proper grid structure geometries and should typically be
less than 0.1 if the power output per unit cell is to be within 3 percent
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of that for the lossless case. Experimental measurements are reported
which confirm the theoretical calculations. An analysis of the grid
conductor losses associated with multiple-connected unit cells shows
the disastrous effect that the grid header resistance can have on the
performance of a solar cell. The results indicate that the use of a
tapered header conductor to decrease the metal coverage may actually
worsen cell performance.

List oF SYMBOLS

8p  p-njunction shunting conductance, T * m™2,

Unit cell sheet current as a function of distance, A.
7, Total output current from many unit cells, A.
o  Unit cell terminal current, A.
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I, Unit cell reverse saturation current, A.
Jy p-njunction diode current density, A - m~2,

Jo  p-njunction reverse saturation current density, A - m™2,

J,  p-njunction short-circuit current density, A - m™.

L One-half the grid spacing, m.

P, Normalized maximum power output.

Equivalent lumped series resistance of diffused layer, 2.

Ry Resistance per unit cell of main grid conductor, Q.

R; Dynamic resistance per unit cell of p-n junction, 2.

R; Unit cell load resistance for maximum power, £2.

r» Resistance per square of grid metallization, Q.

Resistance of grid metallization, €.

r,  Resistance per square of semiconductor front surface,
Q.

R, Total series resistance per pair of unit cells, £2.

T  Width of a grid conductor branch line, m.

V  p-njunction voltage as a function of distance, V.

V; Output voltage from paralleled unit cells, V.

p-n junction voltage atx =L, V.

Vo Unit cell terminal voltage, V.

Unit cell open-circuit voltage, V.

Vr Thermal voltage, V.

W  Unit cell width, m.

I. INTRODUCTION

HE SEVERAL AUTHORS who have investigated the

aspects of ohmic losses in p-n junction solar cells [1]~[¢]
attribute the losses for planar junction cells with a front
surface grid structure to the resistance of the base bulk, base
contact, the front surface semiconductor sheet, the grid con-
tact, and the grid structure. Wolf’s analysis [1] makes it
possible to express the “unit cell” resistance as a lumped

element in series with an ideal diode. This treatment is based -

on the assumption that the unit cell is essentially one-dimen-
sional and that the current is uniformly distributed over the
active surface. Handy [2] developed a more extensive lumped
element model, which takes into consideration all the resis-
tance losses and attempts to develop two-dimensional solu-
tions for the sheet resistance losses. These and other similar
treatments provide sufficiently accurate results to allow one
to model the solar cell losses as lumped resistances, which are
functions of the material resistivity and geometry.

In this paper, the resistive losses in a solar cell are described
in terms of the measurable parameters associated with the p-1
junction so that investigators can relate the V-/ terminel
characteristics to the junction parameters more accurately and
designers can avoid unnecessary degradation in cell perfor-
mance as a result of resistive losses emanating from poorly
designed grid structures. Base and back surface losses for the
planar geometry are assumed to be insignificant and are not
considered.

The conventional grid structure shown in Fig. 1 is used in
the analysis, because other grid patterns lead to essentially
the same conclusions. To simplify this analysis further, it is
assumed that W >> L so that a one-dimensional analysis of
the sheet resistance losses can be utilized. No real loss ir
generality is involved, because the two-dimensional mode.
can be handled by superposing the one-dimensional predic-
tions. '
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Fig. 1. A conventional solar-cell grid structure showing a typical unit
cell.

II. Losses IN THE DiFFUSED LAYER

Distributed Diode Analysis

Resistive losses in the diffused layer are caused by the lateral
flow of current across the front surface of the solar cell. An
accurate analysis of these losses must take into consideration
the spatial variation of the p-n junction voltage. This can be
accomplished by using a distributed one-dimensional model
[31, [4], as shown in Fig. 2.

The differential equations for the junction voltage V and
sheet current / along an incremental section of the model
are

dVidx = (rg/ W) I (1)
and
dlfdx = W{-Jg+Jo [ exp (V/Vr)- 1] +5,V}. @

For nonideal p-n junction devices both J, and Vy are func-
tions of V. However, most of the results to be discussed will
concern junction voltages corresponding to the range between
open circuit and maximum power output. Over this voltage
range both Jy and Vi may frequently be assumed independent
of V. The remainder of the V-I characteristic between max-
imum power output and short circuit will be slightly incorrect
due to the assumption of constant values for J, and Vp.
The use of

(aVldx)® =J[d (dvidx)* =ﬁ @ V/dx?)dV = [(rg/ W) I]?
3
and the imposition of the boundary conditions
[L)=0 and V(L)= "V @
lead to the solution
I={Q@W?[r) [Us +Jo) (Vex - V) +Jo Vi (exp V]V
- exp Ve /Vr) + (g,/2) (V2 - VEOI H72. €))

If it is assumed that the shunt conductance g, is negligible
and (5) is used in (1), then

dv/dx = {2rs(Js +Jo) [(Vex - V)
+ Vr exp (Vex =~ Voo)!Vr) lexp (V- Vo) Vr)
- 1113172, (6)
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Fig. 2. Solar-cell structure and the distributed equivalent circuit for
the one-dimensional n-on-p solar cell.

For properly designed solar cells, it has been shown [5] that
(Vex - V)< Vyp. This allows for the expansion of the expo-
nential term on the right-hand side of (6). The solution of
(6) and the simplification of (5) using this condition yield

V>V - (7.9/2) Us +Jo) [1 - exp (Vex

= Vo) V)] (L - x)? (7

and

IT~W({Js+Jo) [1-exp((Vex - Vol Vr)} (L - x). (3

Equation (7) indicates that the junction voltage ¥ varies
quadratically with position and reaches an extremum Ve
at x =L. The extremum is a maximum in the case of active
solar-cell operation and a minimum for a passive cell driven
by an external source.

By setting x =0, one obtains the unit cell terminal charac-
teristics in the dimensionless forms

VolVr = (Vex/Vr) - (RalRjo) [1 - exp (Vex = Vo) V)]
©)
and
Io[JWL = [(Js + Jo)Is] [1 - exp (Vex = Voc)/ V)] (10)
in which

Rd/Rjo = rs(Js +J0) L2/2VT
=(rsL2W) [(Vr/ToWL) exp (-Voe/Vp)]. (11

The term R, is the equivalent series resistance of the diffused
layer, and Rj, is the junction dynamic resistance at the open-
circuit voltage. The equations are valid for (Vex = Vo) < Vrp,
which is equivalent to Ry/R;, < 1.

Fig. 3 shows the V-I characteristics for cells with various
Vool Vr and R4/R;, ratios. Numerical techniques can be used
to obtain solutions for the V-I characteristics for cells in which
(Vex = Vo) > Vp; however, solar cells for this case have fill
factors (FF) which are less than 0.6, which means that the
performance of these devices is so inadequate that they are
of marginal interest.

A lumped element model of the distributed unit cell can be
obtained by rearranging (9) and (10) to yield

Vo = Vex - RdIO (12)

Authorized licensed use limited to: Missouri University of Science and Technology
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Fig. 3. Unit cell ¥-I characteristics for various V,o/Vp and Rgy/Rj,

ratios.
Ry = _';'WL
- M -
Vo Ve (D vswL
Fig.4. A lumped element modelV?f a unit cell valid for (Vex — V) <
T
and
Ip = WL{Jg- Jo[exp (Vex/Vr) - 11} (13)
These equations dictate the model shown in Fig. 4.
Maximum Power Output Conditions
At the maximum power point, the relation
Io/Vy = -dl,/dV, (14)
can be used in conjunction with (7) and (8) to show that
Vex! VT =2(Rg/R;o) [1 - exp (Vex = Voe)/ V)]
+ [exp (Vor = Vex)/V7) - 1]. (15)

The ratio V../Vy can be determined from (15) for a given
set of device parameters and used in (9) and (10) to determine
the maximum power output,

Fig. 5 shows the effect that the ratio R4/R;, has on the
output of the cell at maximum power. Although the loss in
power output appears to be a slowly varying function of
R4/Rj,, it is apparent that an unsuitable choice of grid spacing
for a given cell can result in significant losses that could be
avoided.

In an effort to ascertain that the linear theory provides use-
ful results for values of R4/R;, <1, a simple cell such as the
one shown in Fig. 1 was tested in the circuit shown in Fig. 6.

Assuming that the diode can be modeled as shown in Fig. 4,
a set of curves with nearly constant I, and V. can be gener-
ated for each value of incident sunlight by varying R;. A
sample of such curves is shown in Fig. 7. Since I, and V,,, are
almost constant, the data can be presented in the format
shown in Fig. 5. The correlation between experiment and
theory is excellent. An examination of the data in Fig. 5
reveals that in order to maintain a large fill factor, Ry must
be decreased as /; increases, which implies a reduction in grid
spacing. Further, it is desirable to strive for large values of

. Downloaded on July 07,2023 at 13:24:37 UTC from |IEEE Xplore. Restrictions apply.
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Fig. 5. Normalized maximum output power versus the resistance ratio
Rd/R]'o- The output power is normalized relative to the product of
the open-circuit voltage (V,.) and the ideal short-circuit current
(WLJ).

INCIDENT
LIGHT

/INPUT TO TRANSISTOR

XURVE TRACER

Fig. 6. Test arrangement for varying R with a fixed Iy, and V.

Voe!Vr by a reduction in reverse currents or a reduction in
Vr even at the expense of an increased R4/R;, term.

For example, a silicon cell under one-sun conditions with
0.3-cm grid spacing, 0.52 V at open circuit, 25 mA/cm? short-
circuit current density, 10-£2/sq sheet resistance, and V.~ =
0.026 V would have Ry4/R;, =0.11 with a corresponding fill
factor of 0.805 (see Fig. 5). If the same cell is subjected to
ien suns, the Rd/R,-D ratio would increase by a factor of ten
and result in a fill factor of 0.765 if V,./Vy remains the sarae.
Actually, V,./Vy tends to decrease as I is increased resulting
in an even more pronounced decrease in relative output.
Aside from the effects associated with increased carrier con-
centration, it is possible to compensate for the increase in /g
by decreasing R; that is accomplished by decreasing the grid
spacing for a given diode.

Using (12), (13), and (15), the load resistance required ror
maximum power transfer is

Ry, =(rsL2W) + (VrlJoWL) exp (- Vex/ V). (16)

The effect of the grid conductor and contact resistances can

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL, ED-25, NO. 7, JULY 1978
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Fig. 7. V-I characteristics for a solar cell with Ry as a parameter.

(a) Light intensity approximately 0.2 suns. (b) Light intensity ap-
proximately 1 sun.

be easily included by adding an additional resistance to Ry, as
shown in the next section.

ITI. Grip CoNpUCTOR LOSSES

When each unit cell pair, consisting of an active collection
area and a branch grid line, is connected to the main grid
conductor, it can be shown how the resistance of the main
grid conductor, as compared to the total series resistance of
the unit cell pair, affects the total load current available from
a group of unit cells.

The losses occasioned by the grid structure are associated
with the resistance of the grid material and the contact re-
sistance that occurs at the metal-semiconductor interface.
These two effects have the same geometrical distribution and
can be lumped together as an effective sheet resistance r,,.
For the model considered in this paper, the resistance associ-
ated with the contacts for one unit cell is given by

Ry =rmWIT. a7

A finite number of unit cell pairs may be represented for the
structure shown in Fig. 1 by the lumped element model shown
in Fig. 8. The total series resistance per pair of unit cells is

Rs =Ry +Rg)2=(mW[2T) + (rsL[4W). (18)
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Fig. 8. A lumped element model of a solar cell,

If one starts with unit cell pair 1, then

Vi +LiRg=Vpln [([; +1, - I)/I,] (19)

Vo + LR =Vrln [ +1, - 1)/1] (20)
and

V.- Va=LR,. Q1

A combination of the above equations yields

I2Rs_Il(Rg+Rs)= VTln [(Is+lr-[2)/(1s+1r—ll)]-

(22)
For the normal case of R; << Ry, it can be shown that
Veln [I,+1, - L), +1,-1;)] =0 (23)
and
I, ~(1 +Rg/R)I;. 24
In general,
Ii=1I;_; + (Rg/Ry) l:z_:i Ix. 25)

By neglecting the higher order terms involving (R,/R,)" for
n 2 2, one obtains

L, [I+(Rg/Rs) 5 k] =LIL+/G - D RylR)2).
=1

K
(26)

For a total of NV unit cell pairs, the output current is given by

I, =3 =1 N+ NV - 1) (Rg/R,)I6].

(27
j=1
Using
Iy =1 [1.+ NV - 1) (Rg/R,)/2]
I, = NIN{[1+ (V2 - 1) (Rg/Ry)2]/[1 + NV - 1)
“(Rg/R5)/2] }. (28)

Equation (28) clearly shows the disastrous effect that the grid
header resistance can have on the performance of a solar cell.
As an example, consider a cell consisting of 20 unit cell pairs
with Rg=(R,, +R3)/2=0.1+20=2.1Q and R; =0.04 Q.
For this case, the total output current is

771

IL=45.2711=9.82120 (29)

which is less than one-half the output current available for zero
grid header resistance,

IV. CoNCLUSIONS

Solar-cell analysis, particularly for concentrated sunlight
conditions, must include the spatial variation in the p-n junc-
tion voltage. Such a distributed diode analysis has been used
to determine the dependence of the V-I characteristics and
maximum power output on the ratio of diffused layer resis-
tance to junction dynamic resistance. The results indicate that
solar cells should be designed such that

(ro(Js +Jo) L2 2V 1) < 0.1

in order to maintain the power output per unit cell within
3 percent of that for the lossless case. For concentrated sun-
light, it is necessary to use very small grid spacings, possibly
as small as 500 um, and narrow grid branch lines (=5 um).

There is still some inconsistency relative to the predicted
value for V. An examination of (12}, (13), and (15) would
indicate that it is possible to determine V' from the vertical
axis intercept (R4 = 0) of the data presented in Fig. 5. Exam-
ination of these data reveals an apparent value for V7 varying
from 0.02 V to a value in excess of 0.052 V as the cell size
and/or light intensity is increased. Data for light intensities
greater than 1.5 kW/m? could not be accurately handled under
the present theory because deviations from the linear theory
became apparent. All the cells used in obtaining these data
were designed for operation in unconcentrated sunlight. For
a given cell, as the light intensity is increased, the open-circuit
voltage also increases as expected; however, the ratio V,./Vyp
decreased, suggesting that Vp is increasing at a rate which
seems large relative to the range of light intensity used. An
increase in I, rather than V; may be an alternative explana-
tion. Access to this information through experimentation has
not been accomplished at this time.

As shown in Section III, grid conductor losses can be sig-
nificant for cell structures which have a number of unit cells
connected by a resistive header. Since the primary loss is
associated with those unit cells which are farthest removed
from the cell terminals, the use of a tapered header to de-
crease the metal coverage on a cell may be self-defeating. It
should always be ascertained that Rz <<R; and R, should
be as close to zero as practical. Further, to insure that the pn
structure determines the V-I characteristics, the grid finger
resistance (including contact resistance) should be much
smaller than the diode sheet resistance.
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