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Résumé. — Lorsqu’on étudie un composant ou un échantillon comportant deux contacts électriques, il intervient
toujours une résistance due au volume. En fait, celle-ci dépend de la géométrie et des effets de bords car les
échantillons sont de dimension finie. Les études effectuées par le passé sont basées sur des hypothéses théoriques, des
approximations mathématiques et n’ont pas vraiment été vérifiées expérimentalement : ces formulations ne sont pas
réellement utilisables quantitativement. A partir de mesures de potentiels sur des échantillons circulaires, nous
présentons un modele donnant une formulation quantitative des effets de bords, le long de 'axe reliant les deux
contacts, qui est en bon accord avec les résultats expérimentaux. Nous calculons ensuite I'influence des effets de
bords sur la résistance attribuée au volume.

Abstract. — The study of any two terminal device or sample always involves the presence of a bulk resistance. In fact,
this resistance depends on the geometry and on edge effects due to the finite size of samples. The former studies are
based upon theoretical hypotheses, mathematical approximations and have not been fully checked experimentally :
these formulations are not really usable quantitatively. Starting from potential measurements on circular samples, we
present a model for edge effects giving a quantitative formulation, along the contacts axis, that fits well the
experimental results. Then, we calculate the edge effect influence on bulk resistance.

1. Introduction. checked experimentally. These formulations are not
really usable quantitatively for experimental cases. For
example, Laplume [3] concludes that for circular samp-
les, edge effects due to finite size are negligible while
our experiments prove it is not. Starting from potential
measurements on circular samples, we present an
experimental-analog model that gives the quantitative
formulation for edge effects. This paper deals first with
the description of the samples and then with the
technique used to get rid of ohmic contacts influence.
Starting from the theoretical (infinite) formulation, we
find the necessary modifications for taking into account
the edge effects and show how they modify the bulk
resistance.

When studying any two terminal device or sample,
everybody is more or less concerned with the bulk
resistance. In fact, this resistance depends on the
geometry and not only, in planar technology for
example, on the distance between the two electrical
contacts. If contacts are far from the edges of sample
(let’s say an infinite dimension sample), the formulation
is quite well known and the only remaining factor is the
thickness of the semiconductor [1, 2] when resistivity is
uniform. For finite size sample, peoples consider pure
mathematical geometry cases [1], or nearer to experi-
ment cases like circular or square devices [3, 4]. How-
ever, these studies are based upon theoretical hypothes-
es, mathematical approximations, and have not been

2. Experimental procedure.

(*) Visitingscholar at Laboratoire de Physique de la
Matiere, from Nanjing Aeronautical Institute, Peoples Repu-
blic of China.

(**) This work is related to a C.N.R.S. contract (ATP
n° 2216).

Samples are 2 inch diameter silicon wafers (p type) with
two ohmic contacts, as shown in figure 1. Ohmic
contacts are 2mm diameter evaporated aluminium
disks annealed at 400°C for half an hour. Their
characteristics are presented in table 1.
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Fig. 1. — Geometry of samples. Silicon wafer with 2 ohmic
contacts (1 and 4).

Table 1.
2d, | e p C

N (mm) ((mm)| /€ | €0 | @.cm) | (V7Y
1|23 |14 ]0.8214]|1.217 19.7 95.2
2 | 30 |10.5 |1.429 |0.6998 | 19.4 97.2
3137 7 [2.643 10.3784| 179 105.3
4 | 42.5 | 425/5.000 |0.2000| 17.9 105.3

in which :

dy and e : as defined in figure 1

f : thickness of the wafers (0.3 mm for all

cases)

I : current injected (0.2 mA for all the

: samples)

P : semiconductor resistivity

C =4 mf/pl : constant independent on geometry,
intervening as well for infinite size or
finite size wafers. '

Electrical contacts are made of gold wires stuck by
the means of silver paint. A tungsten carbide needle is
used to measure potentials everywhere on the sample.

The measurement network is shown in figure 2. We
first set the 1 kQ potentiometer in series with 180 k()
resistors in order to get Vp, = V;/2 (accuracy better
than 1 %). Then the tungsten carbide needle is put right
in the middle of the sample (x = 0, y = 0) and we tune
the 1kQ variable resistor until the high input impe-
dance (> 100 MQ) millivoltmeter measuring V gives
zero reading. We get in such a way the real electrical
zero because, with or without edge effects, the geomet-
ry is so that the voltage at x = 0 is just half the total
voltage drop across terminals 1 and 4 if ohmic contacts
are perfect (zero resistance). Consequently, the equilib-
rium of the bridge means that the difference between

Ne1
1 K
10 turns 10 KQ
Vp o aAAA S ]
1 AN
\\
180 K& \\
ngten . Ommic
carbide needle -
1 k9 indenting sampld contacts
10 turns D v at x.y ,/
4
Yo 1 l
180 KQ 10 KR

Fig. 2. — Measurement technique. Ohmic contacts 1 and 4
are compensated by high impedance Wheatstone bridge.

the two ohmic contacts is zero, and that the ohmic
contact resistances won’t intervene anymore in
measurements. The 10 k() series resistors whose value
is much greater than ohmic contacts ones insure a very
low error if the ohmic contacts vary.

3. Comparison of results with theoretical no edge effect
case along x axis. For an infinite size sample, that is
e = o0 in figure 1, the formulation for potential V, is

[2]:
1m<§do+X)2+y2>

€\ (d-x)"+r)

The finite dimension of the sample means that
current streamlines will be forced into the bulk. The
main compression is along the x axis and, to compare
results to theoretical case, we first of all calculated what
should be d, the new value of d,, so that equation (1)
fits experimental results. Results are shown in figure 3
for samples 1 and 4. We can conclude that, the higher is
x, the lower is the difference between d; and d. So, for
high values of x, the compression effect due to edge
effects is less and goes down to zero when x = d,,.

V= (6]

1
d/d
I o .‘
0.9} -
d »
Sample 1. - x
0.8 ) #"
[ 3
®
'l
0.7 Samp}ey 4 x/d,
X h—
0‘6 i [\ j A ) I
0.2 0.4 0.6 0.8 1

Fig. 3. — Two examples of the comparison of d calculated to
fit experimental data (with edge effect) with d, along the x

axis.
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4. Quantitative formulation of edge effects.

From equation (1), the field F 4 (along the x axis) is :

o[V 4d, ,
w0 =\ "ax (x,O)_C(dg_xZ) @

and its variation versus d,, is :

0F,y  Foo (¥*+d?
o Wi(dz“_%- @)
0

The finite size sample is comparable to the infinite
one whose electric field has been modified everywhere
so that we get the equivalent of all the streamlines
pushed inside the sample in order to have the total
current inside this finite area. So, the main effect of
edge limitations is to increase the current density, and
consequently the electric field, for any x position. This
is shown by experimental d (cf. Fig. 3) which is lower

than d, and dF,xO/ ddy, < 0. The absolute value of

dF,, / dd, increases versus the field and the change of
the theoretical field and consequently of d,, due to edge
effects will be lower when the field is higher. We shall
consider, in a first approach, that 4 depends on
1/F . Since 1/F is proportional to d? — x2, we have
fitted d, as a function of x?> with a polynomial and
comparing to well known series, it turned out that the

law was exponential. Figure 4 shows this exponential
variation for the four samples.

£n d(mm)
3.0
o x * =
Sample nl « Lt
fuestl oL 0 ?
2.5 3504
1-° x2 (mln)2
——i
2. 100 200 300

Fig. 4. — The variation of d is an exponential whose exponent
is inversely proportional to the electric field calculated
without any edge effect (for which d = 4,).

However, the compression of current streamlines is
relative to the local electric field as compared to the less
strong one, that is to :

oV, 4
Froo = (Tf) .0)  Cdp’ ®)

But from figure 3, we know that d tends to d, when
x = dy, that is for F, reaching « infinite value ». From
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these two last remarks, and considering figure 4 and
equations (2) and (3), we get :

d=dyexp(—B.Fg[Fyg) (4
d=dye 5. exp(sz/dg) ®)

in which B depends only on geometrical factors respons-
ible for edge effects.

The coefficient B must be zero when there is no edge
effect (e =00 ) because in that case we must have
d = d, whatever x. This term B has no unit and it is
logical to think it will depend on a ratio of two
parameters associated with the edge effect. This ratio
could be e/d, or dy/e. Since, physically, we must have

a finite solution when e = 0, we choose e/d, as the

parameter. From these last comments, one can suppose
that B is proportional to an exponential of e/d, of

course with a negative exponent. We show in figure 5

fn B

-1.7r

~1.7F
e/d°
———e
|

~07 1 1

0.5 1.0 1.5

Fig. 5. — First attempt to find a formulation relating the
dependence on the electric field to the edge effect characteris-
tic parameter e/d,,.

the plot of In B versus e/d,. This curve has been fitted,

by the means of the least square method, to a parabola.
We get :

In B = - 0.622(1+0.922 e/dy + 0.204 ¢*/d}) . (6)

The term in the parentheses looks very much like
(1 +e/2 d0)2. We have plotted, in figure 6, In B

versus this new edge effect parameter. This fit is very
good and the linear regression gives finally :

InB =-0.070-0.55 (1 +e/2dy)* ()
with a correlation factor equal to 0.9985. So, we have :
B=0.932exp(—0.556(1 +e/2d0)2) . (8

This last relation gives then the solution for the edge
effect along the x axis. The procedure is the following :

e calculate B from equation (8)
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fn B
-1.7 L.I
-1.2}
(1+ e/2do)2
——
1 1 1
-1.7 1.5 2.0 2.5
Fig. 6. — Representation of the final formulation used to

relate the electric field to the edge effect characteristic
parameter e/d,.

e put this value of B in equation (5) to get d
e then the use of equation (1), replacing d, by d

gives the potential with edge effect (Ve).

We have compared the experimental data to the
calculations issued from our model. This one agrees
pretty well with the experiment. The differences along
the x axis are less than 2 %, for all the samples when
x/d, is greater than 0.4. In fact, this covers a great part
of sample surface and is satisfactory for conditions
involved when calculating the bulk resistance for the
two contact geometry.

current
streamlines

ohmic contacts

o
Rgo/?

Fig. 7. — Representation of current stramline paths interven-
ing in bulk resistance calculation.

Ne1
Rgye ()
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0 0.7 0.2 0.5 0.8 1.0

Fig. 8. — Resistance of the bulk, without any edge effects, for
the region located from —x, to x,.

S. Bulk resistance with edge effects.

When we consider the two ohmic contact geometry of
figure 1, the current streamlines distribution is qualita-
tively the one shown in figure 7. So, the equivalent

20 - RBle/RBn

e/%:O

0.2

0.3

0.4

0.6

x4

1 1
1.0 0.4 0.6 5.3 T

Fig. 9. — Bulk resistance with edge effects as compared to the
one without any edge effects.
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total resistance between the electric contacts can be
fairly determined by :

Rt = RC()] + Rco4 + RBO + RBI (9)
in which :

Ry and Rey, : resistance of ohmic contacts 1 and 4

Ry : resistance due to the curvature of
current streamlines in the bulk part
located under ohmic contacts

Ry, : resistance only due to current

streamline paths in the bulk outside
ohmic contacts.

In order to show the influence of edge effects on the
bulk resistance, we calculate Ry, without any edge
effect (RBlt) and with edge effect (RBle)' For the
bulk extending from -—x;, to x;, we get from
equation (1) :

R =
B1t Ji xl

L("ll=_26 [d"”‘] (10)

and

2V, (x d+x,\2
RBIC=—(1—)=iln< x1>. (1)

1 Ic " \d-x,
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Figure 8 shows the dependence of Rg,, on x,, that is

in fact on the size of the ohmic contact as compared to
dy- On another hand, we have plotted in figure 9

Rg,. /RBlt which gives directly the influence of edge
effect. The latter increases the bulk resistance. Qual-
itatively, edge effects will increase the current density
under the ohmic contact and lower Rp,.

6. Conclusion.

The aim of our study was to find from potential
measurements, a quantitative model for edge effects.
In this paper, we present an analog-experimental
solution for the x axis (axis of the two ohmic contacts)
that agrees very well with experimental data.

We have used our formulation to calculate the
equivalent bulk resistance in the two contact geometry.
The effect of edges is then to increase this resistance
and this could be of some importance when studying
barriers like grain boundaries. Our quantitative model
is then the very specific tool to be used.

We think that, physically, the 0.932 constant in
equation (8) ought to be 1. We intend to extend our
model in order to have the solution over all the sample.
Then the many more data involved should probably
enable us to get an even more precise formulation for
equation (8). Finally, our formulation combined with
Valdes [1] calculations for thickness influence gives the
solution for different thickness circular samples.
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