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Abstract: The problem of making ohmic contacts on
semiconductors is reviewed and a compilation of conditions for
the formation of such contacts is attempied. A detailed study
of a number of alloys for improved ohmic contacts of p-type
GaP is presented. The alloys Au-Sn, Au-Sh and In-Zn wet
GaP forming on it a shallow contact which is ohmic.

1. Introduction.

One of the main problems in semiconductor research and the tech-
nology of device fabrication is the [ormation of ohmic metal - semicon-
ductor contacts of low resistance in order to avoid rectification aniso-
tropy and spurious sources of e.m.f. that usually reside there.

The problem of ohmic metal to semiconductor contacts presents
inherent difficulties and the realization of these contacts is more or
less an empirical problem which does not depend on exact scientific
reasoning, so that the solution refers always to a particular pair of ma-
terials, Nevertheless in approaching this problem one has to take in ac-
count several factors that may lead to non - chmic contacts, although
there s no assurance that the result will be satisfactory by avoiding
them or taking all of them into consideration.

In forming a metal to semiconductor contact usually a double layer
is formed with the surface becoming positively charged due to the for-
mation of a depletion layer. As a result a potential barrier of height g
is formed which depends on the work function of the metal gy, the ele-
ctron affinity of the semiconductor y and finally the potential drop
across the barrier A. Thus

Pp =Py — L — A (1)

This simple model suggests that if the work function of the metal 1s
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lower the chance of getting an ohmic contact is greater. Usually the
height of the barrier for an ohmic contact should be 0,10 eV or smaller.
Apart from the metal work function one should consider the correlation
between the barrier height and the electronegativity values, which sug-
gest that an important role must be attributed by the partially ionic
nature of the semiconductor-metal bond.

Unfortunately the above stated equation is not applicable in most
of the experiments, since even for an intimate contact, the work functions
are not neeessarily the vacuum wvalues. Thus surface dipole contribu-
tions, surface states at the semiconductor - metal interface etc. modify
the barrier height.

According to Bardeen at a surface state concentration)) 10% cm—2
the barrier height becomes insensitive to the metal work function. Be-
cause of the usually employed techniques in making the diodes, the
surface states are assumed to be in intimate contact with the semicon-
ductor and hence are fast states. As pointed out by H. Gatos and M.
Lavine ! the nature of the etchant and the etching conditions have pro-
nounced effects on the electrical properties of semiconductor surfaces.
In general low values of surface recombination velocities are associated
with high surface barriers. Surface treatment which tends to make the
surface strongly p or n produces low surface recombination wvelocities,

Kriger, Diemer and Klusens 2 suggest that at the surface of the se-
miconductor adjacent to the electrode, there exists a thin exhaustion
barrier through which electrons tunnel to reach a strongly conducting
sublayer that acts as a supply of electrons for the remaining bulk. As long
as the energy of the [ree electrons in the metal contact remains less than
the exhaustion barrier peaks, the net carrier density that tunnels into
the crystal is of the general form

N — [N, (E} - Ny (E)]¥(E, x, A)dE (2)

where the function W(E, x, A} is the probability of tunneling, depending
on the electron energy E, the barrier thickness x and the contact area
A. N; (E) and N, (E) are the carrier densities of energy E in the metal
and in the semiconductor conduction band respectively. The band mo-
del ® for the contact is presented in figure 1. Thus the electrons in moving
through the barrier into the high conduction regions, tunnel alternately
via asymmetrical barrier thicknesses and the resulting V- plot is
diodic.

In several cases during contact formation an alloy is formed which
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deposits on the parent semiconductor material in such a way so that the
lattice structure of the parent extends into the alloy phase. This regrown
---Fxnraustron zone — - -~

.7 . Dense carrier subsurface rene .
High ohmic bulk

FBoflon of canduciian band

fHlectron
o 'r_gy
Fermi level

Fig. 1. Band model af the contact between CdS and a metal probe (left)
and a broad area metal film {right).

region may be of opposite type (usually p - type), and being monocry-
stalline it forms a p - n junction. This situation is encountered in the case
of aluminum contacts on silicon 4.

Apart from physical and chemical considerations one has to take
in account the mechanical structure of the contact. Salkov and Sheink-
man %, investigating metal - semiconductor contacts, have found an
abrupt increase of the photoresponse at the contacts, a characteristic
of regions of increased resistance in the vicinity of the electrodes, al-
though the potential drop did not show any noticeable jumps. The exi-
stence of this increase mn the photoresponse proved that such regions
should exist, but they may be so thin that in voltage probing they pass
unnoticed. The above authors theorize that the regions of high re-
sistance are due to inhomogeneous structure of the contact, which con-
sists of a series of cusps and needle points so that the current lines of the
electrode itself converge abruptly to separate parts of the electrode with
small cross sections. Cusps at the contacts can be provided, for example,
by dislocations which emerge at the surface of the crystal into which the
metal diffuses.

2. Experimental realization of ohmic contacts.

As already pointed out the formation of an ochmic contact for a gi-
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ven semiconductor is an art. From the above considerations, the general
thoughts that ought to guide one in forming a contact are the following:

i} Selection of a proper metal with a low work function compared
to the electron affinity of the semiconduector.

it} Elimination, if possible, ol the surface states.

iii) Perloration of the surface barrier.

In step (i) the general practice is, instead of using a simple metal,
to use an alloy of a metal with low work function, such as indium, with
an element which is similar to the donor or acceptor impurities of the
semiconductor. Thus a graded junctionis formed referring to the impurity.,

Elimination of the surface states is achieved using a reducing atmos-
phere during contact formation, such as hydrogen atmosphere or a sui-
table flux.

Metal - semiconductor contacts are formed by noble gas discharge
prior to metal deposition. In this case the metal used for evaporation
seems to be of no importance, the apparent source of conduction ele-
ctrons being the highly disorded region at the surface due to the dis-
charge.

Recently the formation of contacts through sequential evaporation
or coevaporation of suitable metals has been proposed for CdS® The
choice of the preparative metal is determined by the desired reactions
at the surface, which are:

a) Desorption of chemisorbed surface layers without damaging
the surface or changing its stoichiometry (as in the case of gas dis-
charge).

b) Chemical reaction with the chemisorbed active gases.

¢) Chemical reaction with the compound that may be formed in
step b.

In the case of CdS coevaporation of Ti and Al allows the formation
of an ohmic contact under conditions in which Al alone forms blocking
contacts. This can be explained by the getter action of the Ti,decreasing
the partial oxygen pressure during evaporation, as well as by a chemical
reaction of Ti with the oxide layer of Al;O, formed on the surface.

Finally the contact should be treated in order to eliminate the sur-
face barrier. Annealing the contact results in a more homogeneous econtact
area so that paths of high resistance are eliminated. The perforation of
the barrier is facilitated by a current discharge through it. On applying
high voltage at the probe, the Fermi level of the probe drops, so that the
energy level E, sinks below the level E, (figure 1). If the difference is
pronounced the electrons perforate the barrier, that is, destroy the a-
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tomic structure in the vicinity of the probe. The effective thickness of
the barrier has thus been reduced. A momentary discharge of a capacitor
produces such a current surge. The electrode formation, using a high
current pulse, presents practical difficulties in selecting a pulse high
enough for electrode formation, but low enough to aveid breakdown
destruction in the form of thermal stress induced cracks. A more pra-
ctical approach 7, which has been found rather valuable, is by a Tesla
coil discharge at the electrodes formed. In most cases such a discharge
is capable in reducing the barrier width to yield lower resistance contacts
which are more or less ohmie.

In view of the above stated difficulties in forming ohmic contacts,
we have attached to this present work an appendix of the most common
semiconductors together with the metals and conditions of contact
formation.

3. Ohmie contacts on GaP (Cd doped).

Several methods for making «ohmic contacts» (i.e. contacts with
linear current - voltage characteristic) on GaP have been reported, but
experience with these contacts has shown that they are unsatisfactory
for many reasons. The temperatures required were either too high and
an oxygen doping occured or too low and unsuitable for conductivity
or Hall effect measurements.

As shown in the Appendix most workers use metals of low melting
point (e.g. In, Ga, Sn) or alloys with low eutectic point for making ohmic
contacts, being indifferent as to the selection of the group of the periodic
table. In some cases the contact metal - semiconductor is obtained by
sublimation of the metal in high vacuum chamber and condensation
of the vapor on the surface of the semiconductor.

The clean surface, as much as the selection of the appropriate dis-
solving medium, is eritical. In general fats or organic compounds should
be removed with the help of hot or boiling dissolving medium as e.g.
benzol or xvlol.

The usual procedure is the following:

i} Mechanical grinding of the specimen with extra fine grain SiC
(1000 mesh)}.

ii) Washing in distilled water and in a solution of aether and alcohol.

i) Dipping in an etching solution for several minutes. Some acids
or bases polish the surface of the semiconductor instead of etching it.
These should be avoided.

36
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The mast satisfactory elching solutions were

1) Aqua regia

1) 10 %, Br, dissolved in methyl alcohol.

After being elched for a few minutes the specimen was immersed
in methyl aleohol to avoid surface contamination.

All the contacts were made by vacuum alloving using a Pt feil
filament. By thermal radiation due to Pt foil, the temperature on the
surface of the specimen supporling the alloying contacts was raised
slowly, until the melting poinl of the alloy was reached. At the same
time a small amount of hydrazine surrounding the specimen dissociated
producing a reducing atmosphere. The pressure in the system at the
beginning was typically ol the order 1 ~ 107% Torr. The temperature
was estimated with the aid of a thermocouple near ihe specimen. The
specimen supporting the alloy in form of small grains (approximate
diameter 0,bmm) at the appropriate places was heated until the grains
were transformed into small balls and then thev started alloying with
the specxmen. Two typical pholographs of the procedure are seen below
(fig. 2a, b).

Fig, 2. Specimen supporting the metal grain, which has been transformed afler
heating  (a) into a small ball and (&) into w shallaw contact, due to alloying
with the specimen.
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g 3b
F.g. 3. Current-voltage characteristic for {a) non ohmic conlact
and (b) for ohmic conlact.
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The following alloys were examined:

In-7Zn (2.8 9,) (m.p. 143,5°C)
In - Sn (48 %) (m.p. 117°C)
Sn-Zn (91 %) (m.p. 1498° ()
Cd - Ga (87 %) (m.p. 258° C)
Cd - Sn (68 %) (m.p. 177° C)
Cd-Sb ( 7%) (m.p. 290° Q)
Cd-Zn (17.5 %) (m.p. 266° C)
Au-Sb (25 %) (m.p. 260° C)
Au - Sn (20 %) (m.p. 280° C)

The ohmic behavior of the contacts was estimated

i. By the lowest possible value of the resistance.

ii. By measurement of current-voltage characteristic. As a voltage
source the secondary of a low output impedance transformer was used.
The I-V characteristic was almost a straight line (fig. 3b).

iii. By making two contacts of different effective areas we obtained
an asymmetrical characteristic for non-ohmic constacts (fig. 3a}, whereas
in the case of ohmic contacts an almost straight line symmetrical cha-
racteristic.

It was found that the resistance of the contacts could be reduced
either by discharging a capacitor through them or by a Tesla coil dis-
charge,

All these investigations showed that the lowest value could be
obtained by alloying the specimen with the following alloys.

i. Au-Sn (20 9%) (m.p. 280° C)
ii. Au-Sb (25 9,) {m.p. 360° C)
fi. In-Zn (2.8 %,) (m.p. 143.5° C)

with corresponding values for the specific resistance of the bulk of the
order of 10-1 Q.cm.

SUMMARY

The tbree kinds of alloy contacts reported here give repeatable
and reliable ohmic electrical contacts on n-type GaP (Cd doped). These
contacts can be made at relatively low temperatures, which are necessary
if we are to avoid oxygen doping, but still high enough for electrical
measurements in a wide range of temperatures.
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