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The barrier heights, ¢, of Schottky barriers formed between Al, Ni,
Cr, Pd, Au, Rh, and Pt metal films and undoped discharge-produced

amorphous silicon (a-Si) have been measured.

The dependence of ¢g

on the metal work function, ¢y, has been characterized for values

of ¢y between ~4.0 and 5.5 eV.

Experiments were performed to compare

the effects of surface states on ¢g of both the undoped (n~type)

amorphous and n-type single crystal Si.

These effects of surface

states are very similar, indicating similar densities and energy

distributions of surface states.

The densities of surface states

on a-Si are found to be 21013cm—2ev-1 which result in the pinning
of ¢p to values 20.7 eV even with ¢y as low as 4.0 eV.

Recently metal-amorphous silicon (a-Si)
Schottky barrier structures exhibiting nearly
ideal diode characteristics have been reported
by Wronski, Carlson, and Damniel.l Such junc-
tions formed by the evaporation of thin metal
films onto discharge-produced a-Si have been
utilized in fabricating efficient solar cells?
and in evaluating the electronic properties of
a-Si.3 The Schottky barriers can be character-
ized in terms of the same parameters as those
on single crystals and their barrier heights
can be independently determined by I-V, capaci-
tance, and photovoltaic measurements,3 Although
extensive measurements have been carried out on
a-Si in recent years,4 the nature of evaporated
metal contacts has received little attention
even though such contacts have been extensively
used in electrical measurements,

We report here on studies carried out on
metal/a-S1i Schottky barriers formed with metals
having a wide range of work functions (~4.0 to
5.5 eV). The metals used were evaporated onto
both n-type a-Si and single crystal Si so that
by measuring the various metal barrier heights
the effects of surface states on a-Si could be
directly compared to those of single crystal Si.
Such information about surface states is highly
desirable since they play an important role in
the interpretation of results obtained with
insulator/a-Si junctions.5 The results reported
here indicate surface state densities which are
close to those found from previous studies on
single crystal 51.6

In metal-semiconductor junctions the barrier
height, ¢g, depends on the electron affinity of
the semiconductor, X, the metal work function ¢y,
and the semiconductor surface states. These sur-
face states are found to play an important role

in determining ¢y of metal single crystal Si
barriers and their density can be estimated from
the dependence of ¢g on ¢y which is given by7

¢B = C1¢H + C2 (1)

In Eq.(1) Cy = €3/(e4+q8Dg) where Dg is the den-
sity of surface states (cm—2eV-1), § is the
thickness and €4 is the dielectric constant of
any insulating film present at the interface;
and C2 1s related to density of surface states,
their energy distribution, and the position of
the Fermi level at the surface prior to the
formation of the metal~semiconductor contact.
It can be seen that when there are no surface
states present, Dg = 0, so that C; = 1 and any
change in ¢p is directly proportional to any
change in ¢y,

In order to evaluate the effects of sur-
face states on ¢g it is necessary to be sure
that the nascent oxide at the interface is thin
enough to allow the use of the above analysis
and also that the barrier height measurements
are accurate. Little is known about the oxida-
tion of a-Si in terms of the thickness and
properties of the oxide films that are formed
on it upon exposure to air. However, deductions
can be made about the thickness of the oxide
at a metal-semiconductor interface from I-V and
capacitance-voltage (C-V) characteristics of
the junction,

The separation of charge at the interface
results in a potential drop across the insulat-
ing film, V4, and the semiconductor, V,, which
is given by

¢g = Vo + Vy + Eg + kT/q (2)
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where kT/q is 26 mV at 300 K and Ef is the dis-
tance of the Fermi level from the conduction
band in the bulk of the semiconductor. The
potential drop V; depends on the thickness, ¢,
of the insulator, the electric field at the semi-
conductor surface, and the charge in the surface
states. For & £ 10-20
and the barrier characteristics become almost in-
distinguishable from those predicted for ideal
metal-semiconductor contacts.
o The I-V characteristics of such junctions
follow the relation for forward bias current
densities, J, as a function of voltage,V,given
by:

3=, e I) -1 )
where J, is the saturation current demsity and
n is the diode quality factor which in the ab~
sence of recombination in the junction is very
close to unity. The saturation current demsity
is given by

Jo = B exp(- {f%) (%)

where B is given by the diffusion theory of
metal semiconductor rectification in the case of
a-S8i and Richardson's equation in the case of
single crystal Si. In far forward bias, where
currents become limited by the resistance in
series with the barrier the expression for J
becomes?

V-V,

Rg

where, in presence of an ohmic or low resistance
contact, Rg is the resistance per unit area due
to the bulk resistivity of the semiconductor.
The C~V characteristics obtained with a small
signal ac capacitance measurements of the
barrier region as a function of dc bilas are
given by:

1 8 (V—vo - kT/Q) 6)

2" & — w
where € is the dielectric constant and N is the
space charge density in the barrier.

Insulating films at the interface, which
result in significant values of Vi an which
limit the charge transport between the semi-
conductor and metal, result in values of n
significantly larger than unity8 and lead to
1/c2 vs V plots which result in intercepts
much greater than V, - kT/q.10 In such cases
also disagreement is expected between these
values and those obtained from the extrapolated
far forward bias currents. In the absence of
such discrepancies an upper limit of ~20 £ can
be placed on the effective thickness of a
nascent oxide and Eq.(l) can be used to deter-
mine the effect of surface states on ¢g.

The Schottky barriers were formed on un-
doped (n-type) a-Si and n-type single
crystal Si by vacuum evaporation of Al, Ni, Cr,
Pd, Au, Rh, and Pt metal films. These films
were evaporated at a residual pressure of ~10-6
Torr onto both kinds of silicon at room tempera-
ture. The a-Si structures used were similar to
those reported earlier,l consisting of undoped
a-Si films, ~1 um thick. The undoped a-Si was
deposited from a d¢ discharge in silane onto
substrates at ~320-350°C. These substrates

» Vi is smaller than kT/q,
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consisted of ~300 X thick phosphorus-doped a-Si
on stainless steel forming ohmic or low resis-
tance contacts to the undoped a-Si. The n-type
Si wafers were 1-3 (~cm, had a (111) orienta-
tion and Al contacts sintered at ~400°C. Just
prior to the evaporation of the semitransparent
metal films both the a-Si films and single
crystal Si were etched in buffered HF after prior
chemical cleaning. Arrays of metal dots, having
areas from 5x10-3 to 2x10~2 were evaporated
onto both the a-Si and crystalline Si substrates.
To take into account any changes that occur
between different evaporations of the same metal
as well as differences between different a-Si
samples, the different metals were evaporated
onto sections of the same a-Si substrate as

well as other a-Si films. The Schottky barrier
heights and their dependence on the metal work
function were determined using I-V capacitance
and photovoltaic characteristics~? on both a-Si
and single crystal diodes.

The I~V and C-V characteristics of both the
a~51 and single crystal Si Schottky barriers were
in agreement with Eqs.(3) to (6). There was also
good agreement between the values of V, obtained
by means of capacitance and far forward bias
measurements., In Fig., 1 is shown the exponential

behavior, predicted by Eq.(3) that was obtained
with Cr, Pd, Rh, and Pt Schottky barriers on
a-51,

Also shown in the Inset are the far for-
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1. Forward bias current-voltage characteris-
tiecs for Cr, Pd, Rh, and Pt Schottky
barriers on a-Si. Inset shows the series
resistance limit for the Cr and Pt diodes.
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ward bias currents for the Cr and Pt barriers
formed on two different a-Si samples. The
exponential region yields values of n between 1
and 1.2, values which were also obtained on the
single crystal diodes. It is evident from

Fig, 1 that the saturation current demnsity, J,
(and the barrier height ¢p) depend on the metal.
The far forward bias results shown in the inset
for Cr and Pt indicate from Eq.(5) a built-in
potential of 0.25 and 0.5 V, respectively. The
series resistances of these two diodes are
equal to within a factor of two, even though
they were formed on two different a-Si samples,
and corresgond to a-Si resistivities of 7x106
and 1.3x107 G-cm.

The same values of V, are obtained from
capacitance measurements as a function of blas
carried out at ac frequencies of 100 Hz. This
is shown for the Cr and Pt diodes in Fig. 2.
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2. The 1/C2 vs V plots for the Cr, Pt dlodes
whose I-V characteristics are shown in
Fig. 1. Also indicated in the figure are
the values of V, and the space charge
densities in the barrier regions.

The good agreement between the values of Vg

(for the same metals) obtained from the two
measurenents indicates a thin insulating
nascent oxide, and the differences between the
values of V, for the different metals reflect
the changes in ¢p arising from the metal work
function. In addition to the above characteris-
tics, measurements of the short-clircuit currents
and the open-circuit voltages as functions of
illumination were in agreement with the usual
diode equation and gave the same values of Jo
as the dark I-V measurements.

The barrier heights can be determined us—
ing Eq.(4) as well as Eq.(2) providing Ef is
known. The values of B used in Eq.(4) for these
a-5i films were 3x106 A/cm? 1 and 2x107 A/cm?
for the single crystal Si. The values of Eg
used in Eq.(2) for the a-Si, obtained from the
temperature dependence of the series resistance
between 0°C and 100°C, were from 0.55 to 0.6 eV.
The single crystal values of Ef were estimated
from the resistivity of the wafers. Agreement
within ~0.05 eV was obtained for the values of
¢p on a-Si using the two independent measurements
and even better agreement was obtained with the
single crystal Si. Furthermore, these a-Si
values of ¢p are in good agreement with values
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obtained from the temperature dependence of the
junction photovoltaic characteristics.ll

The barrier heights, ¢p, measured for the
different metal Schottky barriers on a-Si and
single crystal Si are plotted as a function of
the metal work function ¢y in Fig. 3. In Fig, 3
the form of Eq.(l) is indicated through the
experimental points together with the dependence
of the single crystal ¢p on ¢y in the absence of
any surface state effects. Since there are large
discrepancies the values quoted for the work
functions of metalsl? no errors in ¢y are indi-
cated; however, the effeet of metal work func-
tions on the two types of diodes can be directly
compared. Although there is scatter in the data
the results obtained with single crystal Si are
similar to those reported in reference 6. Even
though the a-Si barriers are consistently high-
er than those on single crystal Si there is a
very similar trend in their dependence on ¢y.
Substituting the values of Cj, indicated in
Fig. 3, into Eq.(1) the densities of surface
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3. The plot of ¢p for the a-Si and single
crystal Si Schottky barriers vs metal work
function ¢M. Also indicated in the figure
are the values of C3 and C2 from Eq.(1)
and the dependence of the single crystal
¢p in the absence of surface state effects.

states affecting the barrier heights are 3x1013
em=2ev-1 for § = 5 & and 1x1013cm-2eV-1 for § =
154 (for €4 equal to that of $10;). The
values of Cy reflect the differences in barrier
heights on a-Si and single crystal Si and are
related to the differences in the bandgap,
electron affinity, and the position of the Fermi
level at the surface prior to the formation of
the metal contact. Because of the errors in the
data, C; cannot accurately be extrapolated. How-
ever, from the experimentally obtained values of
C; and C; a rough estimate can be made for the
position of the Fermi level at the surface prior
to the formation of the metal contact.6 Using
the crystalline silicon value for the electron
affinity, this position is ~1.0 eV from the a-Si
conduction band, This is in the neighborhood of
two-thirds of the bandgap, the same fraction
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estimated for crystalline s1.6

Although there are certain assumptions made
regarding the dependence of ¢g on 4)",6 they
apply to both types of Si. Consequently, the
results presented reflect densities and emergy
distributions of surface states for both
crystalline and amorphous silicon. These states
in the case of a-Si can of course depend on the
method of its fabrication. However, for the
densities of ~1013cm—2ev-1, just as in the case
of single crystal Si, their effect cannot be
entirely ignored in the interpretation of junc-
tion characteristics. In metal/thick insulator/
a-Si structures the effect due to a charged sur-
face state density of 10132 4s equivalent to
a bulk a-Si space charge density of 1018cm—3 ex-~
tending over a thickness of 1000 k. Furthermore,
the pinning of the barrier height by these sur-
face states results in junctions having barrier
heights 20.7 eV on n-type discharge produced
a-Si even with low work function metals such as
Al and Cr. Consequently, unless techniques
similar to those used in crystalline semiconduc-
tors are employed, ohmic contacts cannot be
readily achieved in a-Si just by evaporation of
low work function metals.
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