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Determination of states distribution in hydrogenated amorphous silicon
using MIS tunnel junctions

I. Balberg*
RCA Laboratories, Princeton, New Jersey 08540

(Received 7 August 1979)

Measurements ofI-V, G- V, and C-V characteristics were taken on MIS tunnel junctions where M is a metal, I is
silicon oxide, and S is hydrogenated amorphous silicon, a-Si:H. The results indicate a peak in the density of states
which lies 0.45 eV below the conduction-band edge. The states distribution concluded from the present study is in
good agreement with the conclusions based on field-efFect measurements.

I. INTRODUCTION

The usefulness of tunneling studies to reveal the
electronic structure of semiconductor bulks and
surfaces was first recognized by Gray' in 1965.
Later, his ideas were discussed in a more quan-
titative manner" and were made a tool for the
study of surface states. ' ' Qn the other hand, no
quantitiative theory and no significant experiment-
al work were presented concerning tunneling into
impurity bands. Ten years ago it was hoped that
tunneling would be a useful tool to study the elec-
tronic structure of the band gap in amorphous
semiconductors, since no wave-vector conserva-
tion is required for tunneling between a metal and
localized, non-Bloch state. The experimental
studies were carried out on amorphous silicon
(a-Si),7'8 amorphous germanium (g-Qe), ' ~ some
other amorphous semiconductors, " '~ and chalco-
genide alloys. " All the results obtained in the
measurements had the same features. The cur-
rent voltage, I-V, and the conduetanee voltage,
G-V, characteristics were found to be symmetric,
structureless, and the same for all materials.
This is in contrast to the typical characteristics
found in tunnel junctions of crystalline semicon-
ductors and, in particular, in crystalline silicon
(c-si).' ' Moreover, a monotonic distribution of
states was expected for the chalcogenide glasses,
and a nonmonotonic (Mott-Davis) distribution was
expected" for a-Si and a-Ge. The tunneling
characteristics, however, could have been as-
sociated, in all cases, only with either a uniform"
or monotonically increasing"'" distribution of
states. Itwas suggested then that surface states"'"
and the bulk conduction mechanism" "are largely
responsible for the observed characteristics, and
any attempt to interpret the results should consider
these effects. No such attempt has been made
thus far.

ln the present work we would like to show that
tunneling can be an effective tool for the study of
states distributions in amorphous semiconductors,

and that results obtained on hydrogenated amor-
phous silicon, a-Si:H, can not only yield informa-
tion concerning this material, but can also shed
light on the tunneling studies mentioned above.
This is possible now, since by changing the pre-
paration conditions of a-Si:H the tunneling char-
acteristics of this material can be changed con-
tinuously from the ones similar to those found for
c-Si to the ones similar to those found for a-Si.
As pointed out above, tunneling into c-Si is well
understood qualitatively, but quantitative interpre-
tation of experimental results is possible now only
for the determination of surface state distribu-
tions. ' %e shall use this understanding and inter-
pretation to discuss our results on a-Si:H. For
this purpose we review the principles of tunneling
between a metal and a crystalline semiconductor.
Later, we describe the samples prepared for this
study and present our experimental results on
a-Si:8 and their interpretation. Finally, we dis-
cuss the information deduced from this study con-
cerning a-Si:8 and a-Si.

II. TUNNEI ING IN NIS STRUCTURE

The principle of tunneling between a metal and a
semiconductor via an insulating thin layer is il-
lustrated by the band diagram given in Fig. 1.
Suppose that a voltage is applied to the tunneling
junction and that the Fermi level of an n-type
semiconductor EJ;, is pinned so that the entire
applied voltage V drops across the insulating
oxide. Tunneling is possible when an allowed
energy level of the metal E is facing an allowed
energy level of the semiconductor, and only one
of them is occupied. If V is negative (metal
negative with respect to the semiconductor) the
most effective tunneling process mill be from the
metal to the semiconductor. This process will
be set in when

~ g will be large enough so that
E~ ~E,. Here, E~ is the Fermi level of the
metal and E, is the conduction-band edge. Simi-
larly, for positive "V, the most effective tunneling
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process is from the semiconductor to the metal.
This process will set in when E~ ~E„, where E,
is the valence-band edge. Correspondingly, the
current I, through the junction, will rise sharply
when V= V„where qV, =E, —E~„and when V=V„,
where qV„=E„—E~,. Here, q is the (negative)
electronic charge. Similar qualitative behavior
is expected for the dc differential conductance of
the junction G =dI/dV. In this idealized picture
we have neglected other tunneling and nontunneling
processes which tend to smooth the behavior
shown. ' These contributions are marked by the
dashed curves in Fig. 1. %e note then that mea-
surements of the I-V or the Q-V characteristics
yield the values V, and V„, from which one may
deduce the forbidden gap E, [E,= (V, —V„)/q] and
the relative position of the Fermi level in the gap.
This position can be characterized by the param-
eters n —= (E„—E~,)/qV„and P

—= (E, —Ez,)/qV, .
In the simple case described above o. =P =1.

Usually, E~, is not pinned and the applied volt-
age V is distributed between the insulating oxide
and the space-charge region of the semiconductor.
Hence n and P will always be smaller than 1. The
quantitative theory for the unpinned case has been
worked out, ' and the values of o. and P may be de-
duced from the theory. These values and the mea-
sured V, and V„can yield then the quantities E,
and E, —E~, in the nonpinned case. It was shown'
that the values of n and P will depend on the thick-
ness of the oxide, t, the dielectric constants of
the oxide, and the semiconductor e, and &„re-
spectively. The values also depend on the shallow
donor concentration N~, on the energy level of the
surface states E„on the concentration of these
states N~„and on the surface potential V~, at
V=0. For example, in the case to be discussed

later with t=24 A, e, =46p 6 =11''p ND

finds (using the theory in Ref. 2) that n = —', and that
P= z. The voltage distribution thus makes the
"conductance well" width (V„—V, ) larger and more
symmetric than expected in the simple case of a
pinned Fermi level.

Thus far we have considered tunneling between
the allowed bands in the semiconductor and the
metal. I.et us now discuss tunneling processes
associated with states in the forbidden gap. In
particular, an impurity band is an additional con-
ductance channel. ' As before, let us consider first
a pinned Ez,. In the band diagram shown in Fig.
2(a) the impurity band is represented by its mid-
energy level E„. The expected contribution of the
tunneling current into the impurity band is shown
in Fig. 2(b). When E~ is raised by the voltage
V„=(E„—E~,)/q, electrons tunnel from the metal
into the impurity band in which conduction
takes place by hopping. It is apparent that the
impurity-band contribution to the conductance
is larger, the larger the impurity concentra-
tion, and that there is a lower limit to the concen-
tration (=10"cm ') under which no hopping is
possible and, consequently, no conductance chan-
nel exists. ' This channel, when present, mani-
fests itself by a step in the I-V characteristic at
V= V, . %e must note, however, that this tunneling
process yields a small contribution compared to
the metal. -semiconductor bands tunneling and non-
tunneling processes (dashed curve in Fig. 1), and
thus experimentally the "current steps" may be
unrevealed due to the more dominant processes. '
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FIG. I. An energy-band diagram of a metal-insulator-
semiconductor (MIS) tunnel junction and the I-V and G-&~
characteristics predicted for such a junction.

FIG. 2. An energy-band diagram of an MIS tunnel junc-
tion (a) and the corresponding I-V characteristic (b) in
the presence of an impurity band centered at the energy
8 . The same junction with a zero-bias band bending
qP'~0 (c) and the corresponding I-7 characteristic (d) are
also shown. Here I represents the absolute value of the
current, fI).
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FIG. 3. An energy-band diagram of an MIS tunnel junc-
tion in the presence of surface states at the energy level
E] and the expected effects of recombination-controlled
tunneling on the dc I-P and on the ac (dashed) d G-V
characteristics. The larger peak in the EG-P charac-
teristic marks the dominance of the nontunneling ac cur-
rent flow between the semiconductor's bulk and the semi-
conductor's surface. Here I represents ) I).

All the above discussion applies also when the
bands are bent by the surface potential V„. The
energy scale of all the I-V features will be shifted
then by V„. The corresponding band diagram and
I-V characteristics are given in Fig. 2(c) and Fig.
2(d), respectively. If E~, is not pinned, one has
to make the same considerations that were made
above regarding the quantities a and P. In this
case the corresponding value of E, will be given
by qU„P=E, —Ez,

Let us now examine the role of a surface-state
level E, when it lies under EF,. Tunneling into a
localized surface state cannot yield a contribution
to the conductance unless a conducting channel
through the semiconductor bulk is present.
Such a channel is provided by the recombination
of carriers in the surface states. This process
and the tunneling yield the current continuity. The
entire process is known as recombination-con-
trolled tunneling. If EF, is pinned, tunneling will
only be possible from E, to the metal, and a "step"
in the current will be found for V =(E, —Ez,)/q&0.
If EF, is not pinned, the semiconductor bands will
bend due to the application of voltage, and tunnel-
ing from the metal to E, will be possible for V& 0
(when Ez & E,& E~,). It is important to note that
unlike the tunneling into an impurity band, the
magnitude of the current step in the recombina-
tion-controlled tunneling will be proportional to
the free carriers concentration. ' The expected
I-V characteristic for the unpinned EF, case is
shown by the solid curve in Fig. 3.

The above discussion was concerned with the
I-V and G-V characteristics under the application
of a dc voltage. G is usually obtained by numeri-

cal or electronic differentiation of the I-V charac-
teristics. The latter differentiation is carried out
using a small ac test signal which is applied
under constant voltage conditions, ''" and thus the
measured in-phase ac current is proportional to
the conductance G. However, in so doing other
tunneling and nontunneling processes may con-
tribute to the measured conductance. These pro-
cesses are easily recognized by their dependence
on the test-signal frequency. Here, in this par-
ticular case of interest, we notice the recombina-
tion process has a characteristic time v which is
inversely proportional to the free carriers con-
centration. ''" In the absence of tunneling (thick
oxide) the ac conductance'hG, associated with
the oscillation of EF, through E, will be peaked
around cuz =1, where v is the angular frequency
of the test signal. This peak in AG is simply as-
sociated with the communication of E, with the
semiconductor bands. ' " lf the oxide is thin,
additional ac conductance contributions with the
same frequency dependence will be provided by
the recombination-controlled tunneling process. '
These contributions set in when EF, oscillates
through E, (V& 0) and when E~ oscillates through
E, (V&0). The corresponding two peaks are
shown by the dashed curves in Fig. 3. However,
since the first peak also represents the above
nontunneling contribution it is shown to be larger.
In fact, this contribution is much larger than that
of the recombination-controlled tunneling. "

The surface states are localized charge sites which
may be looked upon as forming one plate of a capaci-
tor, the other plate of which is the metal surface. The
differential capacitance C = dQ/dVassociatedwith
the surface states decreases at high frequencies'"
for which the surf ace states are unable to communi-
cate with the corresponding bands. At low frequen-
cies, C probes the charge sites available. As E~,
sweeps across the forbidden gap at the surface, C
monitors the surface-state density (if we neglect
the oxide capacitance and the space- charge region ca-
pacitance). Hence apeak in both C and Oat the same
applied voltage indicates a peak in the 'surface-
states density. " '

To summarize, let us recall the characteristic
features of the tunneling I-V and G- t/' characteris-
tics as predicted and observed in crystalline-
silicon tunnel junctions. The characteristics have
"wells" and "steps" within the wells. ' ' The
steps are associated with tunneling either into
impurity bands' or into surface states. " The
latter two mechanisms can usually be distinguished
by their ac conductance and capacitance. A fre-
quency-dependent peak in both EG-V and C-V char-
acteristics is expected to be found only in the case
of surface states. "'
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III. JUNCTIONS PREPARATION AND
MEASUREMENTS

The junctions used in this study were prepared
either in the configuration shown in Fig. 4 or in
the configuration shown in the insert on Fig. 5. In
the first configuration, molybden'um electrodes
1000 A thick were beam evaporated onto a quartz
substrate. Then, using a proper mask, a strip
of amorphous silicon film was deposited. The top
of the film mas oxidized in air at temperatures
between 25 and 150 C, until the desired oxide
thickness was achieved. In the present study the
oxide layers were 20-40 A thick. Their thickness
was determined by ellipsometry using the optical
constants"" of a-Si, a-Si:H, and SiQ, . The use
of the optical constants of SiQ, is justified by our
findings that the ellipsometry, the oxide capaci-
tance, the contact angle of mater, "and the oxide
dielectric strength were all found to yield the
same oxide thicknesses as one would have found
for SiQ, on crystalline silicon. On top of the
oxide, a 100O-A thick layer of chromium was
evaporated to form the upper (gate) electrodes.
In this structure the area of the junction was
always 3x10 3 cm 2. We used molybdenum as 3.
back electrode since it yields the best "Qhmic"
contact to a-Si:8, while me used Cr as the upper
electrode since it yields a lorn Schottky barrier
in the nonoxidized films and its deposition does
not damage the surface onto which it is evaporated.
In contrast to these junctions, the structure shown
in Fig. 5 mas a two-terminal device in which the
back electrode was stainless steel and the upper
electrode was a 1-mm' chromium dot.

The investigated amorphous films were deposited
in four different systems. One was a sputtering
system for the preparation of nonhydrogenated
a-Si films and the other were glom-discharge sys-
tems. Most of the films were prepared in a glow-
discharge ac (60-Hz) proximity system with a gap
voltage of 1.5 kV, a pressure of 0.6 Torr, a gas
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FIG. 4. A side view (a) and a top view (b) of the &IS
structures used in the present study. The junctions
area was 3 xl0 cm and the oxide thicknesses were
2o-4o A.
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FIG. 5. Typical I-P' characteristic of an n-type a-
Si:8 tunnel junction. Junction JD-9 was prepared by
the dc-proximity glow-discharge method using 10 ppm
PH3 in SiH4 and Ts=350'C. The thickness of the film
was 1100 A and the tluckness of the oxide was 24 A.
The junction's structure is also shown in the figure.

flow rate of 15 sccm (standard cma per minute),
and a substrate temperature 7.', of 300 C. The
gases used for the glom-discharge decomposition
were SiH, or premixed gases of SiH, with 2000
ppm PH„or mith 500 ppm B,H, . In another system
a dc proximity glow discharge was used under the
same conditions except that T, = 350 C and the PH,
(1000 ppm) gas was introduced by a H, carrier gas.
The third system was an rf (13.56-MHz) magne-
tron-diode glow-discharge system. In this system
SiH4 was decomposed under a pressure of 10 '
Torr, a flow rate of 40 sccm, a power of 2 W/cm',
and T, =300'C. The SiH4 used in this system mas
of a very high purity, and no traces of other ele-
ments (other than Si and H) have been detected
by secondary-ion mass spectroscopy (81MS) analy-
sis. In order to compare these films with nonhy-
drogenated a-Si films, we have used an rf sputter-
ing system in which the argon pressure was 10
gm and the rf power mas 250 W. A high-purity
(99,999%) undoped silicon target was used and T,
was room temperature. The junctions made in the
dc-proximity system had the structure shown in
Fig. 5. All other junctions had the structure
shown in Fig. 4.

In the measurements of the junction character-
istics the voltage mas applied using a variable-
speed ramp generator which was operated, usually,
with a rate of 5 mV/sec. The current through the
junction was either measured using a small series
resistor (e.g. , for the results shown in Fig. 5) or
by a logarithmic picoammeter. Both the conduc-
tance and the capacitance w'ere measured using a
1-mV test signal having a frequency f of 15-150000
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Hz. The detection of the in-phase current (pro-
portional to G) and the out-of-phase current (pro-
portional to eC) was done by a lock-in amplifier. '
All the measurements to be discussed here were
carried out at room temperature.

IV. EXPERIMENTAL RESULTS

In Fig. 5 we show typical I-V characteristics of
an MIS'tunnel junction where the semiconductor is
n-type hydrogenated amorphous silicon. The cur-
rent is found to increase almost linearly for
small applied voltages (V so. l V) and then much
faster. This behavior is common to tunneling be-
tween a metal and a semiconductor. "' In con-
trast to similar characteristics in amorphous
semiconductors"" (with one exception"), the
characteristic is not symmetrical with respect to
V =0 and the current rises faster for V&0. This
is the predicted behavior (see Fig. 1) for ann-type
semiconductor, since E~, —E„&E,—E~, . In fact,
for the resistivity of the material used, 500 9 cm,
one expects' that E„—E~,=0.2 eV, while E = 1.7
eV. There is some structure in the characteristic
around -0.3 V which may be associated with re-
combination-controlled tunneling. This becomes
more apparent by examining the corresponding low-
freZuency (18 Hz) G-V characteristic reported
previously.

Comparison of the I-V characteristics of non-
hydrogenated and hydrogenated amorphous 'silicon
is ma, de in Fig. 6. In this figure we show, on a
logarithmic scale, the dependence of the absolute
value of the current on the applied voltage. This
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FIG. 6. I-p characteristics of sputtered amorphous
silicon (a), undoped hydrogenated amorphous silicon
(~s=320 C) (b), n-type a-Si'H (Ts 220'C) (c), andP-
type g-Si: H (Z' =--320 C) (d). The oxide's thickness of all
samples was 40 L and the a-Si: Il materials have all been
prepared by the ac-proximity glow-discharge method.

is done in order to demonstrate the features of
the "current wells" and their association with the
electronic properties of the studied material.
The results shown in this figure were all taken on
the four-terminal devices (Fig. 4), and the a-Si:H
films were all made under identical conditions in
an ac-proximity glow-discharge system. The char-
acteristic of sputtered a-Si, shown in Fig. 6(a),
is typical of this (nonhydrogenated) material" and
other amorphous semiconductors. "~ No structure
is observed and the symmetry around V =0 is
apparent. We have found that the temperatue de-
pendence of the I-7 and the 6-V characteristics
was also in agreement with previous results on
this material. "" In Fig. 6(b) we show a typical
I-V characteristic of undoped a-Si:H. The char-
acteristic is slightly asymmetric, indicating (see
Fig. 1) an n-type semiconductor. This was con-
firmed by thermopower measurements that were
carried out on all. materials studied here. " The
measured resistivity of the a-Si:H as deposited
was 10' Q cm. However, as noted before, " this
value can be regarded only as the lower limit of
the actual resistivity of the undoped material.
Comparison of Figs. 6(a) and 6(b) reveals the
most basic differences between the I-V character-
istics of a-Si and g-Si:H tunnel junctions. In the
latter case a current well is always found at the
current levels shown. This difference reflects
the fact that in g-Si conduction takes place in the
forbidding gap, "while in a-Si;H considerable con-
duction may take place only in the allowed (or ex-
tended-states) bands. " We should note, however,
that the measured width of the current well cannot
be determined by an arbitrary current level, since
the observed current depends on many factors such
as the oxide thickness t, the conduction mechanisms
of the carriers, bulk and surface recombination
effects, and the bias-induced band bending. ' The
characteristics obtained for g-Si:H are very simi-
lar to those obtained'~" for e-Si. The junctions
studied in this work yield, for the arbitrary choice
of 10 ' ~ I ~ 10 ' A, current wells which have the
same width as the conductance wells. The common
width is in good agreement with theory' and ex-
pectations (see below).

The effect of doping is demonstrated in Fig. 6(c).
&s is clear, the ratio

~
V, /V„~ is smaller than

in Fig. 6(b), indicating, as expected, that the
doping makes the a-Si:H.a better n-type material.
On the other ha, nd, since 7", was lower than the 7',
used for the undoped material, we observe, as
one would expect, "' ' more states in the gap and
a reduction in the width of the well. Doping SiH,
by B,H6 is known to yield a P-type g-Si:H, and
this is also confirmed by the I-V characteristics
for the corresponding material. Figure 6(d) shows
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FIG. 7. A G='fI characteristic of undoped a-Si: H pre-
pared in an rf-magnetron-diode glow-discharge system.
The film thickness was 1900 A, and the measured re-
sistivity of the material was 3 x10~ Qcm.

this in the corresponding characteristic
~ V„/V, ~

& 1, as expected (see Fig. 1) for a P-type material.
In view of all the characteristics shown in Fig. 6,
it is apparent that tunneling studies confirm the
known facts about a-Si and a-Si:H: (1) the latter
has a lower density of gap states, ' (2) the latter
can be doped, and (3) the substrate temperature
7, is an important parameter in controlling the
above two properties. As far as the usefulness
of tunneling studies is concerned, it is clear that
they provide a tool for the determination of the
doping efficiency which can be deduced from the
measured ( V, /V„~ ratios.

As was discussed in Sec. II, the presence of
surface states at the level E„or an impurity
band around E„, will be revealed by a peak in the
G- t/' characteristic. Such a peak is found in the
G- V characteristic of undoped a-Si:H, as can be
seen in Fig. 7. However, due to the background
(see Sec. II) one should describe the observed
structure as a step which appears at about t/„
=-0.6 V. This step was found to be independent
of frequency, and the characteristic shown is
essentially a dc characteristic. As explained in
connection with Figs. 2 and 3, this is quite a clear
indication that the step is associated with tunnel-
ing into an impurity band of a semiconductor
rather than with tunneling into a surface state
which requires communication between the sur-
face states and the conducting bands. Since the
material used for this junction was made of "top
grade" SiH, ("resistivity& 1000 0 cm'"), and since
SINS analysis did not indicate any impurity in the
material, we may assume that the observed im- .

purity band is a peak in the density of states of
the studied material. This conclusion is also
justified by the following analysis. From the
asymmetry of the G-V well,

~ V, /V„~& 1, it appears

that the material is n type. Measurement of the
activation energy" of this sample yielded a value
of E, -E~, =0.63 eV, in agreement with similar
results on undoped a-Si:H prepared by rf glow-
discharge. ' As is apparent from Fig. 7, V,/V„
= 4, which means that the peak in the density of
states, N(E), lies about 0.45 eV below E,. This
result is in excellent agreement with the position
of the density-of-states peak found by field-effect
measurements. ' Hence, our findings are at
least consistent with the results deduced from
these, measurements. Comparison of the magni-
tude of the conductance step, 5 x 10 ' pmho, with
the high-voltage (V& +4 V) conductance values,
5 x10' p, mho, indicates that the density of states
above E, or below E, is three to four order of
magnitude larger than at the observed peak of the
density of states. If we interpret the step as due
to tunneling into an impurity (or rather an intrin-
sic) band, the above comparison yields N(E„)
=10'-10" cm ' eV ', in good agreement with
both the results obtained by field-effect measure-
ments" and the density of states needed for im-
purity-band conduction. '

In principle, the observed step in the dc conduc-
tance could have been attributed to recombination-
controlled tunneling via surface states, since this
process has also a small dc contribution' (see
Fig. 3). This is the most likely explanation for the
structure found in the low-frequency characteris-
tics of the low-resistivity material, "since this
structure is at the same energy as the peak in the
ac conductance. We believe, however, that for
the present high-resistivity material there are
three arguments to favor the interpretation of
impurity-band tunneling to that of recombination-
controlled tunneling. First, as shown in Fig. 3
and as expected from results on the P-doped n-
type material used in a previous study, " the con-
ductance step due to the latter mechanism should
be detectable at a positive rather than a negative
voltage. This conclusion is based on the fact that
in the doped material, where E&,&E„ the struc-
ture in the low-frequency G-t/" characteristics
was founda' for V&0 and thus (see Fig. 3) the cor-
responding structure for the undoped material,
where E~,& E, is to be expected for V& 0. In a
forthcoming paper we will show that indeed, for
P-type materials where E~,& E„ the peak in the
ac conductance is found for V&0. Second, in the
previous study3' the maximum magnitude of the
low-frequency conductance step that may be as-
sociated with the dc contribution of the recombina-
tion-controlled tunneling had a magnitude of about
1 pmho. Considering the five orders-of-magnitude
ratio between the resistivities of the doped and
undoped materials and the fact that the recombina-
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FIG. 8. Q-g and C'-p characteristics of the junction
O'D-9.

tion conductance is proportional to the number of
carriers, ' the step in the undoped material should
have been 10 '

p. mho, while the observed step is
5x10 p, mho. Third, as pointed out above, the
magnitude of the peak in the density of states that
can be deduced from the assumption of tunneling
into an impurity band is 10' -10"cm 'ep '. This
result and the fact that the peak lies 0.45 eV below
E, are in good agreement with previously repor-
ted results.

Since no quantitative theory has been worked out
for the tunneling into impurity bands, we cannot
analyze the above data in more detail. However,
as mentioned already, the conductance associated
with surface states may be analyzed quantitatively.
In view of this, we have studied a low-resistivity
z-type a-Si:H, where the number of carriers is
high enough to yield an observable effect of the
surface recombination on the Q- V characteristics.
This effect, as explained in connection with Fig. 3,
should yield frequency-dependent peaks both in

the &6-V and C- V characteristics. The expected""
behavior was indeed observed as shown in Fig. 8.
It is seen that the material is n type

~ V, /V„~& 1

and that both 6 and C have peaks at V=-0.3 V.
EG/f was found" to have a peak as a function of
frequency at f=120 Hz, while C was found to de-
crease monotonically for higher frequencies. The
latter behavior, shown in Fig. 9, is well under-
stood. At very high frequencies the states cannot
be charged and one measures the "crystalline-like"

IOg
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C at -0.5V
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FIG. 9. The frequency dependence of the tunnel junc-
tion capacitance at P= -0.3 V.

depletion-region capacitance. In the present
case the depletion region can be wider than the
film's thickness. As states in the depletion re-
gion or on the surface charge up, i.e. , at low fre-
quencies, the depletion-region width decreases
and the capacitance increases. The fact that only
one peak is observed indicates that the dominant
recombination mechanism is due to the communi-
cation between E, and the semiconductor bands,
as in common nontunnelable metal-oxide-semi-

conductor (MOS) devices. "" Since both the
voltage dependence"" and frequency dependence
are very similar to those observed in c-Si tunnel
junctions, "we have analyzed the present data in
the manner used for the crystalline material.

At low frequencies the surface states are simply
charge sites so that the differential capacitance
Cz =4@/6 V associated with them can be given by
C &

=qN~A. , where N& is the surface- states density
and A is the junction's area." If one assumes""
that the oxide capacitance is small compared with

C~ and that the space-charge region capacitance is
small compared with C~, then the measured
capacitance is expected to be C~. The associated
ac conductance can be worked out by simply analyz-
ing the equivalent circuit. ' ' Such analysis"
shows that the maximum value of 4&(V)/&u is just
-', C, (V).

Setting the energy scale is somewhat problematic
since the observed capacitance is C~ rather than
the crystalline space-charge region capacitance
which is used" to determine the dependence of
E, —E~, at the surface on V. One can assume„
however, that E~, is not pinned at the surface,
since C~ varies with V and since the measured
capacitance is small compared with the oxide
capacitance. Another justification for a nonpinned

E~, comes from the following argument. If E~, is
assumed to be pinned, then

I V, /V„I =(E, —EF,)/
(Ez, E„)=-',. Since E-~=1.7 eV, this implies E, —
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E+, = -0.7 eV. The latter value is very different
from the value of E, —E,=-0.2 eV found3 for pg-

type a-Si:H having the same resistivity as our
samples. Qn the other hand, if we assume a non-
pinned E~, and use the parameters given in con-
nection with Fig. l, which yielded o. = —, and P = z,
we will obtain, "from the observed V, and V„
values, E, —E„,=-Q. 27 eV and I:,—E„=1.72 eV.
This indicates that a nonpinned E~, is a better
description of the situation in the present g-type
material. Using this description we get for the
observed peak in the conductance at V', =- -0.3 V a
peak in the density of states which is located at
E„where E, —E, =0.47 eV. Considering the as-
sumptions made, this value is 1n excellent agree-
ment with both the location of the impurity band
found above at E, —E„=Q.45 eV and the field-effect
peak at E, —E„--0.4 eV. %e may conclude then
that all the observed structures result from the
same peak in the density of states.

In view of the close relationship between the
surface states and the impurity band, and the lack
of a quantitative theory for the latter, one may
use the density of surface states Ns(E) to estimate
the density of bulk states N(E) by the simple rela-
tion ~ =~3~". Of course, due to the difference be-
tween the buJik and the surface„such a relation
does not neces.'".arily exist. However, comparison
with N(E) der ived by other methods may indicate
whether this simple 1"elation hoMS, 1.e. , whether
the surface states are representative of the bulk
states. To do this we have plotted, 1n F1g„10,
Ã~~' vs E —Ez, . N, was found by using the above

V. DISCUSSION

As pointed out previously, no quantitative theory
is available for tunneling into impurity bands, and
thus only estimates could be made for the bulk
density of states derived from tunneling measure-
ments. Except for Gray's pioneering work' not
much work was devoted to the study of tunneling
into impurity bands. There were two reasons for
this: (a) in the technologically more interesting
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relations to determine &z from C~ and dG/v.
Comparison with the field-effect data" indicates
quite good agreement. The difference in the energy
scale was not unexpected since, probably, E~,
does not sweep the surface as freely as assumed.
Hence the peak shown should be narrower (com-
pressed around E —E~, =0), improving the agree-
rnent with the field-effect result. The differences
in the magnitude of &fan~' and N(E), as derived by
field effect, may be due to the different material
used here (phosphorous-doped film made in a
dc discharge) as compared to those used in the field-
effect measurements (undoped or lightly doped
films made in an rf discharge). We do know that
doping g-Si:H with arsine does increase the den-
sity of gap states, and this is expected" to be the
case for doping with phosphorus. The expectation
is also confirmed by the increased optical absorp-
tion oi P-doped a-Si:H compared with undoped"
a-Si:H. This is shown in Fig. 11, where the depen-
dences of the optical-absorption coefficients on the
light wavelength are shown for doped a-Si:H, un-
doped a-Si:H, and c-Si. It is clearly seen that for
the long wavelengths the absorption coefficient is
large by a factor of 5-10 for doped a-Si:H than for
the undoped material. "

-FIG. 10. The energy dependence of N&, where Ns is
the surface-states density as determined from the DG-P
and C-V characteristics. The dashed curve shows the
bulk density of states as deduced in H.ef. 29 from field-
effect measurements. The energy scale was determined
by using the theory of crystalline MIS junctions.
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FIG. 11. The light-wavelength dependence of the opti-
cal absorption coefficient of c-Si, undoped a-Si: H, and
P-doped a-Si: H.
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materials (lightly doped crystals) the density of
impurities was too low (less than 10" cm ') to
yield a channel of hopping conduction throughout
the bulk, "and thus the corresponding states were
not detectable by tunneling. (b) In order to deter-
mine the dopant concentration, much more ac-
curate methods (e.g. , MOS or Schottky barrier
capacitance" 3') were used. Here, because of
failure of other methods to determine unambiguous-
ly structure in the density of states, we studied
tunneling characteristics. The object of the study
was to check qualitatively the existence of a non-
monotonic distribution of states in the bulk of
a-Si:H, and then to estimate the density of states
within an order of magnitude. While such an esti-
mate may be too crude for crystalline semicon-
ductors, it seems to be good enough for amor-
phous semiconductors (at least in the present
stage of their study). The procedure used for
the interpretation of the results is supported by
the order-of-magnitude agreement between the
results obtained from the present tunneling study
and other available data, as explained in Sec. IV.

The similarity of the tunneling characteristics
of a-Si:H and those found in crystalline Si, on the
one hand, and the differences between these char-
acteristics and the observations here and in the
literature, ' "on a-Si and a-Ge, on the other hand,
deserve some detailed discussion. In particular,
in the latter materials one expects" a nonmono-
tonic states distribution in the gap, due to the
various defect states (see below). As was shown

in Figs. 7 and 8, the same measurements which

yielded monotonic and symmetric I-V and G-V
characteristics for a-Si have yielded nonmonotonic
and nonsymmetric I-V and Q-V characteristics
for a-Si:H. Since there is no way to interpret the
present raw data on a-Si:H other than to associate
the structure in the characteristics with a non-
monotonic density of states, one would egxect
structure in the characteristics of a-Si and a-Ge.
As was pointed out in Sec. I, this contradiction
between expectations and observations is still a
puzzle. " %e believe that some light can be shed
on this problem from the crystalline-like behavior
of g-Si:H.

The well-known difference between g-Si and
a-Si:H is their density of states in the "mobility
gap. " In a-Si (and in particular in the nonannealed
a-Si used here) the density of states in the midgap
is at least 10" cm 'eV ', and it increases to the
order of 10" cm 'eV ' at the band edges. "'" On

the other hand, from the various data on a-Si:H
we know" that in this material the corresponding
density of states increases from about 10"
cm 'eV ' to about 3x10" cm 'eV '. Disregarding
for a moment the additional nonmonotonic structure

in the states distribution, one finds that the density
of states which is required in order to maintain
hopping conduction"" throughout the bulk,
N„(=5 &&10" cm ' eV '), is available in a-Si for all
energy levels in the gap, while for a-Si:H
it is available only close to the band edge
(E &E,—0.2 eV). Hence conduction through the
bulk (following the tunneling through the oxide)
is possible for a-Si throughout the entire gap, "4'

while for a-Si:H it is possible only close to the
band edges. The close-to-the-band-edges tunnel-
ing conduction is making tunneling into a-Si:H
similar to tunneling into crystalline Si. This ex-
planation is consistent with the observations ex-
hibited in Fig. 6, which shows that the current
through the a-Si tunnel junction is larger, at a
given bias, than the current through the a-Si:H
tunnel junction. In regard to these observations,
we may further note that there are different volt-
age distributions between the various materials
and their oxides (for a-Si all the voltage drops
across the oxide, "for undoped a-Si:H about —', of
the voltage drops across the oxide, and for doped
a-Si:H see Sec. IV). This distribution determines
the relation between the applied voltage and the
energy level in the gap. The comparison of the
various characteristics shown in Fig. 6 shows
then that for states in the gap the tunnel current
is larger for a-Si than for a-Si:H, while for the
extended states the currents are much the same.
Considering the high sensitivity of the tunnel
current to the oxide thickness, this observation
indicates that our ellipsometry determination of
the oxide thickness is also representative of the
small-area tunnel junctions and that below and
above the mobility gap both a-Si and a-Si:H
exhibit similar transport properties.

Returning to nonmonotonic states distr ibutions,
we expect additional structure in the tunneling
characteristics if there are impurity bands in the
crystalline material' or if there are peaks in the
density of states in the amorphous material. The
density at the peak has to be larger than'„ in
order to yield a hopping channel throughout the
bulk. Indeed, hopping between the states associa-
ted with the peak detected here, E„, has been dis-
cussed previously. ~ From the present results
this peak appears to exist in a-Si:H (Fig. 7) at
about 0.45 eV below E,. We note that field-effect
measurements" indicate a second peak in the
density of states at about E, +0.4 eV. This peak
is not observed here. In a forthcoming paper we
shall show that this feature has to do with states
which are sensitive to material preparation, and
it thus appears that while they were present in the
materials used in the field-effect measurements
they are not detectable in the materials studied
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here.
The above discussion does not resolve the

puzzle concerning the structureless and symmetric
tunneling characteristics of a-Si and a-Ge. The
simplest possibility of a monotonic and symmetric
distribution of states will explain these character-
istics but will be contrary to the expectations
based on the various defect states" (see below).
We should note, however, that the existence of
many different levels may yield the smearout of
the characteristics which would have been obtained
if fewer levels would have been present. In par-
ticular, one expects a smearout of features as-
sociated with levels which lie close to the band
edges because of thei, r competition with the mono-
tonic (but steep) increase of the conductance due

to tunneling into the bands. These reasons, and
the suggestion that in a-Si and a-Ge the conduc-
tance represents the integrated density of states, "'~'
make us believe that it is the detection of the struc-
ture in the tunneling characteristics rather than
the monotonic density of states which is respon-
sible for the tunneling characteristics observed
in a-Si and a-Ge. This suggestion is supported by
Gray's work, ' which showed that when the impurity
band lies close enough to the band edge and the
impurities concentration is high enough, the fea-
tures associated with tunneling into the impurity
band are smeared.

In the present paper we have shown that a non-
monotonic states distribution does exist in a-Si:H.
The present evidence is much more convincing than
the field-effect results"" for the following rea-
son: The field-effect measurements have too low
a sensitivity to determine unambiguously the ex-
istence of a peak in the density of states4'44 and
the peaks are thus derived as a result of the in-
terpretation of the experimental data. " Here, in
contrast, the existence of a peak in the density of
states is borne out by the razv data, as shown in

Figs. 7 and 8. Considering the fact that our experi-
mental procedure has yielded no structure in the
tunneling characteristics of a-Si (in agreement
with many previous works' "), but has yielded a
conspicuous structure for a-Si:H, one should sur-
mise that this structure is a feature of a-Si:H.
The interpretation of the tunneling characteristics
in the present paper is only in association of their
structure with a certain energy (E, —0.45 eV) and
a certain states density (=5x10" cm 'eV '). This
interpretation of the tunneling results is supported
by the ac conductance and capacitance given here
(Fig. 8), as well as by previous works in which
other methods have been used. "

Considering the agreement between the interpre-
tation of the tunnel conductance (the structure in
Fig. 7 which is frequency independent) and the

interpretation of the ac conductance (the peak in
Fig. 8 which is frequency dependent), we should
point out, in regard to Fig. 10, that the simple
relation N =N~" does not necessarily present the
exact N. A more proper procedure would be to
consider"" N =Ns/l, where l is the voltage-depen-
dent width of the space-charge region. Unfor-
tunately, this width is not known since we know

neither the distribution of bulk states nor the dis-
tribution of surface states. If we assume, how-
ever, that the data of Fig. 8 are associated solely
with bulk states, that these states are uniformly
distributed throughout the gap, and that the ex-
istence of donors and free carriers can be neg-
lected, we find that I, = 2oo A and that at the den-
sity-of-states peak, N =1.7x10" cm 'eV '. Since
a justification of all these assumptions is beyond
the scope of the present paper, we have preferred
to use here" the more transparent N =N~" rela-
tion. As can be seen, the two estimates for &
from N~ differ only by a factor of 4. If indeed all
the states sensed are bulk states, then it seems
that N can be trusted to be within this factor.
These estimates from the ac conductance and
capacitance measurements (Figs. 8 and 10) are
in good agreement with the order of magnitude
estimate (N=5x10" cm 'eV ') which is made
from the tunneling measurements (Fig. 7).

While there is no quantitative theory for tunnel-
ing into impurity bands, the method used here for
the determination of N~ from the ac conductance
and capacitance is well established for crystalline
semiconductors. " In these materials the simple
interpretation of the corresponding data is pos-
sible since, except for shallow donor levels, no
other states are expected to be present in the
bulk. In a,morphous semiconductors, where there
are many states both on the surface and in the
bulk, these measurements, ' ' just as the field-
effect measurements, ' ' are associated with
"true" surface states as well as with states in
the space-charge region of the bulk. 4' Hence,
generally, all these electrical surface measure-
ments cannot distinguish between surface and
bulk states. Naturally, the results become harder
to resolve the higher the bulk density of states
within E .

In fact, it was reported ' that for an a-Si:H
material which apparently has a relatively low
density of surface and bulk states, the C-V char-
acteristics are similar to those found in c-Si,
MQS devices. " Moreover, the differences between
the C-V characteristics shown here (Fig. 8) and
those reported in Ref. 47 are of the same type as
those found between various c-Si, MQS devices. ' "
(A detailed comparison between the present results
and those reported in Ref. 47 will be given in a
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forthcoming paper. } The absence of structure in
the t."-V characteristics presented in Ref. 47 is
by no means an evidence against the presence of
the peak E„ in the density of states. We have
shown" that if the a-Si:H material is of high
enough resistivity, yielding a long enough char-
acteristic time y (see Sec. II), the structure in
both the ac-conductance characteristic and in the
capacitance characteristic will not be observed.
This structure is revealed, however, upon illum-
ination (which increases the carrier concentra-
tion and therefore decreases v}, since the photo-
excitation enables a recombination-generation
process at experimentally accessible test-signal
frequencies. The observed structure was shown
to correspond to E„ in both the G- 7 and the C- V

characteristics. " The fact that this structure
was found for doped as well as for undoped a-Si:H
indicates that the peak in E„always exists. More-
over, the fact that we have observed the corres-
ponding structure in many a-Si:H alloys, which
were prepared under different conditions, "and
that the peak in the density of states was conclu-
ded from the various field-, effect measurements' "
leaves very little doubt that E„ is an "intrinsic"
and universal property of the a-Si:H system. In
addition to the establishment of this universality,
the present tunneling measurements indicate that
the peak in E„ is associated with a peak in the
bulk density of states and that these states extend
to the surface. Other indirect evidence for this
is provided by the many luminescence studies on
this material. ""

The above conclusion does not settle the quanti-
tative question of how many of the states are bulk
states and how many are surface states. It seems,
however, in view of the order-of-magnitude
agreement between our various estimates of the
density of states at E„ that, within this accuracy,
the density of surface states does reflect the bulk
density of states. " It should be stressed that this
may not be the case since the surface is sensitive
to its environment. 4' Indeed, the integrated den-
sity of surface states in a-Si:H was reported to be
relatively low"'" or relatively high, "depending
on the method of measurement and the samples'
configuration.

In view of the above discussion, which concludes
that the E„peak in the density of states is a char-
acteristic and universal property of the a-Si:H
system, it appears worthwhile to speculate about
the particular defect which is associated with
this peak. . The first possibility is that the hydro-
gen incorporated into the silicon has not removed
all dangling bonds and that E, is associated with
residual dangling bonds. The argument against
this suggestion is that the concentration of hydro-

gen is much higher than the concentration of
dangling bonds in a-Si and that the concentration
of states around E„(see above} is much higher
than the unpaired spin density" (5x 10" cm ~)

found by ESR measurements. One is led then to
conclude that the states around E„are due to
spin-paired defects. This conclusion is generally
agreed upon in the many recent theoretical works" "
which discuss the nature of gap states in the g-Si:H
system.

The most fundamental question concerning the
gap states in a-Si:H is whether the states are due
to defects which are already present in a-Si (Refs.
57 and 58) or whether these states are due to Si—H

bonds. "' A. PmoÃ, both possibilities are rea-
sonable since, on the one hand, removal of the
many dangling bonds enables the detection of the
spin-paired states (which are of relatively low
concentration in a-Si) while, on the other hand,
there are many Si-H bonds which may yield states
in the gap. As for the states associated with the
E„peak, which are the subject of the present dis-
cussion, no definite or rigorous answer was given.
However, suggestions were made according to
the above two possibilities. Adler" has suggested
that E„ is associated with a T,' (doubly-bonded
neutral) Si defect, while Fisch and Licciardello"
have suggested that E„ is associated with a three-
center Si-H-Si bond. A more recent calculation
by Allan and Joannopoulos" has concluded that
there is a clustering of states associated with
both Si defects and Si-H bonds at about 0.6 eV
below E,. Hence, theoretical considerations have
not yet pointed conclusively as to the nature of
the states around E„.

The theoretical inconclusiveness and the lack
of experimental results which can distinguish
between the various suggestions leads one to
speculate about the defect associated with E„by
comparisons with similar systems. In particular,
the defects in the bulk and on the surface of c-Si
have been studied in detail both experimentally""
and theoretically. " Indeed, Spear" and Mott,
Davis', and Street~ have compared the results
on g-Si:H with results associated with defects
known to exist in c-Si, while Phillips" has com-
pared the results on g-Si:H with information on
c-Si surfaces. In regard to the E„and E, energy
levels, Spear'~ has pointed out that these levels
are very close to those of a divacancy in c-Si.
Mott et al;~ have noticed the fact that the divacan-
cies yiel. d spin-paired states as expected' from
states which remain in c-Si after the incorpora-
tion of hydrogen (see above). We believe that
further comparison with experimental data on
c-Si lends support to the attribution of the E and

E„ levels to states which result from divacancies
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FIG. 12. Comparison of the bulk density of states of
a-Si: H as determined by field-effect measurements
(Ref. 29) and the c-Si "bulk" density of states N&~ as
determined (dashed curve) from measurements of the
surface density of states N& (Ref. 6).

or from some bridging bonds of types present in
c-Si bulk' or c-Si surface. ' We have pointed out
already"' that the incorporation of phosphorous
or arsenic enhances the E„peak, while it is known
that in c-Si the vacancy-phosphorous complex has
an energy level around the level E„. Here we
would like to point out that electrical surface mea-
surements on both c-Si surfaces and g-Si:H sur-
faces yielded similar results. Measurements on
MQS structures4"" of e-Si have shown that there
are always two major peaks in N, (E), one close.
to E, and the other close to E„. Both peaks result
from the same defect" (as in Spear's suggestion'~
for a-Si:H), and (as may be the case with our
results~a) when the density of states becomes high
the peak close to E, is still very sharp, while
the one close to E„ is broadened considerably. '
It was found that the density of the corresponding
surface states decreases with H, annealing. ' '"

In Fig. 12 we make a comparison between the
N'(E) derived from field-effect measurements"
on a-Si:H and the surface-states density Ns ob-
tained' from the ac-conductance measurements on
c-Si. To set the scale we again use N's' for the
comparison. The similarity between the results
on a-Si:H and the results on c-Si (Ref. 6) is quite
remarkable. It is apparent that, apart from the
typical amorphous band tailing, the surface-states
distribution in' c-Si is much the same as the N(E)
distribution in g-Si:H.

In conclusion, in view of the comparison of data
on e-Si and on a-Si:H it is believed that the peak
in the density of states at E, is associated with a
divacancy-type defect. The existence of this peak
was shown here to be the universally most con-
spicuous feature of the states distribution in
a-Si:H.

Note added in Proof. The temperature depen-
dence of the peak shown in Fig. 8 is the same as
that of the electrical conductivity, while that of the
feature shown in Fig. 7 is much stronger. These
findings (see Sec. II) support the interpretation
given here concerning recombination and hopping
conduction in the corresponding cases.

ACKNOWLEDGMENTS

Besearch reported herein was prepared for the
Department of Energy, Division of Solar Tech-
nology, under Contract No. ET-78-C-2219 and
BCA Laboratories, Princeton, N. J. The a,uthor
would like to thank the BCA Semiconductor De-
vices and Energy Systems Research Laboratory
for the materials used in this study and Professor
N. F. Mott, Dr. C. H. Anderson, and Dr. D. E.
Carlson for very helpful discussions.

*Present address: The Racah Institute of Physics, The
Hebrew University, Jerusalem, Israel.

P. V. Gray, Phys. Rev. 140, A179 (1965).
J. Shewchun, A. Waxman, and G. Warfield, Solid-State
Electron. 10, 1165 {1967).

L. B. Freeman and W. K. Dahlke, Solid-State Electron.
13, 1483 (1970).

P. V. Gray and D. M. Brown, Appl. Phys. Lett. 8, 31
(1966).

S. Ear and W. E. Dahlke, Solid-State Electron. 15, 221
(1972).

T. P. Ma and R. C. Barker, Solid-State Electron. 17,
913 (1974).

J. A. Sauvage and C. J. Mogab, J. Non-Cryst. Sobds
8-10, 607 (1972).

C. W. Smith and A. H. Clark, Thin Solid Films 9, 207
(lg72).

J.W. Osmun and H. Fritzsche, Appl. Phys. Lett. 16,

87 {1970).
J.W. Osmun, Phys. Rev. B 11, 5008 (1975).
A. R. Lang and A. Rosiewicz, Proceedings of the
Seventlg International Conference on Amorphous and
Liquid Semiconductors, edited by W. E. Spear (Q. 0
Stevenson, Dundee, Scotland, 1977), p. 382.
J.J. Hauser, Phys. Rev. B 9, 2544 (1976).
C. Konak and J. Stuke, Phys. Status Solidi A 9, 333
(1g72).
K. Yamashita, H. Fujiyasu, I. Kabayashi, and S. Itoh,
Jpn. J. Appl. Phys. 13, 290 (1974).
5J. W. Osmun, Solid State Commun. 13, 1035 (1973).
6H, Fritzsche, in Electronic and Structural Properties
of&morPhous Semiconductors, edited by P. G. Le-
Comber and J.Mort (Academic, London, 1973), p. 55.
J. A. Sauvage, C. J. Mogab, and D. Adler, Philos.
Mag. 25, 1305 (1972).
J. Shewchun and A. Waxman, Rev. Sci. Instrum. 37,



DETERMINATION OF STATES DISTRIBUTION IN. . .

1195 (1966).
A. Goetzberger, E. Klausmann, and M. J. Schulz,
Crit. Rev. Solid State Sci. 6, 1 {1976).
E. H. Nicollian and A. Goetzberger, Bell Syst. Tech. J.
46, 1055 (1966).
S. M. Sze, Physics of Semiconductor Devices (Wiley,
New York, 1969), Chap. 9.
A. Many, Y. Goldstein, and N. B. Grover, Semicon-
ductor Su/aces (North-Holland, Amsterdam, 1965).
J. L. Moll, Physics of Semiconductors {McGraw-Hill,
New York, 1964).

24W. E. Dahlke and S. M. Sze, Solid-State Electron. 10,
865 (1967).
V. Kumar and W. E. Dahlke, Solid-State Electron. 20,
142 {19VV).

~H. C. Card and E. H. Rhoderick, Solid-State Electron.
15, 993 {1972);J. Phys. D 4, 1602 (1971).
P. J. Zanzucchi, C. R. Wronski, and D. E. Carlson,
J. Appl. Phys. 48, 5227 (1977).
P. J. Zanzucchi (private communication).
R. Williams and A. M. Goodman, Appl. Phys. Lett. 25,
531 (19V4).
W. E. Spear and P. G. LeComber, Philos. Mag. 33,
935 (1976).
I. Balberg and D. E. Carlson, Phys. Rev. Lett. 43, 58
(19V9).
The author is indebted to D. L. Staebler and G. R.
Lathaxn for these measurements.

3I. Solomon, T. Dietl, and D. Kaplan, J. Phys. (Paris)
39, 1241 (1978).
Z. S. Jan, R. H. Bube, and J. C. Knights, J. Electron.

. Mater. 8, 47 (1979).
35This is the simplest available relation. If one consid-

ers the more refined theory {Refs. 19 and 20), the factor
2 has to be replaced by (2xln2) if a homogenuous sur-
face is assumed. This factor and some inhoxnogeneity
of the surface may be the reasons for the difference
between the Nss results based on the G-P character-
istics and the results based on the C-P characteristic
(see Fig. 10).
The author is indebted to P. J. Zanzucchi for carrying
out this measurement.

3 N. F. Mott and E. A. Davis, Electronic Processes in
Non-Crystalline Materials (Clarendon, Oxford, 1971).
E. H. Rhoderick, Metal-Semiconductor Contacts
(Clarendon, Oxford, 1978).
W. E. Spear, Adv. Phys. 26, 811 (1977).
This "critical level" was estimated by various authors
to be between 10 -10 cm eV ' for variable range
hopping. See, for example, Ref. 37 and M. H. Brodsky
and D. Kaplan, J. Non-Cryst. Solids 32, 431 (1979).

E. L. Wolf, Solid State Physics 30, 1 (1975).
4 N. F. Mott, E. A. Davis, and R. A. Street, Philos.

Mag. 32, 961 (1975).
43N. B. Goodman, H. Fritzsche, and H. Ozaki, J. Non-

Cryst. Solids 35-36, 599 (1980).
44J. Singh and M. H. Cohen, Bull. Am. Phys. Soc. 23,

24V (19V8).
45A. Madan and P. G. LeComber, in Proceedings of the

Seventh International Conference on Amorphous and
Liquid Semiconductors, edited by W. E. Spear (G. G.
Stevenson, Dundee, Scotland, 1977), p. 377.
Y. K. Chan and T. S. Jayadevaiah, Phys. Status Solidi
A 24, K1VV (19V4).
M. Hirose, T. Suzuki, and G. H. Dohler, Appl. Phys.
Lett. 34, 234 (1979).

48D. F. Barbe, J.Vac. Sci. Technol. 8, 102 (1971).
R. F. Egerton, Solid State Commun. 10, 1081 (1972).

5 I. Balberg, J. Non-Cryst. Solids 35-36, 605 (1980).
5 J. I. Pankove and D. E. Carlson, Appl. Phys. Lett. 29,

. 620 (1976).
C. Tsang and R. A. Street, Phys. Rev. B 19, 3027
(19V9).
R. H. Williams, R. R. Varma, W. E. Spear, and P. G.
LeComber, J. Phys. C 12, L209 (1979).

+B.V. Roedern, L. Ley, and M. Cardona, Solid State
Commun. 29, 415 (1979).

5J. C. Knights and D. K. Biegelsen, Solid State Coxnmun.

22, 133 (1977).
5 J. C. Knights, in Proceedings of the Seventh Interna-

tional Conference on Amorphous and Liquid Semicon-
ductors, edited by W. E. Spear (G. G. Stevenson, Dun-

dee, Scotland, 1977), p. 433.
YD. Adler, Phys. Rev. Lett. 41, 1755 {1978).
S. R. Elliot, Philos. Mag. 38, 325 (1978).

59R. Fisch and D. C. Licciardello, Phys. Rev. Lett. 41,
889 (1978).
W. Y. Ching, D. J. Lam, and C. C. Lin, Phys. Rev.
Lett. 42, 805 (1979).

6 D. C. Allan and J.D. Joannopoulos, Phys. Rev. Lett.
44, 43 (1980).

+D. M. Brown and P. V. Gray, J. Electrochem. Soc.
115, 760 (1968).

@J.A. Appelbaum, D. R. Hamann, and K. H. Tasso,
Phys. Rev. Lett. 39, 1487 (1977).

64W. E. Spear, in Amorphous and Liquid Semiconductors,
edited by J. Stuke and W. Brenig (Taylor and Francis,
London, 1974), p. 1.

~5J. C. Phillips, Phys. Rev. Lett. 42, 1151 (1979).
66A. Goetzberger, V. Heine, and E. H. Nicollian, Appl.

Phys. Lett. 12, 95 (1968).


