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Theoretical study on the behaviour of metal-p-x-Si Schottky
barrier solar cell*
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Abstract. The performance of Au-p-n-Si Schottky barrier solar cell has been investi-
gated theoreticzﬂ‘liy following Li’s work on GaAs. The behaviour of the Darrier
height as a function of carrier densities in the » and p regions and the p layer thxc}cx_)ess
is investigated. The photovoltaic cell characteristics are worked out and conditions
for maximum efficiency obtained, : C e
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Several authors have investigated the performance of metal-semiconductor Schottky
barrier solar cells theoretically as well as experimentally (Anderson et af 1974 ; Fossum
1976). In order to increase the barrier height of such solar cells, an interfacial insulat-
ing layer is often introduced (Fonash 1976; Card and Yang 1976; Fabre 1976). How-
ever, there is an optimum thickness of the insulating layer, beyond which there is a
photocurrent suppression.

Shannon (1974, 1976) observed considerable improvement in MS Schottky barrier
cell in the presence of a thin layer of opposite doping between the metal and the
semiconductor. Vander Ziel (1977) proposed a model of metal-p-n Schottky diodes

gated the behaviour of metal-p-n-Si Schottky barrier solar cells.

In this model, the intermediate p layer is completely ionised. The band structure
for such a configuration is shown in figure 1. The effective barrier height of this
structure as seen by the electrons from the metal is

Ppy = Qpr — xg + eV, €9)
where @, is the work function of the metal, y the electron affinity of the semicon-

ductor and ¥,, the potential height. Solving Poisson’s equation under appropriate
boundary conditions (Vander Ziel 1977) we get

Vm = [e/ (2€ EON a)] (N a Wp — N, d Wn)z' (2)
;—-"—-'—*—-—--_ f 5 . . . ‘
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Figure 1. Schematic band diagram of metal-p-n-Si Solar ceil.

The peak of the barrier occurs in the P Iayer at a distance
X = Wy — (NN,) Wy, . | E)

from the metal semiconductor junction, where N, is the acceptor density, N, the donor
density, W, the width of the p layer and W, the width of the depletion layer in the 7
region, ¢ the dielectric constant of semiconductor, ¢, the dielectric permittivity of free
space and e the electronic charge. ' 4 :

For Schottky barrier on p substrate, the width of the depletion region
n =2t @
‘ e eN,

where . - 0,= Egv“}—'XS = kT ln (vaNa s

N, being the effective density of states in the valence band and kT the thermal energy
equal to 0-026 €V at room temperature. I : , "
The barrier height increases as X,, increases and is maximum when X=X, beyond

which a flat band region appears. Using this condition and equations (1) and (2),
we'find the maximum value of the barrier height ‘

((DBn)max =E,—kTIn (NN, ' . : 6

which is less than the band gap E;,. Further, it can be seen that (® 3,) oy is dependent
upon A,.

We have considered the Au-p-n-Si Schottky barrier solar cell to see the factors that
would affect the photovoltaic performance. The values of various constants used are
e=l1l, yg=4-01 eV, E,=1-1 ¢V, ®p,=4-8€V and Np=1-82x 101 cm-3,
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1. (@) Ng=275x10"cri3, Ng=1x10"7cm3
(b) No=275x10"en3, Ny = 1x10Chs

2. (a) Ng=5x10"cad , Ny=1x107cr
(b) Ng=5x10Ccm=3 | Ny = 1 5102
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Figure 2. Barrier hei‘ght ® p, as a function of p layer thickness (Wp).

The values of N,, N, and W, are systematically varied and the corresponding values
of barrier height are found using (Vander Ziel 1977)

No+ Ny | 2ee, (®pr — (I)")Jllz
Wy=— W, +|teT Napgn , Zeg (6)
» o ? +[ Nd ? e e.Nd )

where @, is the work function of » type semiconductor. For any given values of
N, and N,, ® B, increases as W, increases (figure 2), till it reaches (@ Brdmax L(s€€
(91. The minimum value of W, at which this maximum is obtained is called
P ops:

. The (®p,).¢ and the corresponding ( W,!,)Opt values for different N, and N, are
depicted in figure 3. To obtain a point corresponding to a given set of values of Na

and NV, the values of (Wp)opt and (@ Brdmax € recorded and contours connecting -

constant values of ( W,,)Opt and (@ Brmax 8r€ drawn in figure 3. The constant
(® Bn)max 1ine is horizontal because it is a function of N, but not of N,. From this
graph, one can readily find out the optimum valye of W, to use for any chosen N,and
Nyand the (@ Brdmax that can be obtained. Alternatively, if W, is fixed, one can read
the optimum value of N, to use and (@ Br)max that one would expect for any V,. Tt is
clear that for reasonable values of N, and N, (i.e. 10%-108 cm=3), high (@ Br)max

(approaching E,) can be obtained only for sufficiently small values of W, i.e. thin p
layer region (~2004).

It was claimed by Li (1978) that the maximum effective barrier height is equal to the

E
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Figure 3. ¢ Bn 30d (Wp)opt as a function of donor and acceptor densities (N, N,).

effective barrier height is fixed, but depending upon the donor density, W, has to be

appropriately chosen, Figure 2 in Li’s paper (1978) gives an erroneous impression

because he has arbitrarily extended the @ Bn—N, plots upto a maximum value equal
to the energy gap.

To determine the photovoltaic performance of the cell the J-V characteristics are
calculated using

I=1, {exp [“_*]— 1} —1, N 7

where I is the saturation current and 7, the photogenerated current of the cell includ-
ing the grid effect. The total series resistance can be written as

'RS =R, + ‘Rdiﬂr - Rfront + Rback : o (8)

E—
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where R,=resistance of the base material; R jig=resistance due to the diffused layer;
R e =resistance due to the front grid electrode including the Schottky metal effect
and Ry, =resistance due to the back electrode. The series resistance has been cal-

culated for a finger-type grid pattern using the formulae given by Handy' (1?67) and
taking the numerical values of 0-35 cm for the spacing between the grid lines and

0-01 cm for their width. Further,

R, = p (t;/A),
Rd = ﬁ * d,
and Roack = Pret (fa/4)

where p is resistivity of base material, #, the thickness of the cell, d the thicl§11_css of the
diffused layer and ¢, the thickness of the back contact. Pmet 18 the resistivity of the
metal used for Ohmic contact, ; the resistivity of the diffused layer and A the area of
the cell. (In this case #,=250 p, £,=5000 A and A—1 §q cm).

To simplify the calculations of photogenerated current, we neglect the effect of
accumulation of photogenerated holes in the barrier regions, x =x,,. Under this
assumption the following equation given by Li (1978) can be used

L () = ed, [exp (— ax,) — ‘i"-ip—(r}m] | ©)

where W=W,+W,—x,,

and @, is the photon flux density, o the absorption coefficient and L, the minority
carrier diffusion length in the » type base material.
Hence the total photocurrent under the entire AMO spectrum

Ag=11p
L= [ rLowya | (10)
Aa=03p

Thus, using (7), (8) and (10), the open circnit voltage, short circuit current and the
complete IV characteristics have been obtained. The maximum power and hence
the efficiency have been obtained from the I- ¥V curve.

The values of P ax have been calculated for an optimum set of values of N,, N,
and (W,,)opt. For a given value of ( W,,)Opt say 2500, 2000, 1600, 1200, 800 or 2004),
a set of points on the corresponding contour (figure 3) are chosen; the values of N,
N, and (@ Brdmax &t that point are read out and P ax calculated following the
procedure mentioned above. The results are shown in table 1 and P ax 18 plotted
as a function of N, for different values of W, in figure 4.

' From the graph, it is clear that for a given N,, the maximum power obtainable
Increases with decreasing W, (increasing N,), Further, there is a drop of P ax if Ny

isoilgcreased beyond 106 ¢m-3, A good set of parameter appears to be N,=T7Tx
1017 cm™3, ' ‘ :
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Figurg 4. Maximum power as a function of donor density at different ( Wp)opt.
Table 1. Au-pn-gi Schottky bartier solar ce]] calculated under AMO illumination
conditions,
Ny Wy Na Fm o (@pdmax L Voe Prax ]
10 cm™ 1075 ¢y 110 cm™ 10~ cm gy mA Volts mW 7
04 5 44 185 1013 g 0671 2614 196
02 2 769 1-82 1019 4648 0672 262 19-45
1 -2 937 . 147 1-023 4502 0675 2558 1895
10 2 153-0 1:34 1-036 39-73 0685 2292 1698
014 8 331 5-82 0946 44-81 0-598 2212 1639
02 8 5-38 561 0949 44.7 0-601 2223 167
1 8 8:55 4-04 0961 437 0-612 2221 1645
10 8 176 343 0980 38-96 0627 20-30 15-04
100 8 304 1-82 0994 3076 0-637 1633 121
02 12 27 7-39 0-931 44-01 0-582 21-05 15-59
1 12 453 - 601 0944 43-15 0-595 21-19 15-70
10 12 92 4-50 0-963 38-41 0611 1939 1436
100 12 14 377 0974 30-36 0-616 15-52 115
0-2 16 1-69 8-85 0919 ' 435 0571 2036  15-08
i 16 2:91 717 0933 42.75 0-584 2054 1521
10 16 566 549 0:950 - 38.13 0-593 18-8 1393
100 16 786 48 0959 30.00 0601 1488 1102
02 20 19 1010 0:909  43.08 0-560 19-70 14-59
1 20 2-06 820 0-924 4235 0-575 1996  14-80
10 20 3-81 653 0939 37779 0-586 1822 13-5
100 20 495 5-80 0-947 2961 . - 0-598 1434 1062
02 25 084 1146  g.9g9 42:66 0-551 1917 142
1 25 145 9115 0915 41-94 0-565 1939 1436
10 25 252 7619 (929 3740 0576 17.69 13-10
100 25 309 697 0934 2940  0.578 1399 1036
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Figure 5. Maximum power as a function of P layer thickness W,,.

Na=2X10% cm™®, (W), =200 A, which gives (@,) . = 1-02 €V and the

P ax=26"25 mw/cm? and hence the efficiency, n=195Y%.

It thus appears feasible to increase the barrier hei ght and the conversion efficiency
of the Schottky solar cell by choosing proper ¥,, N, and W,

Also, to see the effect of experimental fluctuations in W, around the chosen (W,,)opt

value, we have calculated P ,ax @t various values of W, keeping N, and N, fixed as
shown in figure 5. It is seen that the fall is steeper for W, <(Wl’)opt than
W,> (Wp)opt. It is therefore desirable to design the cell by keeping the mean W,
at a value higher than (W,,)Opt.

Fabrication of experimental cells on these lines is in progress,
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