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Surface of amorphous semiconductors and their contacts with metals*
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Department of Physics, The University of Chicago, Chicago, IIlinois 60637

(Received 2S August 1975)

Contacts formed by rf sputtering of a chalcogenide glass onto several metals, including Ag, Al, Au, Cu, Mo,
Ni, Pd, Pt, Sb, Ta, Te, and nichrome were studied by measuring photoconductivity, contact photovoltage,
parallel capacitance C (co) and resistance R (eo), and the I- V characteristic. Aging and annealing effects on
the contact properties were found with several metals. In the case of some contact metals alloying produced
high- or low-resistance regions depending on preparation conditions. Adsorption of H,O and other polar
molecules was found to shift the surface potential and thus the surface photovoltage. Evidence of the presence
of a space-charge region and for compound formation (or alloying) are discussed. The width of the space-
charge region was found to be between 300 and 500 A. This corresponds to a density of localized gap states
between 2 g 10" eV 'cm ' to 8 g 10"eV 'cm ' near the Fermi level. The small size of the field effect in these
materials implies a density of interface states of about 10" eV 'cm '. No rectification was observed up to
fields of 5 X 10' V/cm. This may be understood in terms of ambipolar conduction in the space-charge region
of the nearly intrinsic amorphous semiconductor.

I. INTRODUCTION

Surprisingly little attention has been paid to the
properities of surfaces and contacts of amorphous
semiconductors although the behavior of contacts
appears to be important for understanding the
switching phenomena in these materials. ' ' This
lack of attention is particularly interesting in view
of the fact that in the field of crystalline semicon-
ductors, the rectifying and injection properties of
contacts led to the invention of a variety of im-
portant devices. 5 Contacts to amorphous semicon-
ductorse' indeed do not reveal striking effects:
they show no polarity dependence and their resis-
tance is usually negligible compared to that of the
bulk material. Nevertheless we believe the prop-
erties of contacts are important for many conduc-
tion processes, particularly for those at high
fields. ' '9 Furthermore, since most of the mea-
surements on amorphous semiconductors are
carried out on thin films, it is essential to know
the properties of the surface and interfacial re-
gions in order to deduce from thin-film measure-
ments the properties of the bulk material. In this
paper, we present studies of several effects as-
sociated with contacts and the surface of an amor-
phous semiconductor.

For crystalline semiconductor contacts, a num-
ber of techniques' have been employed to obtain
information about the barrier height, surface
states, and the screening length; for instance,
I-V characteristic, frequency and bias dependence
of the capacitance C(&u) a,nd C(V), internal photo-
emission, and the contact and surface photovolt-
age. In the case of crystalline semiconductors it
is rather easy to determine the space-charge
capacitance and thus the screening length from
C(V) and C(&u) measurements because the Fermi

level lies near the conduction-band or valence-
band edge; thus the resistivity of the bulk region
is much less than that of the contact region, and
the voltage drop is confined mainly to the contact
region. In amorphous semiconductors, on the
other hand, the Fermi level usually lies close to
the gap center. ' The resistivity of the contact
region is thus comparable with or even less than
that of the bulk region. The applied voltage drop
is therefore mainly across the bulk region. We
therefore found it difficult to extract information
about the contact region from the frequency and
bias dependence of total capacitance. These mea-
surements yield, however, information about the
presence of high-resistance alloy regions near
the contacts. The space-charge width was ob-
tained from the wavelength dependence of the
photovoltage.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUE

A. Sample preparation

The geometry of the samples is shown in Fig. 1.
Semitransparent metal electrodes, about 200 A
thick, were evaporated or dc sputtered onto a
Corning 7059 glass substrate. A chalcogenide
glass film of composition Ge„As35Te»S» about
1-10 p,m thick was then rf sputtered. We then
evaporated or dc sputtered another metal elec-
trode on top of the chalcogenide semiconductor
film as the common electrode. The cross-sec-
tional area of each sample was about 0. 20 cm2.
The sputtering target was hot-pressed under an
inert gas cover from a vacuum-melted constituent
of 99.999% purity. " The target was mounted in a
Mathis SP-310 rf diode sputtering system atop a
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FIG. 1. Structure of samples. A common semitrans-
parent metal electrode was evaporated on the substrates,
followed by radio frequency sputtering on amorphous
chalcogenide film S. Four thin electrodes of different
metals were then evaporated one after the other onto S
and the substrate without breaking the vacuum.

turbo pump instead of a conventional diffusion
pump to prevent possible oil vapor contamination
of the samples. Before admitting the argon sput-
tering gas the background pressure was about
3&&10 Torr. Target and substrate stages were
water cooled. Normal sputtering pressure wa, s
3. 5 mTorr of ultrapure argon. The average dc
component of the applied rf voltage was 500 V.
A sputtering rate of about 55 A/min was main-
tained fairly constant for all samples. Substrates
were kept electrically floating so that samples of
nearly the same composition as the target material
were obtained within the accuracy of electron
microprobe analysis. ' ' Substrates were illumi-
nated by ultraviolet light for a short time before
closing the sputtering system to eliminate the
accumulation of static charges which appeared to
act as nucleation centers during rf sputtering.

B. Experimental technique and apparatus

The resistance of each sample was measured
and recorded immediately after the sample was
made before placing it into a dessicator to await
further studies. The resistance of each sample
was checked periodically. Most samples showed
stable resistances except for some samples with
Cu, Ag electrodes, whose resistance increased
with time. Strong chemical reactions seem to
occur at the Ag and Cu contacts. These mani-
fested themselves in the appearance of a steady
open circuit dc voltage between opposite elec-
trodes. The thin metal electrodes gradually dis-
appeared by reacting with the semiconductor.

The I-U characteristic, contact photovoltage,
and the equivalent parallel capacitance P~ and
resistance R~ were then measured for each sam-
ple. Because of the high resistivity of theamor-
phous semiconductor (-10 &0 cm at 300 K, con-
ductivity activation energy AE-0. 57 eV), a
highly insulated and well shielded cryostat was
used. Furthermore, in measuring the contact
photovoltage, it was found necessary to eliminate
the thermovoltage due to the temperature differ-
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FIG. 2. Variable temperature optical cryostat used
for contact photovoltage and surface photovoltage mea-
surements. The sample is immersed in helium exchange
gas to minimize the temperature difference between the
front and back electrodes.

ence between the two counter electrodes. A spe-
cially designed cryostat which has the sample
immersed in a thermal exchange He gas as shown
in Fig. 2, provides high insulation, good thermal
stabilization, and capability for measuring the con-
tact and surface photovoltages.

As shown in Fig. 2, the cryostat consists of
four chambers (labeled A, B, C, and D). A dif-
fusion pump assembly was connected to the outer-
most chamber A for vacuum thermal insulation.
The sample chamber B is filled with 1-atm He
gas so that the two counterelectrodes of a sand-
wich-type sample remain at nearly equal tempera-
ture. The temperature in the sample chamber B
can be controlled by the heater and by changing the
He heat exchange gas pressure in heat conduction
chamber g. Chamber D is the heat sink chamber
filled with liquid nitrogen or a mixture of dry ice
and alcohol. Temperature stabilization to within
0. 05 deg can be achieved for a long time. When
studying the effect of ambient gases on the surface
photovoltage, a thin tube was connected from the
gas inlet to the bottom of the cryostat to provide a
steady gas flow.

Monochromatic light from a tungsten halogen
lamp through a Perkin-Elmer monochromater
was focused on the top electrode of the sample.
A high input impedance (-10' Q) Keithley 610 C
electrometer was used to measure the open circuit
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dc photovoltage across the electrodes when the
sample was illuminated. The photovoltage was
measured as a function of photon energy, light
intensity, and temperature.

The surface photovoltage was measured as
shown in the schematic diagram of Fig. 3. The
amorphous semiconductor film about 5 ILfm was
sputtered on top of a molybdenum electrode which
was dc sputtered first on the substrate glass. The
capacitive probe electrode of semitransparent
gold film evaporated on a substrate glass was
then mounted on top of the sample but separated
from it by a mica spacer about 30 ILl,m thick.
Chopped light was directed through the gold film
onto the semiconductor surface. The change of
the surface potential was detected by the gold-
film probe and amplified with a high input im-
pedance amplifier and a PAB lock-in amplifier.

The parallel capacitance and resistance of the
sandwich samples were measured as a function of
frequency and temperature, using a specially
constructed bridge. ' Because the amorphous
semiconductors studied were of a very lossy
material (high dissipation factor), no commercial
impedance bridge was operative at low frequencies.
An impedance bridge was constructed by modify-
ing the ordinary %heatstone Bridge such that the
parallel capacitance and resistance could be mea-
sured simultaneously at very low frequencies.
Stray capacitances were minimized by circuit
construction and taken into consideration in the
computer program used for calculating the sam-
ple impedance from the measured data.

III. EXPERIMENTAL RESULTS

A. Contact photovoltage

Figure 4 shows the photovoltage at room tem-
perature as a function of photon energies covering
the range from 9.6 eV, where the sample is
transparent, through the onset of absorption at
1.2 eV into the visible spectral range, where the
sample is highly absorbent. The photon energies

at which the product of the absorption coefficient
n and the sample thickness d is equal to 1 and 5,
respectively, are indicated by arrows on the top
scale of the figures. At photon energies Igv &1.7
eV, the photons reach both the top and the bottom
electrodes. At higher photon energies hv&1. 7 eV
the sample is optically dense and therefore only
the region adjacent to the top electrode is illumi-
nated. As a consequence, the photovoltage is the
sum of the photovoltages generated at both contacts
for Avai l. 7 eV and equal to the photovoltage of the

Qd= 1 5

Ni-Cr

I.O I.5 2.0 2.5 3.0
Photon Energy (eV)

FIG. 4. Spectral response of the photovoltage of two

samples, one with top electrode Ai'=Sb, the other with
M = Ni-Cr. The photovoltage is not normalized. The
photon flux at 1.4, 2, and 3 eV was 10 ~, 10 ~, and 10~-

cm sec ', respectively. Arrows on top scale show the
product of absorption coefficient n and sample thickness
d. For hv -. 1.7 eV the photons are absorbed before
xeaching the back electrode. The photovoltage {zero for
;8=Sb) is thus solely generated near the top electrode in
this high-energy range.
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top electrode only, at h, v&1. 7 eV. The absence
of any photovoltage at large photon energies in

Fig. 4 indicates that the photovoltage of the Sb
contact is close to zero. The large peak centered
at h.v-1.4 eV in Fig. 4 is therefore caused by the
photovoltage generated at the Ni-Cr contact. If
there exists a space charge region near the Ni-
Cr contact, the so-called contact photovoltage (or
barrier photovoltage) will be generated when this
region is illuminated. Electron-hole pairs pro-
duced by the absorption of photons will be sepa-
rated before recombination due to the strong in-
ternal field in the space charge region. The
positive sign of the photovoltage indicates that
the space-charge region adjacent to the Ni-Cr
contact is negative, which means that the inter-
n3l field at the surface points into the semicon-
ductor .

Figure 4 shows also the photovoltage of two Ni-
Cr contacts. At high energies a large negative
photovoltage is observed which originates from
the top Ni-Cr contact. The sign for the upper
contact photovoltage is negative because the in-
ternal field pointing into the semiconductor points
in a direction opposite to that at the lower contact.
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FIG. 5. Spectral response of photovoltage per photon
absorbed in the semiconductor with different contacting
metals. The magnitude of the contact photovoltage is ob-
served to depend on the metal used. This indicates that
the contact potential is not determined by surface states.

The peak at lower photon energies is the resultant
of the two opposing photovoltages of the upper and
the lower contacts. The fact that the positive sign
of the lower contact photovoltage predominates
despite the fact that more photons are absorbed at
the upper contact, suggests that the internal field
at the bottom Ni-Cr contact is larger than that at
the top contact. Such asymmetry is possible even
though the same contacting metal is used because
the upper and lower contacts were prepared in
different ways. At the lower contact the amorphous
semiconductor was sputtered onto the Ni-Cr layer
which was previously exposed to air. The top
contact was prepared by evaporating Ni-Cr onto
the amox phous layer.

We observe that (i) the photovoltage changes
sign with wavelength of the incident light and (ii)
a considerable photovoltage is obtained even at a
wavelength at which the sample is nearly uniformly
illuminated. This we take as evidence that one is
dealing here with a barrier photovoltage near the
contacts rather than with a Dember photovoltage
cause by different diffusion rates of electrons and

holes "
Internal photoemission'6 of photoexc ited electrons

or holes from the metal into the semiconductor
may also produce a photovoltage. It is difficult
to distinguish the internal photoemission from the
contact photovoltage in low-energy gap materials. '6

However, we believe that the contribution of the
internal photoemission to the measured photovolt-
age in Fig. 4 is negligible because (i) the onset
of the measured photovoltage is at 1.1 eV; this
value is mich higher than O. 57 eV, the threshold
for internal photoemission of carriers from the
Fermi level of the metal to one of the bands in the
semiconductor; (ii) the surface photovoltage is of
the same order of magnitude as the contact photo-
voltage as shown in Fig. 5. The internal photo-
emission of electrons or holes is prohibited in
this situation, since the metal probe electrode is
separated from the free suxface of the semicon-
ductor. This will be discussed in Sec. III B.

Although internal photoemission is not prevented
from occurring in our measurements of the con-
tact photovoltage, we believe that it yields only a
negligibly small photocurrent in these chalcogen-
ide alloy glasses of low band gap because of the
short lifetime of the excess carriers. For the
same reason attempts to measure the drift mobil-
ity of excess carriers in these materials have
failed.

The detailed shape of the photovoltage as a
function of photon energy depends ina complicated
way on the intensity spectrum of the incident light.
This is because the photovoltage is proportional
to the photon flux only at small light intensities.
At high intensities the photovoltage increases as
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the square root of the photon flux. ~ Further-
more, only photons absorbed in the space-charge
region are probably contributing to the photovoltage
and the internal field decreases from a maximum
at the surface to zero through the width of the
space-charge region. The photovoltage per ab-
sorbed photon in the semiconductor at 25 'C as a
function of photon energy is shown for several
metal contacts in Fig. 6. Considerably larger
photovoltages were obtained for Ta and Ni-Cr con-
tacts than for Pd, Sb, and Mo contacts. We ob-
served that Au, Cu, Al, Pd, Pt, Ta, Mo and Ni-
Cr yield a negative space charge; Sb contacts yield
slightly positive, negative, or neutral contacts de-
pending on the evaporation conditions. Te pro-
duces neutral contacts. The reason for this may
be that Te is one of the major constituents of the
sample and has similar electronegativity. The
photovoltage varies with different contacting metals
in a very complicated way. The larger photovolt-
ages are generally observed for larger electro-
negativity differences between the metal and the
semiconductor. However, no simple relationship
has been obtained.

V,q ——BONO T(1 -R)I

n = 1 —exp [- n(hv)xo ], (2)

where N, (hv) is the flux of incident photons, B is a
constant, T is the transmittance of the Au film
probe, and R is the reflectance of the sample. In
this model the photovoltage is proportional to the
spectral distribution of the incident light and the
quantum efficiency rr (hrI) of the photons in contrib-
uting to the photovoltage. We assume that the
quantum efficiency is equal to the fraction of pho-
tons absorbed in the space-charge region of width
x, . This factor increases with increasing photon
energies because of the increase of the absorption
coefficient n. One expects g to saturate when the
absorption coefficient is sufficiently large so that
all photons are absorbed in the region xo. Since
we know from independent measurements No and
a as a function of photon energy, we can calculate
the expected photovoltage for various space charge
thicknesses xo and find the value which best fits
the experimental results. Such a family of curves
is shown in Fig. 6(b) by the dashed curves. The
peak values have been normalized to unity. The

B. Surface photovoltage

The spectral response of the contact photovolt-
age shown in Fig. 4 can in principle be used to
obtain an independent estimate of xo, the width of
the space-charge layer. However, since the con-
tact photovoltage contains contributions from both
contacts and possibly is altered by some alloying
process as explained later, we decided to use the
surface photovoltage instead.

The surface photovoltage technique for investi-
gating the surface photoelectric properties of
semiconductors has been widely used in the past. "
When there is a difference of potential between the
surface and the interior of a semiconductor, free
carriers generated by photon absorption move
under the influence of the electric field at the sur-
face. The resulting displacement of charge may
be detected by a capacitive probe near the surface
and the corresponding potential difference is the
so-called surface photovoltage.

The surface photovoltage of the same material
was measured at a chopping frequency of 150 Hz
at 24 'C. A thicker layer (about 6 pm) was used
to avoid an additional photovoltage generated at the
lower contact. The spectral response is shown in
Fig. 6(a) for various light levels T.

The sign of the photovoltage indicates a negative
space-charge region adjacent to the surface. If
we assume that only those photons contribute to
the surface photovoltage which create electron-
hole pairs in the space region of width xo, then the
photovoltage can be written

E

2—
CD

CD

CO

CO

I I I
I

I I I I
I

I I

,i',300 E
'~'5005 Xo

1000A

1000A g

Xc 500~ r
Z 300k

Q
I.Q (.5 2.Q 2.5

Photon Energy (eV )

FIG. 6. (a) Spectral response of the surface photovolt-
age for various light intensities T. (b) Comparison of
the measured photovoltage at low light intensity (full
curve) with curves calculated from Eqs. (1) and (2) of
text for various values of the space charge width xo
(dashed curves) .
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heavy lines in Fig. 6 represent the measured
spectral response of the surface photovoltage at
low intensity where V,~ is linear with light inten-
sity. A good fit to the experimental curves is ob-
tained with xo between 300 and 500 A for the sur-
face photovoltage. This estimate of xo is not too
accurate when xo is small because the absorption
depth e ' of the photons remains always larger
than the width of the space-charge region. More-
over, this simple model does not take account of
the fact that the internal field decreases rapidly
to zero rather than being constant for x &xp.
Nevertheless, the comparison of the spectral
response of the surface photovoltage shown in
Fig. 6(b) suggests that the effective layer respon-
sible for the surface photovoltage is of the order
of a few hundred angstroms.

The effect of ambient gases on the surface
photovoltage was studied. "The sample was kept
in a steady flow of dry nitrogen gas for two days
before the experiment. %e found that the mag-
nitude of the surface photovoltage increases as
the relative humidity of water vapor in the nitro-
gen gas increased. The incremental increase of
the surface photovoltage 4V,~ divided by the orig-
inal surface photovoltage V,~ in dry nitrogen as
a function of the relative humidity of water vapor
is shown in Fig. 7. We found that hV, ~/V, ~

in-
creases first linearly and then begins to saturate
as the humidity increases. The surface photo-
voltage returns to the original value when the gas
flow is changed to dry nitrogen. We found that the
amount of the incremental increase and the leveling
off point of the humidity depend on the surface
conditions of the semiconductor. Similar phenom-
ena of increasing V,~ with gas content were ob-
tained with other polar molecule gases like NH3,

CO, CHSCOOH. Nonpolar gases like N2, He, and

O~ yielded no effect. Reactive gases such as Cl,
and 03 cause irreversible decrease of the surface

0. l
5—

0 I I I I I I I

0 O. l 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Relative Humidity

FIG. 7. Relative increase of surface photovoltage as
a function. of relative humidity in nitrogen at T = 300 K,
photon energy &v= 2. 1 eV, and chopping frequency=so Hz.
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FIG. 8. Aging effect on Au contact. Parallel capaci-
tance C& rises at low frequencies after six months stor-
age. This indicates that alloying took place at the Au
contact.

photovoltage as expected. We believe that the am-
bient effect on the surface photovoltage is caused
by the absorption of polar molecules on the semi-
conductor surface. Charges transfer between
polar molecules and surface states, thus inducing
the change of the surface potential and the surface
photovoltage.

C. Capacitance and alloy region

An estimate of the width of the space-charge
region xo could be obtained from the spectral
response of the surface photovoltage measurement
in the previous section. We attempted to confirm
this value for xo by measuring the equivalent par-
allel capacitance C~(~) as a function of frequency
as that method is widely used in crystalline semi-
conductors. ' We found however that C~(~) is in-
dependent of frequencies for all freshly prepared
samples. This is not unexpected for the following
reasons. Since the Fermi level lies near the gap
center, any band bending near the surface tends
to make the space-charge layer more conducting
than the bulk. Under such conditions the dielectric
relaxation time of the contact region is shorter
than that of the bulk and the space-charge capaci-
tance cannot be determined from C~(~) measure-
ment because the g& will be independent of fre-
quency. In some cases, on the other hand, we did
observe a strong increase of C~(&u) at low fre-
quencies as shown in Fig. 8. This behavior sig-
nifies the presence of a high-resistance layer ad-
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jacent to the contact. As discussed below, this
layer is caused by alloying and does not represent
a depletion layer.

1. Aging effect and annealing effect on Au contacts

I I I l I llil I I I l I II[1

II

L——'—'~a-~O~a

before annealing

o annealed at l6O'C
for I doy

Capacitance measurement on a sample with Sb-
sample-Au structure showed that C& and R~ were
independent of measuring frequencies when it was
freshly prepared. After six months, however,
C~(id} was found to rise at low frequencies as
shown in Fig. 8. Furthermore, the I-V curves
deviated noticeably from the original ohmie be-
havior. The photovoltage measurement, on the
other hand, showed no noticeable change after six
months.

On the same substrate, another sample pre-
pared as a Sb-sample-Sb structure, showed no
change in the C~(id}, I-V, and the photovoltage
measurement. It is very clear that something
happened at the semiconductor -Au interface. %'e

believe it is slow alloying of Au with the amorphous
semiconductor.

We found that the slow alloying process of Au

0I 10 100
Frequency (Hz)

1000 10000

FIG. 10. Frequency dependence of parallel capaci-
tance of sample edith Sb and Au contacts measured at
four different temperatures. Solid lines calculated from
Eq. (3) of text show that the experimental data can be
fitted by the parameters listed in Table I.

The frequency dependence of the parallel capaci-
tance and resistance measured at various tem-
perRtures on R SRndwlch SRmple with Sb Rnd Au Rs
electrodes as that of Fig. 8, are shown in Figs.
10 and 11, respectively. The capacitance at low

with the amorphous semiconductor can be aeeeler-
ated by annealing the sample at higher tempera-
ture. The eapacitanee was independent of fre-
quency before annealing as shown in Fig. 9. After
annealing the sample at 160 'C for 24 h, the capac-
itance rises at low frequencies. No rise of C~ at
low frequencies was observed for the sample with
Sb-sample-Sb structure. We therefore conclude
that the alloying process on the Au contact was
enhanced by the annealing.

2. Analysis of the C (u) measurements

0—
I I l I I I II! I I I I I I I I} I l l I l t II}

IO IO IO IO

F R EQ UE NCY {Hz)

I I I I ill
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605'C

FIG. 9. Annealing effect of Au contact. Parallel capa-
citance C& and parallel resistance R& rise at low frequen-
cies after annealing the sample at 160 'C for 24 h. This
change of contact behavior vrith annealing indicates that
the alloying process is accelerated by elevating the tem-
perature.

QI 100001000IQQ

Frequenclt (Hz I

FIG. 11. Frequency dependence of parallel equivalent
resistance of sample used for Fig. 11. Theoretical
curves use the same parameters listed in Table I.
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TABLE I. Best values for C&, R~, C2, and R2.

V
dp

Op

F
Au

25
37. 5

44. 5
60. 5

6200
6650
0800
6500

3480
1460
960
650

153
153
153
153

31$
141
88. 8

33.3

Cp CI

(Ri +Rz)'+ &uzRzRzz(c& + Cz)'
(Rs+Rz) + uH [Rz(R(cg) +Rg(Rzcz) ]

Aha

Rp Ri Rp

FIG. 12. Equivalent circuit used for analysis.

frequencies is about 40 times higher than that at
high frequencies. This behavior is analyzed by
assuming the equivalent circuit shown in Fig. 12,
where the alloy region of thickness d, is repre-
sented by the capacitance C, and resistance R&

and the bulk region of thickness d2 by a capacitance
C2 and resistance R2.

The equivalent parallel C~ and resistanceR~ are

and

C = Rg Cs +Rz Cz + (o R)Rzc& Cz(C& + Cz )

(R~+Rz)z ~~zRtRzz(c~ ~Cz)z (3)

(A)

l 7 l lr v//////////3 (//////////n y ,~ X Amorphous ~ L
Semiconductor

Sb Au

XI/~ evaporation
source
(a)

Au Sb

XXXXXXYXXXXXXXX'

ALI

tive region

FIG. 13. (a) Two samples prepared simultaneously
but with opposite structures. Amorphous semiconductor
was sputtered onto the Au electrode in sample A, while
the Au electrode was evaporated onto the amorphous
semiconductor. (b) High-conductivity region near the Au
electrode was found in sample B.

If we assume that Cy» C2 we obtain the following
asymptotic values for low frequencies (~-0) and
high frequencies (&u- ~), respectively,

Cz(O) = CgRg /(R) +Rz)
and

c,( ) = c,c,/(c, + c,) = c, (5)

R,(O)=R, +R, and R,( )=R, .
The geometric capacitance C, = C~(~) and the total
resistance Rz(0) =R, +Rz can be measured with
good accuracy. The remaining quantities C, and
the ratio E=Rz/R, were determined by least-
square fitting Eq. (3) to the experimental points
of Fig. 9. The quantities thus determined are
listed in Table I for various temperatures. The
full curves in Figs. 10 and 11 represent calcu-
lated curves using Eqs. (3) and (4) with these
values.

With the measurements of film thickness d
=1.77+0. 2 pm, and the contact area A =2.4x10
cm we obtain at 25'C a bulk resistivity p2
=4x10~ 0 cm, and an effective resistivity of the
alloy region p, =2x10' 0 cm, a dielectric constant
z =12.7, and for the width of alloy region d, =420
+ 50 A. The thermal activation energy obtained
from the temperature dependence of the bulk re-
sistance R, was found to be E =0. 57 eV in agree-
ment with previous measurements on this materi-
al. The thickness of the alloy region depends on
the contacting metals, the preparation conditions,
aging and annealing, but it is usually about 100-
500 A.

The alloying process between the metal and the
semiconductor depends on the preparation method
and conditions. We found a high-conductivity
region near the Au contact instead of a high-re-
sistivity region when the preparation method was
changed in the following manner. Two samples
were prepared simultaneously but with opposite
structure as shown in Fig. 13. The amorphous
semiconductor was sputtered onto the Au elec-
trode in sample A, whereas the Au electrode was
evaporated onto the semiconductor in sample B.
We found for the resistances R„&R~, and the
capacitances C„&C~. Of interest is that the prod-
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uct of 8 and C is constant, that is R&C„=A~C~.
Since the areas of the two samples mere the same,
it appears that the thickness of sample B mas
(10-15)/o less than that of sample A. The same
was observed with niehrome contacts. This re-
duction of the effective thickness of the semicon-
ductor becomes larger when the evaporation
source is closer to the substrate. It appears that
a high-conductivity region is produced as a result
of diffusion of' impinging metal atoms, when a
high melting point metal is evaporated onto an
amorphous semiconductor.

IV. DISCUSSION AND SUMMARY

One expects a space-charge region to exist in
amorphous semiconductors adjacent to contacts
or to the surface for the same reason as those
which cause such regions in crystalline semicon-
ductors. When a metal is placed in contact with
an amorphous semiconductor, the different work
function of the metal and the semiconductor causes
charge transfer from one material into the other
until their Fermi levels are equalized. A space-
charge layer of the appropriate sign will then oc-
cur inside the semiconductor. If there is a con-
siderable density of surface states'~ or interface
states on the semiconductor surface, a space-
charge region will also occur. However, in this
case charges transfer betmeen contacting metals
and the surface states, and the space-charge
region is less affected by the metal work function.
Three important parameters characterize the
space-charge region: the barrier height or sur-
face potential V„ the midth of the space-charge
region xp, and the density of surface states.

Space charge width x, obtained in Sec. III B
yields the density of gap states at the Fermi level
E„. We assume a constant density of localized
gap states near F.~. In that case the band bending
potential U(x) produces a, charge density o(x)
= —e g(Ez)U(x), and the solution of Poisson's
equation

d'U(x) U(x)e'g(E, )
dx gfp

yields the potential

U(x} = U(O) e~(- x/x, ),
with the eharacteristie screening length

x ((
= K f0/8 g(E p)(

where v is the dielectric constant and &p =8. 86
x 10 '~ F/cm. The charge per unit area Q, is re-
lated to the field at the interface U(0)/x, as

q = «, U(O)/x, .
For the particular potential distribution of Eq. (7)
one finds that the effective space-charge width de-

fined as

J *o( (d J p(*)d
p p

(lo)

is equal to the screening length xp.
Anappreeiable number of localized gapstates is

required to account for the short screening length
300 &xp & 500 A observed. Assuming for simplic-
ity a constant density of states model which leads
to Eq. (8) we obtain 2xlo~v&g(E~) &8xlo'7 eV ~

em mith v =12.7.
The values of g(Ez) deduced from the surface

photovoltage measurements are much too low to
account for the small magnitude of the field effect
observed by Egerton' and Arnoldussen et al. '
in a number of ehalcogenide alloy glasses. We
therefore conclude that an appreciable density of
localized states must be present at the surface or
interface with the insulator used in the field effect
studies. The interface state density must be
about 10' cm eV ' near the Fermi level. Such
interface state densities are not uncommon in
crystalline semiconductors.

In crystalline semiconductors, three methods, 5

I V, C(V), and -internal photoemission, are com-
monly used to measure the barrier heights of
metal-semiconductor contact. However, diffi-
culties arise when these methods are applied to
measure the barrier heights of metal-amorphous
semiconductor contacts. One usually finds a
low-contact resistance and small rectification
ratios in amorphous semiconductors. We believe
the principal reason for this is the following. '
The Fermi level in most amorphous semiconduc-
tors is close to the gap center. In this case, the
reverse bias saturation current is much larger
and the bulk conductivity much smaller compared
to the case when E~ is close to one of the band
edges as in a crystalline semiconductor. Thus
conduction can take place in one band in the space-
charge region and in the other band in the bulk
with the generation and recombination processes
equilibrating the two currents at the onset of the
space-charge region. In other words, the near
intrinsic character of amorphous semiconductors
assures a low contact resistance relative to the
bulk resistance and a small rectification ratio. '~p

The applied voltage drop occurs mainly in the bulk
region instead of the contact region. Thus, the
information about the barrier height V, and the
width of space-charge region xp can not easily be
extracted from the I Vand C(V) measur-ements.

The internal photoemission method ean only be
useful when the barrier height is & 40 kT. As
discussed by Williams, '6 when small barrier
heights are involved it can be very difficult to
distinguish between photoemission and enhanced
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thermionic emission from the metal due to the
small temperature rise from the absorption of
light by the metal. No other measurements of
the barrier heights of low-energy gap amorphous
semiconductors with metal contact are known so
far.

Mead eI; al. studied the barrier height of a
large class of crystalline semiconductors and in-
sulators with different contacting metals. They
found the measured barrier energy P~ of various
metals on a semiconductor was in general propor-
tional to the electronegativity Y~ of the metals, or

This proportionality constant S was called the in-
dex of interface behavior. They found two groups
of semiconductors with distinctively different
barrier behaviors. For high band gap, in ionically
bonded semiconductors such as SiOz and A1393 the
barrier heights usually vary proportionally with
the work functions or electronegativities of the
contacting metajs, i. e. , their index of interface
behavior 8- l.0. For low band gap (covalently
bonded semiconductors such as Ge and Si) the
barrier heights are nearly independent of the worl.
functions or electronegativities of the contact
metals, i. e. , their index of interface behavior
S-O. Semiconductors like GaSe and CdS lie in the
transition region with S-O. 6. Our sample mate-
rial with electronegativity difference AY-0. 7 is
located near S-0.2 on Mead's plot. This suggests
that the barrier heights vary slightly with the work
function of the contacting metals, a' This agrees
with our results shown in Fig. 5 and with the ob-
servation that the surface potential is changed by
the absorption of gases.

The increase of the parallel capacitance C&(&o)

at low frequencies requires a high-resistivity
region adjacent to the contact. The aging effect
and annealing effect shown in Figs. 8 and 9 in-
dicate that this high-resistivity region originates
from the alloying of the metal electrode with the
amorphous semiconductor instead of the space
charge region as postulated by Key and
Fritzsche. ' Depending on the chemical proper-
ties of the contacting metals, different alloy re-
gions may occur. Contact effects for several metals
with Ge&SAs35Te3882, have been studied. %e found
that Ag and Cu reactstronglywith the sample. One

can even measure a small dc voltage across the
electrodes, which indicates that a chemical re-
action is taking place. Several hundred angstroms
thick Ag or Cu electrodes will react completely
with the sample in a few days. Au and nichrome
alloy slowly with the sample. Similar results
have been found by Nielsen'3 with amorphous Se
and Cu, Ag, Al. The formation of a selenide
layer at the interface between Cu, Ag, and Al
electrodes and amorphous Se was observed in the
change of the energy distribution curves of photo-
emitted electrons from the surface of Cu, Ag, or
Al, when he deposited successive layers of
amorphous Se films. Electron microscope studies
by Freeman et al. ~~ showed that Au diffuses and
alloys slow'ly with As28e3. Backscatter1ng data
of Mayer ~~ on a silicon-metal system also sug-
gested the formation of metal-silicide and the
migration of metals at the interface with crystal-
line silicon. Ge and Te are constituent elements
of the sample. No alloying regions were expected
or found. Al, Ta, and Ti oxidize easily. An in-
sulating oxide layer formed at the interface tends
to give high contact resistances. No alloying,
contact resistance and only a very small photo-
voltage were found with Sb, Pt, Pd, and Mo.

A high conductivity region occurs at the Au or
nichrome interface with the amorphous semicon-
ductors described in Sec. IIIC, when these high
melting point metals are evaporated onto the
semiconductors. Similar results have also been
found by Strunk 6 with the As„Se& „system. The
nature of this high-conductivity region remains
to be studied. Methods like backscattering tech-
nique, or ion-probe analysis may be able to
provide more information about the nature of this
high-conductlvlty region.
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