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Schottky barriers on phosphorus-doped hydrogenated amorphous silicon:
The effects of tunneling

W. B.Jackson, R. J. Nemanich, M. J. Thompson, and B.%acker
Xerox Corporation, Palo Alto Research Center, Palo Alto, California P4304

(Received 5 December 1985)

A systematic investigation of the transport properties of PtSi on phosphorus-doped hydrogenated
amorphous silicon (a-Si:H) interfaces is presented. The transition from rectifying Schottky barriers
to Ohmic contacts is observed as the doping level is increased. The barrier heights of PtSi on a-Si:H
versus doping concentration and applied bias are measured with use of internal photoemission. In
addition, the activation energy, ideality factor, flat-band voltage, and reverse-bias current-voltage
characteristics are also determined. The results are analyzed in terms of the theory for thermionic-
field-emission tunneling through the barrier. The agreement indicates that tunneling is extremely
important for barriers on all but the lowest-doped a-Si:H at room temperature. While a change
-0.6 eV of the effective barrier height is observed, the analysis indicates that the actual barrier
height is independent of doping despite a change in the Fermi level of -0.4 eV. No evidence for
the lowering of the barrier due to phosphorus-induced donor levels is found. The origin of the bar-
rier formation and evolution of the electrical characteristics of the contact as a function of doping
are discussed.

I. INTRODUCTION

The band discontinuity at a metal-semiconductor inter-
face, or the Schottky barrier, is due to the alignment of
the bulk electronic levels or to interface states which lie
energetically within the semiconductor band gap. The de-
tails of the origin of the Schottky barrier for even well-
studied metals on crystalline Si (c-Si) is still not well un-
derstood because interface densities as low as —10'i cm
can pin the Fermi energy at the interface. Since the inter-
face properties often dominate the bulk electrical response
of the semiconductor, the understanding of the electrical
properties of this metal-semiconductor interfacial barrier
is critical for a complete interpretation of most electrical
measurements.

It has been shown that the interface of metals and hy-
drogenated amorphous silicon (a-Si:H), as in the case of
c-Si, often results in a contact with rectifying behavior.
The characteristics of the interface are in some ways simi-
lar to the Schottky barrier of crystalline Si, but the unique
electronic properties of amorphous semiconductors such
as localized states near the band edge, make the problem
quite different from crystalline semiconductors. In this
study, the electrical characteristics of Pt/tt-Si:H interfaces
are probed as a function of doping of the a-Si:H. The
goal is to examine the barrier properties as the depletion
region becomes smaller and as the Fermi energy moves
from midgap to near the a-Si:H conduction band. Pt/a-
Si:H structures were chosen because the solid-state reac-
tions leading to PtSi formation have been well studied
and because a high barrier is obtained.

For crystalline silicon there is a relatively good under-
standing of the conditions which can lead to a metal-
semiconductor interface exhibiting Ohmic or rectifying
behavior. Consider the schematic of the bands at a
metal-semiconductor interface shown in Fig. 1. While the

Schottky barrier is the band discontinuity between the
metal and the semiconductor conduction band, the effec-
tive barrier is determined by the dominant current mecha-
nism. In the case of light doping in the semiconductor,
high temperatures, and/or moderate fields, the doininant
current transport is due to thermal excitation above the
barrier. This current is known as the thermionic-emission
current. 3 The contribution of the current due to tunneling
increases if (1) the doping of the semiconductor increases
causing the depletion region to narrow, (2) the tempera-
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FIG. 1. Band diagram for a metal —a-Si:H Schottky barrier
with definitions of symbols defined in the text. The various
current paths for various tunneling regimes is also indicated.
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ture is lowered sufficiently to eliminate the transport over
the barrier, and/or (3) if the field is increased by a large
reverse bias. In an intermediate regime, the dominant
current may be described as thermally assisted tunneling
and is known as the thermionic-field-emission current.
Under conditions which result in a collapse of the de-
pletion region, the dominant current transport occurs
from the metal Fermi level to the semiconductor conduc-
tion band and becomes a field-emission current. Such a
contact is no longer rectifying and is Ohmic since the
current is more or less proportional to the applied voltage
irrespective of polarity.

This continuous transformation between the rectifying
and Ohmic contacts is reasonably well explained in c-Si
by the theory of thermionic-field emission which calcu-
lates the tunneling current through a parabolic barrier us-
ing the WKB approximation. ' This theory also accounts
for the lowering of the effective barrier upon increasing
reverse bias and/or doping.

Despite considerable efforts aimed at understanding
certain aspects of the electrical properties of a-Si:H
Schottky barriers and the solid-state reactions at the
metal —a-Si:H interface, the evolution of the electrical
characteristics from blocking to Ohmic contacts is not
well understood. Current-voltage ( I- V), 6 capacitance-
voltage ( C- V), s'9'io and internal photoemission6"
measurements have been used to characterize the barrier,
while time-of-flight measurements have been used to
probe the depletion region. ' Although most efforts have
concentrated on undoped a-Si:H, several investigations of
Schottky barriers on doped a-Si:H have found that the
barrier height apparently decreases as the phosphorus
doping increases' ' and that the ideality factor in-
creases with decreasing temperature. ' One investigation
of Schottky barriers on heavily doped a-Si:H, has suggest-
ed that the thermionic-field-emission theory for c-Si may
explain the breakdown characteristics of the rectifying
contact at large reverse biases. 9

The observed barrier lowering with increasing doping
has been accounted for with several models. Two groups
have attributed this effect to the creation of a specific
donor-level conduction path located -0.3 eV below the
conduction-band mobility edge. ' The phosphorus
donor level was suggested to give rise to an alternate con-
duction path lowering the effective barrier. It has also
been suggested that the electronic properties of the doped
a-Si:H have resulted in a change in the Schottky-barrier
height. A final possibility is that the collapse of the de-
pletion region will cause a lowering of the effective bar-
rier, but since the barrier properties of amorphous and
crystalline Si are diffexent, the analysis must be modified.

While the proposal of tunneling to states attributed to
the phosphorus donor band may seem correct, there have
been several recent measurements which contradict this
possibility. First, from hyperfine measurements's and
from the activation energy of the conductivity for heavily
P-doped samples, the phosphorus donor band is known to
be less than 0.18 eV below the conduction band, a value
the Fermi level will not exceed. In the absence of tmmel-
ing, the P donor 1evel cannot result in a barrier lowering
of 0.3—0.4 eV since the P donor level is less than 0.18 eV

below the conduction-band edge. The hyperfine measure-
ments also indicate that the donor-level density of states
exceeds the tail-state density only for doping levels above
10 in the gas phase, while there is significant lowering
for doping as low as 1X10 . Finally, time-of-flight
measurements have found little change in the electron mo-
bility for low to moderate phosphorus doping levels. '

This result demonstrates that the conduction-band tail
states are not altered by a phosphorus donor band.

In the present work, the barrier heights are measured as
a function of doping and bias dependence using internal
photoemission. The Fermi level of the phosphorus-doped
a-Si:H is measured to determine the built-in potential (or
the band bending). The results are in quantitative agree-
ment with the thermionic-field-emission model. The data
show that the rectifying contact evolves into an Ohmic
contact by increased tinmeling and lowering of the effec-
tive barrier. There is no evidence for a lowering of the
barrier due to a donor-level conduction path 0.3 eV below
the mobility edge; the results can be explained without
resort to a specific level below the mobility edge. Finally,
the evolution of the barrier height and fiat-band voltage as
a function of doping is discussed in terms of current
models for Schottky-barrier formation at the metal —a-
Si:H interface.

g. THEORY

Tunneling and thermionic-field emission in c-Si have
been investigated in a number of papers. The ap-
proach used in most theories is to determine the tunneling
thxough a barrier of an appropriate shape (usually a para-
bolic or truncated parabolic band to include the image-
force lowering) using the WKB approximation. Since this
approach quickly leads to nonanalytic expressions, some
authors such as Padovani and Stratton" have approximat-
ed the energy distribution of the carriers emitted through
the barriers by a Gaussian distribution with a peak which
depends on the barrier thickness and temperature.
Crowell and Rideout, on the other hand, have numerically
evaluated the tunneling expressions. s In general, the ana-
lytic approximation yields results which are in fair agree-
ment with the more exact calculation although the expres-
sions tend to underestimate the tails of the electron distri-
bution and, hence, the effects of tunneling. Because the
analytic expressions reveal the functional dependence of
the tunneling, we will compare our a-Si:H results with the
theory of Padovam and Stratton to determine whether the
functional-dependence of the theory and the data for a-
Si:H are consistent. It is important to note that precise
quantitative agreement for a-Si:H is not necessarily ex-
pected since, even for c-Si, the theory is approximate,
yielding only semiquantitative agreement with experi-
ment. The agreeinent found for a-Si:H between the
theory and experiment is remarkably close considering,
particularly, our lack of precise knowledge of some im-
portant parameter of the contacts to a-Si:H, such as the
doping efficiency and the effective tunneling mass.

Throughout our arialysis we will assume that the limit-
ing mechanism of transport through the depletion region
and into the metal will be the thermionic emission and not
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E'=Epp/[qE pp /k 7—tanh(qEpp/k T)], (2)

where T is the temperature, k is Boltzmann's constant, q
is the electron charge, and E~ (in eV) is given by

Eg) —A(Ng/m—„e,)'/ /2

=18.5X10 'i(N /m, e, )'~i, (3)

where Nq is the donor density in cm; m„ is the effective
mass in terms of m, the free-electron mass, and e, is the
relative dielectric constant. Em has the physical interpre-
tation of being the height of a barrier where the tunneling
probability is e ' for electrons at the semiconductor band
edge. Thus the parameter qEpp/kT is a rough measure of
the relative importance of tunneling. If qEpplkT &&1,
thermal excitation over the barrier is dominant, while if
qEpp/kT-1 then the current is thermionic-field emission
predominates. The current becomes a field-emission
current when qEpp/kT ~1. A more precise dehneation
between the various regimes may be found in Ref. 5.

Because Epp is a fundamental quantity for the theory of
tunneling, it is important to discuss the values of the pa-
rameters e,m„and N~ used in determining its value for
a-Si:H. In the case of c-Si, best agrognent between theory
and experiment is obtained if e,m, is taken to be 2.5.
This value requires that m„be 0.2, which is somewhat
low and is probably due to the approximations used in the
thermionic-field-emission theory. Nq is equal to the
dopant density since nearly all dopants are fourfold coor-
dinated in c-Si and, hence, electrically active.

In the case of a-Si:H, there is some uncertainty in relat-

the diffusion of carriers. These two processes can be

viewed as acting in series; therefore, the current transport
will in general be dominated by one effect. For well-

formed and characterized PtSi/a-Si:H structures, the tem-

perature dependence of the I- V characteristics have been
shown to be consistent with thermionic emission. '

According to the theory presented in Ref. 4, the reverse
saturation current of a diode with tunneling contributions
is given by

J=J,exp( V„/E'),

where J, is the reverse saturation current, V, is the re-
verse bias voltage (defined as positive for a negative bias

applied to the metal), and E' is given below. We note that
in general, if tunneling is important, the reverse saturation
current will exhibit an exponential dependence on voltage.
In particular, E' is given by

ing the donor density to the gas-phase dopants because the
dopants may be threefold coordinated. A threefold-
coordinated phosphorus atom will be neutral and will not
contribute to the space-charge layer that determines the
barrier shape. Threefold-coordinated dopants will not af-
fect the tunnehng and one must therefore find a relation
between the charged defect density and the gas-phase
dopant concentration.

According to the "8—N" model for doping in a-Si:H,2p

a phosphorus atom is incorporated into a fourfold config-
uration only if a negatively charged angling bond is
created at the same time. Consequently, the number of
donors and defects should be equal. The donor density

Nq can be determined from the subgap defect density
measured by ~hotothermal deflection spectroscopyi' and
luminescence~ and roughly follows the relation

N~-[PHq] . The uncertainties due to the actual
dopant-incorporation measurement preclude a more pre-
cise determination of the donor density. With the above
uncertainties in mind, we use defect values previously re-

ported for doping-induced defect densities found by pho-
tothermal deletion in Table I. ' We also treat e,m„as a
free parameter and fit the voltage dependence of the bar-
rier height for the 1X10 e sample. In this case, we get
reasonable agreetnent for e,m, =0.5 if Nz-[PH3] '. De-
pending on the exact relation between the number of
donors and the gas-phase concentration, the thermionic
emission should dominate for doping as high as 10 4 in
the gas phase. Using Eq. (3), we find that a room tem-
perature, qEpplkT-1 for a doping density of 10 i P.
Tunneling is expected to dominate for these doping densi-
ties.

The reverse saturation current J, is given by

J =J pexp( —pb/Ep)

where y& is the barrier height without tunneling (see Fig.
1), and

Ep Erlcoth(qE~——/kT) .

J,p is weakly dependent on voltage and is given by

Jg p AT(nqEpp)——'/

X [q ( V, g)+ ques /cosh~—(qErllkT)]'~2/k .

A is Richardson's constant and qg is the energy from
the Fermi level to the conduction band in the doped semi-
conductor.

TABLE I. Schottky-barrier parameters for various doping levels.

Doping

Undoped
2.5 &( 10
1.0x10 6

1.0g10-'
1.0g10-4
1.0g10-'

3X10"
1.4~10"
2.2g 10"
1.0g10"
2.5y10"
1.0x 10"

(e&)

0.82
0.36
0.25
0.21
0.15
0.15

Vb

(eV)

0.34
0.79
0.87
0.86
0.73
0.74

1.16
1.13
1.10
0.98
0.70
0.52

q~ (e'B
at V, (V)

2.00
2.00
1.50
1.90
1.50
0.66

Pb
(eV}

1.16
1.15
1.12
1.07
0.88
0.89

gb
(eV)

1.14
1.15
1.15
1.16
1.12
1.04
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or

(kT——/q)(ys/Eo V, /—E') . (8)

When tunneling predominates, Eq. (8) predicts that the
barrier height decreases linearly with increasing reverse
bias. The slope of the decrease for small reverse biases is

dq. fr

dV,
kT/qE—'

=—(qE(g/kT) /3~Ng (qE00/kT&&1) . (9)

Thus the rate of barrier lowering due to increased apphed
bias increases with doping. For 10's donors/cm 3, the
rate of barrier lowering for a-Si:H is roughly 0.05 eV/V,
and the effective barrier disappears extremely rapidly for
comparatively small reverse biases.

Not only does the barrier decrease with voltage, but the
increased doping lowers the effective barrier at zero-bias
barrier as well, according to the relation

y,g( V„=O)=kTqrs[tanh(qEoo/kT)]/qE00 .

For qEm/kT «1,
qr,a( V, =0)=[1 (qEOO/kT—)'/3]q)b,

(10)

demonstrating that the rate the zero-bias barrier-height
decrease is proportional to the donor density. When
qEOO/kT ) 1,

J,=J,oexp( p, /Eoo}—. (12)

The reverse saturation current no longer depends on tem-
perature, or equivalently, the ideality factor is roughly in-
versely proportional to the temperature. For a donor den-
sity of 10' cm, E00-3kT, the effective barrier is one-
third of its low-doping value and decreases with reverse
bias at a rate of —1.0 eV/V. The barrier, in essence, no
sponger exists.

When qE~/kT && 1, the thermionic-emission case,
Eo k——T/q and Eq. (4) becomes J=J, oexp( —ques/kT),
the standard diode expression for the reverse bias current.
We may define an effective barrier height when tunneling
is important by the relation

J=J,oexp( qy—~/k T)

=J, Oexp( y&—/Eo)exp( V, /E'),

consisted of 2-mm-diam electrodes of 8-nm-thick Pt. In
order to ensure silicide formation, the samples were
etched immediately prior to the Pt deposition and were
annealed at 200'C for 30 min in the Pt-deposition system.
This procedure is kno~ to cause a solid-state reaction
and form the crystalline compound PtSi. ' This pro-
cedure also eliminates the interfacial oxide layer.

B. Electrical measurements

Y-(ira0 —ys) for %co & pb (13)

where %co is the photon energy. The barrier is determined
from Eq. (13) by computing the zero intercept of Y'~z

below the band gap versus photon energy. In order to
determine the barrier height accurately, the yield due to

A number of electrical measurements were performed
on the samples. First, I- V measurements were made for
both forward and reverse biases. The forward-bias
current-versus-voltage curves were used to extract the
ideality factor for the diodes. 7 The sample structures with
the smallest ideality factors were used for all the other
measurements. The ideality factor became significantly
larger as the doping increases.

The spectral dependence of the photoconductivity was
determined for various reverse biases. The illumination
source consisted of a quartz tungsten lamp dispersed by a
—,'-m monochromator with —13-nm resolution. The ex-

citing light was chopped at 7 Hz, while the synchronous
photocurrent was detected using a current praunp and a
lock-in amplifier. The incident photon fiux was measured
by a pyroelectric detector. The spectral dependence of the
number of carriers collected per incident photon or photo-
conductive yield, Y, was determined.

The barrier heights were determined from the spectral
dependence of the photoconductive yield using the theory
of internal photoemission. According to this theory, the
spectral dependence of the photoconductive yield due to
transitions over the Schottky barrier (transition A in Fig.
2) is related to the barrier height by the equation

III. EXPERIMENTAL DETAILS

A. Samples

The samples used in this experiment consisted of the
following structures. The substrates were crystalline Si
overcoated with 100 nm of evaporated Cr and a 30-nm
n+ layer of 10 doped amorphous silicon which formed
the Ohmic backcontact. The active layer of a-Si:H was
1.8 pm thick and was doped by the introduction of phos-
phine in the gas-phase concentrations relative to the silane
ranging from 2.5 X 10 to 10 during deposition. The
doped a-Si:H was deposited at low rf powers under condi-
tions known to produce optimal material. The final layer

a-Si: H

FIG. 2. Various transitions possible in a reverse-bias
Schottky barrier under illumination. Transition A gives rise to
internal photoemission, B is the band-to-band transition, C is a
transition from a defect level to the conduction band, and D is
the band-to-band transition in the Ohmic backcontact.



JACKSON, NEMANICH, THOMPSON, AND %ACKER 33

internal photoemission (transition A in Fig. 2) must be
distinguished from that due to band-to-band excitations
(transition B) .This separation of the two contributions is
aided by doping. Both the electrons and holes generated
by the band-to-band transitions must be collected in order
to contribute to the steady-state current (further discus-
sion is given in Sec. IV). Since phosphorus doping de-
creases the hole lifetime significantly, the band-to-band
collection efficiency is reduced. This results in an
enhancement of the internal photoemission with respect to
band-to-band transitions, because in the case of internal
photoemission the holes are created in the metal layer.

The voltage dependence of the barrier height for a given
sample was determined by measuring the spectral depen-
dence of the reverse-bias yield as the bias voltage was in-
creased. Relative changes in the barrier heights as small
as 3 meV could be determined by keeping the sample posi-
tion fixed, repeating the measurements at the same wave-
lengths, and fitting the data to Eq. (13) over the same en-
ergy range for each voltage. The satnple-to-sample fluc-
tuations in barrier heights are -0.07 eV due to slight
variations in alignment and sample thicknesses. The ac
photocurrent versus applied bias was determined by keep-
ing the photon energy constant.

The energy separation between the conduction band and
the Fermi level was detertnined for each doping by using
capacitance and current methods. For the heavily-doped
samples, the activation energy was determined by measur-
ing the capacitance as a function of temperature for vari-
ous measurement frequencies. The capacitance decreases
to the geometrical capacitance at carrier freeze-out (Fig.
3). The slope of a hne obtained by plotting the natural
logarithm of the freeze-out frequency versus 1/kT yields
the activation energy (inset, Fig. 3). The advantage of this
method is that the effects of band bending on the bulk ac-

tivation energy are eliminated. For the lightly doped sam-
ples (1X10 and 2.5X10 PH3), freeze-out occurred
above room temperature even for 10 Hz, requiring the use
of another method. The activation energy of the far-
forward-bias current at 3 V was measured for tempera-
tures between 100 and 200 K for the lightly doped sam-
ples. The two methods yielded identical results for the
1 X 10 sample, demonstrating that the forward-bias
measurement yields reliable results for the inore lightly
doped samples.

The built-in potential was also estimated by measuring
the photocurrent at a fixed wavelength versus applied
voltage. The forward-bias voltage at which the photo-
current changes sign is a rough indication of the built-in
potential. However, this procedure is valid only if tunnel-
ing is not significant. Since tunneling will be shown
below to be extremely important for medium to heavy
doping levels, this method yields low values for the built-
in potential.

IV. RESULTS

Consider first the reverse- and forward-bias I- V mea-
surements. Saturation of the reverse current is expected if
the current transport is solely by thermionic emission.
The reverse-bias current for various doping levels is
shown in Fig. 4. Saturation is not observed, and the
current is more or less exponential with a slope that in-
creases as the doping increases. The magnitude of the
current becomes extremely large for higher doping. This
result indicates that the rectification decreases as expected
from previous measurements. The forward-bias currents
were used to determined the ideality factors for various
doping levels; the results are shown in Fig. 5. Also shown
is the temperature dependence of the ideality parameter
for the 1X10 s doped sample. The ideality parameters
are plotted versus the parameter, kT/Zoo, which is pro-
portional to N~ '~. The experiments indicate that the
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FIG. 3. Capacitance of a 1 X 10 '-PH3-doped sample versus
temperature for various frequencies. The activation energy is
determined from the slope of an Arrhenius plot of the inverse of
the temperature of maximum slope (carrier freeze-out) versus
the logarithm of the measuring frequency (inset).

FIG. 4. The points indicate the reverse-bias current versus re-
verse bias for various doping levels. The solid lines are deter-
mined by substituting the measured voltage dependence of the
barrier height from Fig. 9 into Eq. (7).
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ideality parameter becomes larger for both increasing dop-
ing levels and lower temperatures.

The barrier height was determined by measuring the
spectral dependence of the photoresponse. The photocon-
ductive yield I'is plotted versus photon energy E for vari-
ous doping levels in Fig. 6. The band-to-band transitions
{transition B in Fig. 2) gives rise to the large yields for en-
ergies above 1.5 eV. Belo~ 1.5 eV the yield is due to the
internal photoemission (transition A in Fig. 2) and can be
extrapolated to give the barrier height using Eq. {13).The
carriers for the internal photoeinission are generated in
the thin metal layer, and will therefore be very sensitive to
optical interference within the sample. The large interfer-
ence fringes in the spectral region due to the internal
photoeinission are characteristic of this effect. The in-
crease of the yield below 1.5 eV with increased doping is,

10o

" 10-'—
C

J3
—10 6—

10 8—

0.5
I

1.0
I

1.5
ENERGY (eV)

I

2.0 2.5

1.5

FIG. 6. Photoconductive yield versus photon energy for vari-
ous doping levels. Curves are normalized at 2.1 eV. The oscil-
lations are due to interference fringes.

1.4—

1.3

in general, an indication of the lowering of the effective
barrier height. Figure 7 and Table I show that the zero-
bias barrier decreases as the doping increases.

An additional spectra feature appears in the pho-
toresponse below 1 eV for the lower doping levels In this
region the. fringes are reduced. The photocurrent is plot-
ted versus time in Fig. 8. The photocurrent decays after
the light is turned on, and exhibits the unusual effect of
exhibiting a negative current after the illumination is
turned off. This result can be explained by transitions
from occupied defect levels to the conduction band (tran-
sition C in Fig. 2). Initially, light excites electrons from
the deep centers to the conduction band where the elec-
trons drift to the backcontact. The holes left behind are
deeply trapped and are not collected. Consequently, the
sample builds up a positive space charge which collapses
the field during the light pulse, decreasing the collection
of subsequent electrons and the photocurrent even though

1.2

1.0—

~08—
LLj

w 0.6—
K
LLI

~ 0.4—
CC

CQ

1.00
I I

4 6
kT/Eoo

10

FIG. 5. The points indicate the measured ideahty factor for
various doping levels at room temperature (circles) and for a
10 ~-P-doped sample for different temperatures (squares). The
solid line is the result of the theory showiag the increase in
ideality factor due to tunneling.

0
0

I

10'
I

10'

QNd (cm a~2)

10&o

Fbi. 7. The points indicate the barrier heights corrected for
zero volts bias versus the square root of the donor density for
each doping level. The solid line is the theoretical expression us-
ing Eq. (8).
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1.2
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cf
N

TIIVIE (msj

FIG. 8. Photocurrent versus time for 0.9-eV light. The pho-
tocurrent actually decreases as the illumination time increases
and an equal but opposite polarity current appears upon ter-
mination of the illumination.

0.8 I

-6 -4 -2
REVERSE BlAS (V)

FIG. 9. The points indicate measured barrier height versus
reverse bias for various doping levels. The solid lines indicate
the barrier-height variation predicted using Eq. {8). Note that
the dependence of the barrier increases as the doping increases.

the light is still present. When the illumination catses, the
electrons diffuse back to the positively charged defects,
neutralizing the the space charge. The current flows in a
negative direction; hence, during one cycle, no net charge
flows in the external circuit. This conclusively demon-
strates that the charge collection is determined by the car-
rier with the lowest mobility-lifetime product under con-
ditions when the field distribution is affected by the pho-
togenerated carriers. The collection length of the primary
photocurrent is no longer the sum of the collection
lengths of each individual carrier, as is the case when the
carriers have sufficient mobility to avoid space-charge
buildup. 2 The smaller fringes of this component are a
further indication that this mechanism is correct. Transi-
tion C occurs throughout the sample, unlike the internal
photoemission, transition A, and therefore exhibits small-
er interference fringes due to spatial averaging.

The dependence of the effective barrier height on the
field was also determined from the photoresponse mea-
surements. The barrier heights as a function of reverse
bias for various doping levels are shown in Fig. 9. For the
lowest doping levels, the barrier height decreases very

slightly with larger negative bias while barriers on the
more highly doped material exhibit considerable lowering
as function of bias. Results could not be obtained for the
highest doping levels since the reverse-bias current became
too large to detect the internal photoemission contribu-
tion. Thus both the increased doping levels and the larger
negative bias causes a disappairance of the barrier.

V. DISCUSSIGN

A. Comparison to tunneling model

The experimental results presented in the preceding sec-
tion are analyzed in terms of the theory of thermionic-
field-emission theory discussed in Sec. II. The major
points of comparison are the dependence of the effective
barrier height on doping and field, the voltage dependence
of the reverse-bias current, and the doping and tempera-

ture dependence of the ideality factor.
Consider first the dependence of the effective barrier on

doping. The thermionic-field-emission theory predicts
that the effective barrier height for 0-V reverse bias is
given by y,rr=kTqb/qEc. Since Ec gets larger with dop-
ing, the effective barrier height decreases. The reduction
in the effective barrier can be calculated assuming that Nq
is given as in Table I and e,m, =0.5 and using Eqs. (3),
(5), and (8) for V, =O and yb ——1.14 eV. The calculated
effective barrier as a function of doping is depicted in Fig.
7 by the solid line, and is compared to the experimental
barrier height corrected to 0-V applied bias. The reduc-
tion of the barrier height due to doping is reasonably well

predicted by the theory, and can thus be ascribed to tun-
neling. Both theory and experiment indicate that the bar-
rier height begins to exhibit a strong dependence on dop-
ing for levels above 10 . At this threshold doping ]eve],
the defect density is sufficiently high to cause significant
reduction of the effective barrier even at zero field. The
dominant current path is no longer over the top of the
barrier but moves to lower energy. For a phosphorus dop-
ing of 10 when Erl-kT, the current tunnels predom-
inately through the barrier at roughly half the height of
the barrier. The critical doping level for barrier height
variation predicted by theory is slightly higher than that
observed suggesting that the actual tunneling is somewhat
underestimated by the theory. This difference is quite
likely due to either the assumption of parabolic bands in
the calculation, difficulty in determining the exact doping
density, and/or the effects of band-tail tunneling just
below the mobility edge on the actual barrier height.

%'hen the depletion region decreases, the tunneling
current becomes very sensitive to the applied reverse bias.
A small increase of the bias will decrease the effective
barrier height significantly. The dependence of the effec-
tive barrier height on bias has been calculated for several
doping levels and the results are compared to experiment
in Fig. 9 and Table I. Two aspects should be noted. The
calculated linear dependence of the barrier height on re-
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verse bias agrees with experiment. The observed increase
of the slope with increased doping is also in good agree-
ment.

For diodes where tunneling is important, the reverse-

bias current will not saturate at low voltages. If the ex-

perimentally observed changes of the barrier height with

bias (Fig. 9) are inserted into Eq. (1), the solid curves in

Fig. 4 result. The quantity J,o was not computed from
Eqs. (4) and (5) but rather adjusted to match each curve at
zero bias. Good agreement for the various lower doping
levels is observed; the slope of the reverse saturation
current increases with doping exactly as predicted from
the theory. At higher daping levels, the approximate tun-

neling theory of Sec. II slightly underestimates the change
of the barrier height with voltage. From Eq. (9), we see
that for the case of low doping levels the slope is propor-
tional to the donor (or defect) density.

Finally, the tunneling contribution to the current also
explains the increase dependence of the ideality with dop-
ing and with temperature. In Fig. 5, the calculated ideali-

ty factor from Ref. S is plotted as a function of the pa-
rameter kT/E~ along with the experimental ideality fac-
tor for a 10 '-P-doped sample for different temperatures
and for different dopings at roam temperature. The trend
is quite consistent indicating that both the doping and
temperature dependence of the ideality factor are reason-
ably well predicted by the thermionic-field-emission
theory. As in the case for the other bamer properties,
Fig. 5 indicates that the theory somewhat underestimates
the effect of tunneling.

In the above discussion, we have shown that there is
rather good agreement between experiment and the ap-
proximate tunneling theory of Sec. II. It is also important
to examine possible explanations for the small differences
between theory and experiment.

The primary difference between theory and experiment
is that the theory tends to underestimate the importance
of tunneling. Changes of the barrier heights and ideality
factors occur at slightly lower doping levels than predict-
ed. This difference has several possible origins. First, the
approximation of a Gaussian tunneling distribution tends
to underestimate the tails of the distribution and, conse-
quently, the tunneling contribution is underestimated. A
second more likely explanation is that the exact defect
density is unknown. If the defect density is taken to de-

pend on doping according to the relation N~ —[PH3]
better agreement is obtained. Finally, one would expect
that resonant tunneling of the electron from the metal
through a localized band-tail state into the extended states
of the semiconductor would become increasing important
as the barrier becomes narrower.

B. Implications of the tunneling model

The results of the preceding subsection demonstrated
that the tunneling model explains the observations rather
well. We discuss next the implications of these results for
the interpretation of various measurements. In particular,
the effect of tunneling on flat-band measurements, the use
of ideality measurements to determine interface quality,
and the doping-induced lowering of the barriers are ex-
plored.

=ID I 1 —exp[8( Vs —V)'~ ]I, (14)

where I, is the depletion width, Io is the photocurrent far
very large reverse bias, 8 is a canstant which depends on
doping, etc., and V is the applied bias (positive for for-

ward bias). If the quantity ln [1 I~h(V—)/Io] is plotted
versus the applied bias as in Fig. 10, the result should
yield a straight line whose intercept is the built-in poten-
tial. For the lowest doping level this result yields 0.7 eV,
which is not far from that derived from the barrier-height
and activation-energy results. For higher doping levels,

the form of Eq. (14) will be significantly modified since
the barrier height becomes bias dependent. The result is
curved plots rather than straight lines with intercepts
which are incorrect. The built-in potential determined
from the voltage dependence of the photocurrent (solid
triangles) will be reduced compared with the expected
built-in potential due to tunneling (open triangles), a result
observed in this study (Fig. 11).

Second, the increase of the ideality factor due to tunnel-
ing complicates the separation of the recombination
current from the thermionic-emission current used previ-
ously. ' In general, the ideality factor for a
recombination-dominated current is 2, while for the ther-
mionic emission, it is nearly 1. While one would expect
that increasing the number of defects in the material
would increase the recombination, it also causes increased
tunneling; in both cases the ideality factor increases. Con-
sequently, one cannot rely on the ideality factor to

10 I
1

2.5 X 10
Pt

Vb = 0.7 V-

0

680 nm'~
n

G 00
880 nm a
i

-2 0
REVERSE BIAS {V}

FIG. 10. Determination of the built-in potential using the
variation of the photocurrent with applied bias. The built-in po-
tential is estimated to be 0.7 V for the lo~ doping.

First, we consider the effects of tunneling on the use
photocurrents to determine the built-in potential. The
voltage dependence of the photocurrent is often used ta
determine the built-in potential of the barrier by noting
the voltage at which the photocurrent changes sign. The
tunneling through the bamer explains why the reversal of
the sign of the photocurrent does not yield the correct
built-in potential at high doping levels. For low doping,
the photocurrent follows the relation23

I&h( V) =Io[ 1 —exp(1/I, )]
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FIG. 11. Tunneling-corrected barrier height qb determined
from Eq. (8) (circles), the activation energy g (squares), the
built-in potential Vb ——q g (open triangles), and the flat-band
voltage determined by the voltage dependence of the photo-
current (solid triangles) versus gas-phase doping concentration.

separate out the recombination current since tunneling
through a defect-free interface will alsa yield ideahty fac-
tors significantly larger than 1. The good general agree-
ment between the thermionic-field emission suggests that
the dominant source of large ideality factors is due to tun-

neling rather than recombination. It is unlikely that the
recombination exhibits both the observed temperature and
doping dependence depicted in Fig. 5.

The agreement between experiment and the
thermionic-field-emission theory allows us to estimate the
true barrier height and to correct for the effects of tunnel-
ing. Using Eq. (8) to solve for q&b, the corrected barrier
height is plotted versus doping in Fig. 11. There is an ap-
parent small decrease (-0.25 eV) af the barrier for dop-
ing greater than 10 . Hawever, one must include the
fact that the approximate theory tends to underestimate
the true tunneling, particularly for doping above 10 lev-
els, by about 0.2 eV, the difference between the solid line
and the triangles in Fig. 7. When this underestimation is
added to q&b in Table I, the actual tunneling-corrected bar-
rier yb is found to be -1.1 eV independent of doping
(Table I). Consequently, there is no evidence that the tun-
neling barrier lowers as a function of doping.

The above results have important consequences for the
interpretation of previous results. The relatively abrupt
onset of the effective barrier lowering as a function of
doping and large barrier decrease (up to -0.6 eV) due to
tunneling could easily be attributed to a specific doping
level. The results in Fig. 7 and Table I demonstrate that
reduction of the effective barrier due to tunneling without
a specific level exhibits nearly exactly the same behavior
at the observed densities. The abrupt change is a conse-
quence of the exponential dependence of the tunneling on
the barrier thickness; once the barrier becomes narrow, its
effective height decreases rapidly. It is not necessary to
impose new levels or changes in the intrinsic barrier prop-
erties to account for the observations. Previous measure-

ments failed to include the effects of tunneling on the bar-
rier heights. ' ' ' This result also explains the
discrepancy between the Schottky-barrier studies and the
transport measurements which do not find evidence for
such a level. 's Therefore, the results can be explained
without resorting to a phosphorus-induced level 0.3 eV
below the mobility edge.

D. The "Ohmic contact"

Finally, using the thermionic-field-emission theory, we
can estimate the structure of "Ohmic cantacts" or
n+(10 2 P)-Pt on a-Si:H. Extrapolating the results of
Fig. 7 suggests that the effective zero-bias "barrier" for a
10 2-P-daped sample is roughly 0.4 eV. Using Eq. (3) to
calculate Erl and using the results of Crowell and
Rideout indicates that at room temperature the tunneling
path occurs at 0.08 eV from the conduction band in the
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FIG. 12. Evolution of the Schottky barrier as the doping lev-
el increases for no applied bias. Note that the barriers become
extremely narrower for the higher doping.

C. The Schottky barrier and the built-in potential

The tunneling-corrected barrier heights are important
for examining the physics of Schottky-barrier formation
on amorphaus semiconductors. The tunneling effects
occur regardless of the mechanisms, of barrier formation
and hence obscure the changes in the real barrier deter-
mined by interface reactions and charge transfer. Figure
12 presents a schematic of the evolution of the bands for a
Ptla-Si:H contact determined by incorporating results of
this study. On undoped material, the barrier height is
1.1—1.15 eV, resulting in a built-in potential of 0.4—0.45
eV. Upon light doping the built-in potential increases
abruptly to 0.8 eV. The barrier height, however, remains
virtually unchanged. This behavior, uncommon for crys-
talline Si, is expected in the traditional models far
Schattky-barrier formation. The basic difference is that
the Fermi energy of a-Si:H can routinely be placed in the
gap, while for crystalline Si the Fermi energy is typically
at the conduction- or valence-band edges. Furthermore,
the larger barrier in a-Si:H is due to a larger band gap.
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a-Si:H layer. Because the Fermi level in 10 -Pooped
a-Si:H is -0.15 eV from the mobility edge, the total ef-
fective "barrier" the electrons must overcome for an n+-
Pt contact is roughly -0.23 eV. The barrier that the elec-
trons must tunnel through is roughly 30 nm thick. If the
metal is changed to Cr or Pd, the effective barrier be-
comes 0.06 eV, and the electrons must surmount a
-0.21-eV barrier to enter the a-Si:H layer, a negligible
difference. Hence, assuming an intimate contact at the
metal —a-Si:H interface and that no unusual metal —a-Si:H
interactions alter the defect density, changing of the metal
should have a relatively small effect on the current inject-
ing capability of an n+ contact.

VI. CONCLUDING REMARKS

Well-characterized Schottky diodes on doped a —Si:H
have been prepared with stable PtSi/a-Si:H interfaces.
The electrical properties of the Schottky barrier have been
measured and analyzed. It was found that significant ef-
fects on the effective barrier height and ideality factor due
to tunneling were observed which are in good agreement
with the approximate tunneling theory. Defining the true
barrier height to be the energy difference between the met-
al Fermi energy and the conduction-band mobility edge of
the a-Si:H at the interface, the results of this paper show
that this barrier does not change with doping. Applied
fields, lower temperatures, and doping cause increased
tunneling and a lowering of the effective barrier to elec-

tron transport. The large change in the effective barrier
for increased doping levels observed in previous work is
due to tunneling from the metal through the barrier into
the conduction-band extended states of the amorphous
semiconductor.

The Schottky barrier on a-Si:H exhibits several similar-
ities to barriers on crystalline Si. (1) The barrier height
remains nearly constant independent of doping; (2)
thermionic-emission and thermionic-field-emission trans-
port are observed; (3) similar ideality factors ( —1.05) are
observed for doping levels up to 10;and (4} there is lit-
tle evidence of recombination at the interface. Significant
differences are that (1) the barrier is -0.25 eV higher for
a-Si:H diodes, and (2) the built-in potential changes signi-
ficantly upon low doping levels. The large change in
built-in potential is attributed to the change in bulk Fermi
energy of the bulk a-Si:H and the other changes are attri-
buted to band-gap differences. It has previously been
shown that the Schottky barrier for different metals ex-
hibits a constant difference for amorphous and crystalline
Si. All of these results are consistent with the proposal
that the effect that leads to the Schottky barrier are the
s une for both a-Si:H and single-crystal Si.
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