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Conductance fluctuations in n-type doped hydrogenated amorphous silicon (¢-Si:H) films are de-
scribed. The spectral density of the coplanar current fluctuations has a 1/f frequency dependence for
frequency f from 1< f < 10* Hz over the temperature range 300 < T' <450 K. The noise power density
displays a power-law dependence on the dc current passing through the film, with a temperature-
dependent power-law exponent. Random telegraph switching noise is observed in coplanar current mea-
surements in samples with effective volumes of 107 to 1077 cm® with fluctuations as large as
AR /R ~1%. Statistical analysis of these fluctuations indicates that the 1/f noise is strongly non-
Gaussian, suggestive of cooperative interactions between fluctuators. A model is proposed in which the
noise is dominated by inhomogeneous current paths whose local conductivity is modulated by bonding

rearrangements enabled by hydrogen motion.

I. INTRODUCTION

A diverse class of materials display conductance fluc-
tuations for which the spectral density varies as the in-
verse of the frequency f, often termed flicker or 1/f
noise.! % These systems include metal films, semiconduc-
tors, spin glasses, and electronic devices. A common
feature of the material systems displaying flicker noise is
the presence of disorder, which leads to a broad distribu-
tion of relaxation times. Trapping and release of charge
carriers from localized defects (number fluctuations) or
scattering from mobile lattice imperfections or impurities
(mobility fluctuations) lead to variations in the sample’s
resistance in time which can have a 1/f spectral density.!
A microscopic identification of the traps responsible for
flicker noise is lacking for most experimental systems;
nevertheless, there is a general consensus that thermally
activated defect motion underlies 1/f noise in most met-
als and semiconductors.

Recently there has been a growing interest in studying
the noise characteristics of randomly inhomogeneous ma-
terials for which the standard models for 1/f noise do
not apply.>*!® In these systems electronic conduction
occurs through percolation networks or clusters. Noise
measurements are well suited for examining such percola-
tion clusters, since the noise spectral density diverges as
the connectivity of the network approaches the percola-
tion threshold.!'™'* Thus, even if only a small propor-
tion of the current in a system is transported through
such percolation clusters, their influence on the 1/f noise
will be significant. The sensitivity of the noise in a per-
colation network to a small subset of the total number of
available conduction paths is reflected in the non-
Gaussian statistics which characterize the 1/f noise in
such systems.!> 16

In this paper we report experimental measurements of
conductivity fluctuations in doped hydrogenated amor-
phous silicon (a-Si:H) films, the prototypical and best un-
derstood amorphous semiconductor. While electronic
transport in a-Si:H is assumed to occur through extended
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states above the mobility edge, the connection between
the electronic states and the structural disorder of the
amorphous film remains poorly understood. Many attri-
butes of the 1/f noise in a-Si:H indicate that the noise
actually arises from inhomogeneous current filaments in
the semiconductor. The 1/f noise has a nonlinear depen-
dence on the dc current passing through the film,!” the
magnitude of the noise is larger than that observed in
comparable semiconductors, random telegraph switching
noise is observed in the time dependence of the resis-
tance,'® the 1/f noise is strongly non-Gaussian and
shows dramatic changes in noise magnitude with time.!®
All of these results are unanticipated for coplanar current
measurements in a system with Ohmic electrodes free of
contact noise. The noise studies described here therefore
reveal important aspects of the electronic states through
which conduction occurs, and may also provide a model
system to explore noise in percolation systems.

This paper is organized as follows. We begin by briefly
reviewing the sample preparation, electrode geometries,
and measurement procedures in Sec. II. The 1/f noise
measurements as a function of dc current and tempera-
ture, and the resistance switching noise results are de-
scribed in Sec. IIl, as are statistical analysis of the noise
power as a function of time. Section IV contains a
description of a general model whereby variations in the
hydrogen microstructure lead to inhomogeneous current
paths in the a-Si:H film, which may account for the re-
sults of Sec. III. Finally, the main conclusions are sum-
marized in Sec. V.

II. EXPERIMENTAL METHODS

A. Sample preparation and electrode geometry

The films used in these studies are n-type doped a-Si:H
deposited via the rf (13.56 MHz) glow-discharge decom-
position of silane (SiH,) and phosphine (PHj;) in a capaci-
tively coupled reaction chamber. The gas phase doping
level was 1072 PH,/SiH,. The a-Si:H films were deposit-
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ed onto Corning 7059 glass substrates; substrate tempera-
ture during deposition was 500 K for sample 1 and 450 K
for sample 2. The rf power was 2 W for an electrode area
of 50 cm?, yielding a deposition rate of ~1 A/s. Both
films are approximately 1 um thick. Details of the depo-
sition process?® and electronic properties?"?® of the sam-
ples studied here have been published previously.

The coplanar electrode configurations for the two a-
Si:H films are shown in Fig. 1. For sample 1 shown in
Fig. 1(a), electrical contact to a-Si:H is made via a mesa
structure consisting of a 100-A-thick layer of nt a-Si:H
(gas phase doping level 1072 PH,/SiH,) followed by an
evaporated 1000-A-thick Cr layer. The n* a-Si:H be-
tween the metal pads is removed by plasma etching. The
Cr electrodes are 0.3 cm wide and have a 0.1-cm separa-
tion. The effective volume between the coplanar elec-
trodes is 3X107°% cm?. Four-probe measurements, de-
scribed below, were made by scratching the metal contact
and the a-Si:H film with a diamond scribe as indicated in
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FIG. 1. Coplanar electrode configurations used for the noise
measurements. The shaded regions represent the metal contacts
and the crossed regions represent the a-Si:H film. (a) For sam-
ple 1, a 100-A thin n* a-Si:H (1% gas phase doping level of PH;
in SiH,) layer lies between a-Si:H and Cr. The open regions in-
dicate where the metal and semiconductor material was re-
moved with a diamond scribe for four-probe measurements. (b)
Sample 2 was patterned using photolithography; no n* layer
was used and the @-Si:H film also extends into the regions la-
beled A-A' and B-B’. Two-probe measurements are performed
using electrodes 4-A’' while in the four-probe configuration
these electrodes are the current leads and B-B’ are the voltage
leads.
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Fig. 1(a) in order to split each Cr contact. The four con-
tacts are then at the corners of a rectangle 0.1 cm long
and 0.05 cm wide, leaving an effective volume of ~107°
cm®. The width of each scratch is ~0.01 cm. One diago-
nal pair of electrodes is used as current leads and the re-
sulting voltage drop is measured across the other diago-
nal pair of electrodes. For sample 2 the a-Si:H film is first
patterned into the arrangement shown in Fig. 1(b) using
conventional optical photolithography followed by ion
beam milling. No n* ¢-Si:H layer was used for sample 2.
The a-Si:H film extends into the regions marked A4-A’
and B-B' in Fig. 1(b). The area between leads B-B’ is ap-
proximately 800 um by 200 um, with an effective volume
of 1.6 X 1077 cm?. Electrical contact is made by applying
silver paint directly on the a-Si:H pads A4-A4’' for two-
probe measurements and also onto B-B' for four-probe
measurements.

B. Measurement procedure

In the experimental setup used for the noise measure-
ments the a-Si:H film sits on a copper block inside a vac-
uum chamber. A turbo pumping station is used to
achieve pressures of ~107°% Torr. Resistive heaters in
the Cu block allow the sample temperature to be varied
from room temperature to 500 K. The temperature is
monitored via a platinum resistor sitting next to the a-
Si:H film; a temperature controller regulates the tempera-
ture to within +0.1 K. In the two-probe setup a constant
voltage is supplied by a voltage source across the elec-
trodes and the resulting current is amplified using a
current amplifier (Ithaco 564). For four-probe measure-
ments a constant current is applied across one pair of
electrodes, supplied using a Kiethley 224 current source,
and the resulting voltage across a separate pair of elec-
trodes is amplified using a SR 560 low noise amplifier.
The signal from the current or voltage amplifier is then
sent to an HP 3561A spectrum analyzer. The spectrum
analyzer is used to record either a time trace of the resis-
tance or the power spectrum of the resistance fluctuations
using a fast-Fourier-transform subroutine. The dc
current passing through the sample is measured separate-
ly using a Kiethley 485 picoammeter.

To check the instrumental noise background we re-
placed the a-Si:H sample with a commercial metal film
resistor with similar impedance (about five MQ). This
background noise was at least 2 orders of magnitude
smaller than the a-Si:H noise. Both the Johnson noise
and shot noise of the @-Si:H film are many times smaller
than the 1/f noise. Minority carrier density fluctuations
at a rectifying contact are a common source of 1/f noise
in semiconducting systems.?? It is therefore important to
verify that our noise results are not due to contact effects.
We periodically compared the two-probe and four-probe
results and found no significant difference (within the
normal variations observed from data set to data set) be-
tween power spectra using the two methods. As a further
test that our results are not influenced by changes in the
contact resistance, which would affect the current sup-
plied by the current source, we have simultaneously mea-
sured the current and voltage fluctuations in the four-
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probe configuration for sample 2. The ratio of current to
voltage fluctuations was less than 10%, indicating that
our results are due to resistance fluctuations of a-Si:H.
The two-probe measurement technique was used for most
of the data reported here. Except where otherwise noted,
the power spectra reported here are the result of 1000
rms averages, and were calculated for the frequency
range 0—1 kHz with a bandwidth of 2.5 Hz. When neces-
sary, a background subtraction was performed for each
spectrum by subtracting a spectrum measured with a
zero dc current.

All measurements were made in the dark and in an
oil-free vacuum. The samples were annealed at 450 K
prior to any measurements to remove any surface adsor-
bates which might influence the conductance of the thin-
film amorphous silicon,?® and to remove any effects of
prior light exposure.”* The ¢-Si:H film was then slowly
cooled to the measurement temperature. Recent experi-
ments have demonstrated that the density of electronical-
ly active dopants in n-type a-Si:H is governed by a meta-
stable thermal equilibrium.?> When the cooling rate
exceeds the rate at which the localized state distribution
comes into equilibration, the system is frozen into a meta-
stable nonequilibrium state. This metastable state then
decays with a stretched exponential time dependence.?®
In order to avoid complications due to the decay of the
electrical conductivity following the high-temperature
anneal, the data were taken following the stretched ex-
ponential decay, when the sample’s conductivity is essen-
tially time independent. The time 7 for the defect struc-
ture to come into equilibrium in n-type doped a-Si:H is
thermally activated (activation energy ~0.95 eV) and be-
comes shorter at higher temperatures (r~100 s at 400
K).2* Since 7>10° s for temperatures below 350 K,
equilibration is achieved only for temperatures above 350
K. In order to avoid irreversible annealing effects, the
highest temperatures studied were always 20 K below the
sample deposition temperature.

III. RESULTS

The main experimental results involve fluctuations in
the coplanar current in n-type a-Si:H. As described
below, these samples display linear current-voltage
characteristics, consequently the fluctuations in the
current imply changes in the bulk resistance of the a-
Si:H, provided that contact effects are eliminated as a
source of the noise. The (n-type) conductivity o of a-Si:H
is given by o =nepu, where n is the density of electrons
excited to or above the conduction-band mobility edge, e
is the electron charge, and u is the free-carrier mobility.
The free-carrier density is given, in turn, by
n=N_,_kT exp[ —(E,—E)/kT], where N,_ is the density
of states at the mobility edge E, and E is the Fermi en-
ergy. Fluctuations in » of the order of 0.1-1 % therefore
imply a room-temperature shift of the Fermi energy of
120—-180 meV, assuming a constant density and location
of the mobility edge. A shift of the Fermi energy of this
magnitude could readily result from the variation of only
approximately 10'3/cm® midgap defects, that is, relative-
ly small shifts of the Fermi level reflect large changes in
the free-carrier concentration. On the other hand, mea-
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surements by many different experimental techniques®""?’

indicate that u~10-20 cm?/V's, which corresponds to
an electronic mean free path on the order of 5-10 A If
the current fluctuations result from changes in the
electron’s mobility then this would imply changes in the
density of scattering centers (presumably midgap defects)
of order 10'°/cm? in order to achieve a 1% variation in
the mean free path. Variations of such a high density of
defects are unlikely to have been undetected by the large
class of spectroscopies of the localized state distribution
that have been brought to bear on ¢-Si:H. The experi-
mental results discussed below are therefore described in
terms of fluctuations of the number of electronic charge
carriers in the semiconductor.

A. dc conductivity

As mentioned above, the defect structure of doped a-
Si:H can be described by a metastable thermal equilibri-
um, having temperature-dependent densities of electroni-
cally active dopants and dangling bond defects.?> One
consequence of the thermal equilibration of the electronic
conductivity is that there is a kink in Arhennius plots of
the temperature dependence of o at T, the equilibration
temperature. Below T, o undergoes a relaxation to-
wards its equilibrium value with a stretched exponential
time dependence, while above T the dark conductivity is
in thermal equilibrium and is independent of thermal his-
tory. There is extensive evidence that the changes in the
defect structure are enabled by hydrogen motion.?>2¢ As
mentioned in Sec. II B, the a-Si:H film was allowed to
come into equilibration at any given temperature prior to
making measurements of the noise spectral density. The
fact that the conductivity has reached its equilibrium
value is reflected in Fig. 2, which shows a plot of o
against inverse temperature for sample 1. There is no in-
dication of a kink or change in the conductivity activa-
tion energy and preexponential factor, that is, the high-
temperature equilibrium o state extends all the way down
to 325 K. The activation energy of 0.29 eV and prefactor
0,=200 Q! cm ™! are in excellent agreement with ear-
lier measurements based only upon high-temperature
(T > 400 K) data.?!

All of the noise data reported here were measured at dc
current values within the Ohmic regime. For sample 1
with n " a-Si:H pads between the Cr contacts and the a-
Si:H film, the I-V characteristics were linear from 100
V down to +0.05 V, passing linearly through the origin.
For sample 2, electrical contact is achieved by using
silver paint directly onto the @-Si:H film. This film also
displayed linear I-V characteristics for voltages less than
+20V.

B. Power spectra

Noise in semiconductors is usually characterized by
the spectral density of the current or voltage fluctuations.
Figure 3 shows a log-log plot of the spectral density S;
against frequency for the frequency range 10—10000 Hz
for sample 1 (prior to scratching the contacts) at 310 K,
using the two-probe measurement configuration. The
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FIG. 2. Plot of the dc conductivity of sample 1 against in-
verse temperature. The sample was allowed to undergo a com-
plete relaxation at each temperature prior to measurement, as
explained in the text. The activation energy and preexponential
factor obtained from a least-squares fit are indicated.

data in Fig. 3 represent the result of 1000 rms averages.
Similar data are obtained using the four-probe measure-
ment technique. The spectral slope ¥, defined as
v = —d(log¢S;)/d(log,,f) is extracted by fitting a power-
law form to the power spectrum between 10 and 900 Hz.
The noise power is well described by the frequency
dependence S;af ~ 7, where y =1.1. The spectral slope is
plotted as a function of the sample temperature in Fig. 4
over the temperature range 300 < T <450 K. While there
may be a weak temperature dependence to y, described
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FIG. 3. A log-log plot of the coplanar current noise power
density S; against frequency for sample 1 measured at 310 K.
The data are the result of 1000 rms averages and the solid line is
a least-squares fit to the data from 100 to 900 Hz.
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FIG. 4. Plot of the spectral slope ¥ [= —d(log,,S;)/d(logof)]
of the noise power density against temperature for sample 1.

by the relationship y ~1+(T'—T")/T,, where T~ 700
K and T'~350 K, however, given the range of ¥ values
obtained at each temperature the data are also consistent
with the current fluctuations being pure 1/f noise over
the entire temperature range investigated. The error bars
in Fig. 4 are not due to the uncertainty in the power-law
fits but rather reflect the random variations of ¥ values
obtained at each temperature for different applied
currents. These variations in the spectral slope are de-
scribed in detail in Sec. III D.

The spectral density is the Fourier transform of the
current-current correlation function; thus, for Ohmic sys-
tems, which describe the samples investigated here, the
noise power should vary as the square of the applied dc
current. The applied voltage was varied at each tempera-
ture in order to test whether the 1/f noise in a-Si:H is
“linear,” that is, S;al?. The currents were limited to less
than 500 pA in order to avoid heating effects in the high
impedance amorphous semiconductor. Figure 5 shows a
log-log plot of the noise power, measured over a 100-Hz-
wide frequency bin against the dc current for the sample
in Fig. 3 at two different temperatures. The noise power
data in Fig. 5 are obtained by summing the spectral den-
sity (1000 rms averages) over the frequency range
100-200 Hz; similar results are found using other fre-
quency ranges. The data can be described by a power-
law dependence S;al® where b=1.9 at 420 K, but is
~1.0 at 370 K. There is a clear temperature dependence
of the power-law exponent b for the 1/f noise in a-Si:H.
A preliminary report of the nonlinear 1/f noise in a-Si:H
has been published.!”

The variation of the power-law exponent b for two
separate a-Si:H films is shown in Fig. 6. The circle data
points are for sample 1, deposited at a substrate tempera-
ture of 500 K, while the square data points are for a film
grown with the same gas phase doping level but at a sub-
strate temperature of 450 K. The two-probe electrode
geometry used for the noise measurements for each sam-
ple are identical to that shown in Fig. 1(a). Each data
point at each temperature represents the average b value
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FIG. 5. A log-log plot of the noise power measured from 100
to 200 Hz for sample 1 against the applied dc current at 370 and
420 K.

obtained from four log-log plots of S; against current I,
as in Fig. 5, for the frequency ranges 100-200, 300-400,
500-600, and 700—-800 Hz. This power-law behavior is
also observed in four-probe noise measurements. The un-
certainty in the b(T) value obtained from a single
power-law fit as in Fig. 5 is less than the size of the data
points in Fig. 6. The error bars in Fig. 6 represent the
spread in b values obtained from the power-law fits over
the four measured frequency bins. While there is a con-
siderable amount of scatter to the data, a clear tempera-
ture dependence is observed. Different samples can
display different b (7T) values at a fixed temperature, and
more important a given sample can show different b
values after thermal cycling to 450 K. We therefore have
not attempted to fit a temperature dependence to the data
in Fig. 6, but simply note that the general trend is for b to
increase with temperature. Measurements below 325 K
indicate that the power-law exponent saturates to b ~ 1 at
lower temperatures, though further studies on this point
are warranted.

The noise power magnitude is normally expressed us-
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FIG. 6. Plot of the temperature dependence of the power-law
exponent b [=d(log,S;)/d logo(I)] for two different samples.
The circle data points are for sample 1 (grown at 500 K) and the
square data points are for a similar film (with identical electrode
configurations) grown at 450 K.
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ing the phenomenological expression®® S; =ayI*/(Nf),
where N is the number (not the density) of charge carriers
which can fluctuate in the sample and ay is a dimension-
less number, termed the Hooge parameter which has a
typical value of ay~2X1073 (but ranges from 107 to
10).2 The nonlinear current dependence of the 1/f noise
in a-Si:H complicates any attempt to analyze the temper-
ature dependence of S; using Eq. (1) or to extract a densi-
ty of energy barriers using the analysis of Dutta and
Horn.! Nevertheless, if the temperature dependence of b
is ignored and one assumes that b =2 independent of
temperature (which is not such a bad approximation
above 400 K, as indicated in Fig. 6), then one can
represent the noise magnitude using the Hooge formula.
In a-Si:H above T'=400 K where b~2, ay is approxi-
mately unity, which is nearly 3 orders of magnitude
larger than typical values observed in semiconductors,?®
while below 400 K, aj is roughly thermally activated
with an activation energy of ~0.5 eV. The value of N
used to evaluate oy was obtained from the sample
volume between the coplanar electrodes, the measured
conductivity activation energy (Fig. 2) and the known
density of states of a-Si:H. One possible explanation for
the larger magnitude of aj is that the effective volume
which contributes to the 1/f noise is much smaller than
the total available volume between the electrodes.

To summarize the noise power results, the current fluc-
tuations in doped a-Si:H obey a 1/f frequency depen-
dence over the frequency range of 1 < f < 10* Hz for tem-
peratures ranging from room temperature to 425 K. The
noise power displays a power-law dependence on the dc
current passing through the a-Si:H film, that is, S;al®,
where b ~1 at 350 K and increases to ~2.5 at 425 K.
The exact b value observed is both sample and thermal
history dependent. The a-Si:H films are Ohmic, and
four-probe measurements confirm that these results are
not due to contact effects. The measured noise magni-
tude is roughly a factor of 103 larger than expected when
analyzed using the conventional Hooge expression.

C. Random telegraph switching noise

In a system with many fluctuation processes operating
simultaneously, direct measurement of the time depen-
dence of the resistance is not particularly useful. Time
traces of the resistance contain important information in
systems for which the number of fluctuators are small
enough so that individual fluctuations can be observed.
In such systems studies of the resistance fluctuations can
reveal details about the electronic properties and defect
kinetics which are not reflected in the bulk transport
measurements.

Figure 7 shows two single time traces of the resistance
for sample 1, measured at 350 K, for a fixed applied volt-
age. Figure 7(a) was taken a few minutes before Fig. 7(b)
with no changes to the power supplied or meters between
the two traces. A resistance time trace taken a few
minutes after the trace in Fig. 7(b) resembled Fig. 7(a)
again. There is very obvious large-scale switching be-
tween two resistance levels. Fourier transforms of the
data in Fig. 7(a) display a 1/f spectral density when
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FIG. 7. Plot of resistance against time for sample 1 at 350 K.
(b) was recorded a few minutes after the time trace in (a) was
measured.

sufficient averages over long times are taken. The size of
the largest switches in the two figures is AR /R =1073,
the two curves in Fig. 7 have been offset for clarity. The
two traces clearly show a change in the frequency and
duty cycle of the switching events. In Fig. 7(a), the sys-
tem spends nearly the same amount of time in the high
and low resistance states, switching quite rapidly between
these states, while in Fig. 7(b) the frequency of switches
between states is much lower. A brief first report of
switching noise in a-Si:H has been published elsewhere.'®
The time scales for the switching events for both sam-
ples 1 and 2 can vary from a few milliseconds to several
tens of seconds. In Fig. 8, several time records of the
resistance, measured using the two-probe configuration
for sample 2 at 300 K, are plotted. Each trace was taken
several seconds apart and are offset for clarity. This
figure clearly shows that the noise power of this material
evolves as a function of time. The largest switches are
AR/R=6X1073, The switching pattern is more
discrete than in Fig. 7 (sample 1), which is consistent
with the smaller effective volume of sample 2. The resis-
tance of the a¢-Si:H film will be fairly constant for some
traces (curves 2, 5, and 6 in Fig. 8) and free of switching
events, and will then suddenly demonstrate persistent
switching as in curves 3 and 8. Trace 7 indicates that a
switching event can “turn on” or initiate noise produced
by more than one fluctuator. Typically a given switching
pattern will not persist without change for more than a
few time traces. These changes in the resistance with
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FIG. 8. Resistance time traces for sample 2, measured with
the two-probe electrode configuration, at 300 K. The curves are
offset for clarity and the time traces were recorded sequentially
starting from curve (1), with a 5-s pause between each trace.

time are reflected in the time dependence of the noise
power, as described in detail in Sec. IIT D.

D. Noise statistics

The average spectral densities reported above are the
Fourier transforms of the two-point current-current
correlation function. For the 1/f noise of most systems,
there is no additional information contained in higher-
order correlation functions, and higher moments can be
uniquely decomposed into the sum of pairwise correlation
functions. These noise signals are termed Gaussian, and
the 1/f noise can be expressed as the superposition of a
large number of statistically independent Lorenztian
spectra. Deviations from Gaussian behavior can arise
from a small number of statistically independent fluctua-
tors or when the noise processes are highly coopera-
tive.!>16

To analyze the noise statistics a series of power spectra
are calculated, each from a single fast-Fourier transform
(FFT) of a time record. The power spectra are then
summed into seven octaves, where the first octave (5-10
Hz) consists of two FFT frequency points, and the last
(320-640 Hz) consists of 128 points. The time record for
each octave is then recorded and stored for later analysis.
Figure 9 shows a typical time record of the noise power
per octave for the seven octaves for sample 2 at 400 K.
These time records clearly show strong correlations in
the noise power between octaves, with the arrows mark-
ing several ‘“‘events” indicating sudden changes in the
noise power across several octaves. The events are not al-
ways positively correlated, that is, the noise power does
not always change in the same direction for differing oc-
taves. It is clear from Fig. 9 that variations in the noise
power at one frequency are correlated with the noise
power at other frequencies.!’

The changes in noise power from one frequency octave
to another as a function of time observed for a-Si:H are
not seen in Gaussian noise systems, such as Johnson



12 584

407 !Illllllll

[ N T
o é} jww.mm,m ..qu@wmwmwww

320-640 Hz

\M'W\’\ jv\ww‘.,.wr»kw WMMW'WV%LMNMWM

160-320 Hz

M-
\\;W\ J}«MW w\‘\{ %J‘M"WW‘VMW iy " Mk
g oAyt wwwmw . wwfimo e

40-80 Hz

20—

O

-20

i WM"N)M
Wwww W et

Vi
MWMM M uwm

ﬁ\ww M d‘f -20 Hz

0 1 OOO 2000 3000 4000 5000 6000 7000

20 40 Hz

Noise Power dB(V2)

-6

O

-80

Time (s)
FIG. 9. Plot of the noise power for seven octaves as a func-

tion of time for sample 2 at 400 K. Each data point is the result
of 10 rms averages.

noise. Figure 10 shows a plot of the noise power per oc-
tave as a function of time for Johnson noise of a resistor
at 300 K. The data in Fig. 10 were obtained by measur-
ing the noise of the internal resistance of the current
amplifier used in the two-probe measurements. All mea-
surement conditions were identical to those for which the
data in Fig. 9 were taken. There is clearly no correlation
between octaves, as expected for thermal noise. This
reflects one of the basic properties of Gaussian noise sys-
tems, that the noise at one frequency is statistically in-
dependent from that at other frequencies.

Noise arising from a large number of independent pro-
cesses is expected to have well-defined statistical proper-
ties.>!> The normalized noise power for a given frequen-
cy octave is expected to have a chi-square distribution.
This chi-square distribution for the variable P/{P),
where P is the noise power in that octave and (P)
denotes the time-averaged noise power, has 2N degrees of
freedom, where N is the number of FFT points in the

N L e R L DY I VT TS
AN N AN g i b A A A0 g0 300
L N"W%N‘f\* il WWM]W’W WAM/"\W"MV'JM/' M\{"WWW“?‘ 80-160 Hz
APy g Mw*w/wwwwww s0:80 e

W‘W‘wW\NJW'Pwh.M%MWWMWWMMW o0
«‘\"WWMWWWW%MWWW“V*WWW =
by o WNN

— J R — ‘ -k i e

0 200 400 600 800 1000 1200 1400 1600 1800

NOISE POWER dB(V2)

5-10 Hz

TIME (s)

FIG. 10. Plot of the noise power for seven octaves as a func-
tion of time for Johnson noise at 300 K. Each data point is the
result of 4 rms averages.
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given octave. Following the procedure developed by Res-
tle and co-workers'>!® we have made histograms of the
normalized noise power for a given octave. Figure 11
shows histograms for the noise power of octave 5
(80-160 Hz) for both a-Si:H at 400 K and the Johnson
noise of a resistor. The solid line in Fig. 11 is a plot of
the expected chi-square distribution for this octave,
which agrees well with the Johnson noise data but not
with the a-Si:H results. The noise of the a-Si:H film has a
much broader distribution, suggesting that there are a
small number of processes dominating the noise in this
material. This broader than expected distribution is
termed “excess variance.”?

The spectral slope of the noise data for a-Si:H is time
dependent, also reflecting the non-Gaussian nature of the
noise. We have taken 1000 individual spectra summed
into octaves for sample 1 measured at 375 K, and made
averages consisting of 200 spectra each. It is not possible
to use bands exactly one octave wide because of the
discrete frequency points of the FFT. A small correction
factor!® will be used to make comparisons of the octave
noise power (for a power spectrum with an exact 1/f fre-
quency dependence each octave should have the same
noise power). The data are plotted as noise power per oc-
tave against frequency in a log-log plot in Fig. 12. Pure
1/f noise, that is ¥y =1.0, would be a horizontal line on
such a plot. From Fig. 12 it is clear that the spectral
slope “wanders” as a function of time, that is, the value
of the noise power and the y value which characterizes
the deviation from pure 1/f noise are not constant, but
evolves with time. The noise power found by averaging
the first 200 spectra, labeled curve (1), is quite different
from that found by averaging the second 200 spectra, and
so on. It is important to note that when sufficient aver-
ages are taken the slope approaches ¥ =1.0, that is, the
noise is described by a 1/f frequency dependence. This
spectral wandering is consistent with both the non-
Gaussian noise statistics and the random telegraph
switching noise.
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. ® Johnson noise Frequency 80-160 Hz
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Ry
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FIG. 11. Histogram of the noise power for octave 5 of an n-
type a@-Si:H film (open squares) and Johnson noise (solid
squares). The expected chi-square distribution is also shown.
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FIG. 12. Plot of the noise power per octave against frequen-
cy for sample 2 at 375 K. Each curve is the result of 200 rms
averages. The average of the first 200 spectra are labeled curve
(1), the average of the second 200 spectra are labeled curve (2),
and so on.

IV. DISCUSSION

The results described in this paper are consistent with
previous studies of 1/f noise in amorphous semiconduc-
tors which have been on device structures, for which the
current fluctuations were measured transverse to the
film’s thickness. Studies by Bathaei and Anderson®® of
undoped and n-type doped a-Si:H samples found that the
1/f noise spectral density increased quadratically when
the applied voltage was increased from 1 to 2 V, however,
some of the data presented indicate that the spectral den-
sity actually obeys a subquadratic voltage dependence.
The samples studied by Bathaei and Anderson displayed
strongly non-Ohmic current-voltage characteristics for
voltages greater than 2 V applied across the 2-um-thick
a-Si:H film. A subquadratic dependence of the 1/f noise
on the dc current has been observed in the amorphous
semiconductor As,Te;T1,Se by Main and Owen.’® Simi-
larly switching noise has been reported in a-Si:H-based
device structures, where the sample resistance is mea-
sured transverse to the film thickness.’! 3% These studies
concluded that current filaments were responsible for the
switching noise. The coplanar and four-probe measure-
ments of switching noise reported here strongly indicate
that this phenomena is due to conductance changes of the
bulk a-Si:H film and do not arise from the contact-
semiconductor interface.

The experimental results of Sec. III are at odds with
common models for 1/f noise in semiconductors. The
nonlinear dependence of the spectral density on the dc
current passing through the sample, the excess magni-
tude of the noise power density, the non-Gaussian statis-
tics, and the random telegraph switching noise are unex-
pected results for a film with the high carrier density and
large sample volume used here. However, all of the
above results can be reconciled in a model whereby elec-
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tronic conduction occurs, at least in part, through inho-
mogeneous current filaments. If the exact connectivity of
this filament network is sensitive to the detailed atomic
configurations in the a-Si:H film, then changes in the lo-
cal bonding arrangements could lead to changes in the
filament’s resistance, accounting for the switching noise,
spectral wandering, and the nonlinear nature of the 1/f
noise. We first describe how current filaments could ex-
plain the results presented above, and then speculate on
possible microscopic origins for such filaments.

A. Noise due to current filaments

The nonlinear current dependence of the noise power is
a fundamental and basic issue that must be addressed be-
fore other aspects of the 1/f noise are taken up. The fact
that the spectral density does not scale as I? despite the
fact that the current-voltage characteristics of a-Si:H are
linear would imply that the noise does not represent fluc-
tuations of the bulk resistance of the amorphous silicon,
and that rather than merely being a probe of the fluctua-
tions, the current is somehow causing the 1/f noise.
Though not common, nonlinear 1/f noise has been ob-
served previously in two different classes of experimental
systems. Device structures for which the current is space
charge limited typically display 1/f noise spectral densi-
ties which do not scale quadratically with the measure-
ment parameter (i.e., current, voltage, etc.).*3% Such de-
vices are by definition non-Ohmic, with the current densi-
ty increasing as the square or higher power of the applied
voltage. It is highly unlikely that the results of Sec. III B
are due to space charge limited currents in the a-Si:H
films studied here. The current-voltage characteristics of
the doped a-Si:H films are linear at all temperatures stud-
ied. We have verified that the samples are Ohmic partic-
ularly at those temperatures for which the noise is non-
linear. Moreover, the electric fields applied across the co-
planar electrodes (separation ~1 mm) used to measure
the noise data are typically less than 500 V/cm, while
space charge limited effects have been observed in a-Si:H
only for electric fields exceeding 30 kV/cm.3¢

The second class of materials which exhibit nonlinear
1/f noise are strongly inhomogeneous materials, such as
discontinuous metal films and granular composite resis-
tors.’’ 7% The granular composite materials can be de-
scribed as conducting metallic islands separated by insu-
lating barriers. In this case the key conduction step is
tunneling across the insulating barriers where the tunnel-
ing rate is not a linear function of the applied potential.
In these material systems it is known that the structural
disorder leads to inhomogeneous current densities. The
current-voltage characteristics for conduction through
such inhomogeneous filaments will not necessarily be
linear, which can then lead to a nonlinear spectral density
of the fluctuations of the current passing through such
microchannels.

The essential physics for the nonlinear 1/f noise in
these inhomogeneous composite systems is therefore
identical to that of space charge limited devices. A frac-
tion of the current passing through the composite materi-
al is carried through these filamentary channels. The ma-
jority of the current does not pass through these fila-
ments, and is instead carried through conduction states
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for which the current varies linearly with voltage. The
bulk current-voltage characteristics of these materials
therefore appear to be Ohmic. However, the small
amount of current passing through the inhomogeneous
filaments will display a nonlinear variation of the current
on the applied voltage, that is IaV“, with the actual I-V
dependence being either sublinear or superlinear depend-
ing on the structural and electronic properties of the con-
ducting filament, which will influence the local current
density. The noise spectral density is highly sensitive to
the presence of these filaments. As an illustrative exam-
ple, consider a filament that arises through classical site
percolation on a disordered lattice. The connectivity of
such a filament will strongly depend on the location of
every conduction state along the infinite percolation clus-
ter. The energy level of these conduction states will plau-
sibly depend on the detailed atomic bonding along the
percolation cluster. Consequently, the motion of a single
defect, or a change of a defect’s charge state, could shift
one of the conduction states out of registry with the rest
of the infinite cluster, thereby breaking the percolation
chain. The current carried by this filament will therefore
vary discontinuously from some finite value to zero.
Fluctuations in the connectivity of the percolation fila-
ment produce much larger changes in the fractional resis-
tance AR /R, and their contribution to the noise spectral
density will be much greater than from other conduction
paths, which, despite the fact that they carry much more
current have a much smaller sensitivity to the variation
of a single defect configuration or charge state.

There are thus two properties of the conjectured inho-
mogeneous current paths necessary to account for the ob-
served nonlinear 1/f noise: (i) the fractional resistance
change due to a fluctuation in the structure of the fila-
ment must be much larger than for other conduction
pathways, and (ii) the current-voltage characteristics for
the inhomogeneous channel must be nonlinear. The first
property ensures that such filaments dominate the mea-
sured noise spectral density while the second property ac-
counts for the nonlinear dependence of the power spec-
trum on the dc current passing through the sample. Fur-
thermore, if we make the additional plausible assumption
that the details of the non-Ohmic current-voltage charac-
teristics of the filament depend on the exact structural
configuration of the infinite percolation cluster, then the
data of b(T) in Fig. 6 can be understood. If the particu-
lar inhomogeneous current filament or filaments which
dominate the 1/f noise spectral density are indeed sensi-
tive to the detailed atomic configurations or charge state
of localized defects which lie spatially along the infinite
percolation channel, then it is natural that different sam-
ples will have different clusters which influence the noise
spectra. These different filaments will not have the same
I-V characteristics and therefore the b values which
reflect the influence of the percolation filaments on the
noise will show a sample-to-sample variation. Moreover,
these defect configurations or charge states can plausibly
vary following a high-temperature anneal, and so changes
in the particular filaments which influence the noise data
will be reflected in the different b values observed in a
given sample following thermal cycling or at a fixed tem-
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perature over time. The subquadratic b values observed
below ~400 K would imply that the I-V characteristics
of the filaments present at these temperatures are super-
linear, that is, the inhomogeneous current pathways pro-
duce regions of high electric field which create space
charge limited conduction conditions for the current
passing through the filament. At higher temperatures
where b ~2 the connectivity of the filaments might have
a higher level of redundancy and consequently the devia-
tions from linearity are not as great.

Random telegraph switching noise (RTSN) is typically
only observed in small devices with effective volumes of
less than 1071910711 c¢m? at very low (T <10 K) tem-
peratures.’"*142 In these small semiconductor samples
the current density is confined to a spatially narrow re-
gion for which the resistance is sensitive to charge trap-
ping or emission from a single defect. Given the charge
carrier densities of ~10' cm ™3 and effective volumes as
large as 10 cm? in the doped @-Si:H films studied here,
approximately 10° charge carriers would have to be
simultaneously trapped in order to cause an observed
fractional resistance change as large as 1%. It therefore
seems implausible that simple charge trapping could ac-
count for the RTSN in a-Si:H. However, if electronic
transport in the a¢-Si:H films occurred through inhomo-
geneous current filaments near a percolation threshold,
then minor deviations in atomic bonding configurations
could give rise to large changes in the connectivity and
resistance of these filaments.

Previously observations of RTSN in relatively large
area a-Si:H-based devices were also attributed to the
presence of current carrying microchannels of a small
cross-sectional area.’”3 In these experiments the current
was measured transverse to the a@-Si:H film’s thickness,
which makes it difficult to separate possible tunneling and
contact effects from bulk resistance fluctuations of a-
Si:H. The observations of RTSN in the coplanar current
reported here suggest that current filaments do indeed ex-
ist throughout the bulk of the a-Si:H and the RTSN is
not the result of contact or interface effects.

The fact that the fluctuations in a@-Si:H are strongly
non-Gaussian is not surprising given the observation of
RTSN and the nonlinear current dependence of the 1/f
noise. Both RTSN and non-Gaussian statistics typically
arise from current fluctuations being regulated by a small
number of processes.”!>1® This can be achieved in sub-
micron scale devices for which the number of defects
which can modulate the conductance is low, or in sys-
tems for which many fluctuators are highly coupled or
cooperative, thus leading to a small number of effective
fluctuators. The observation of spectral wandering in
Fig. 12 and the time dependence of the resistance traces
and noise power in Figs. 8 and 9 indicate that in a-Si:H
the properties of the fluctuators responsible for the 1/f
noise are time dependent. These changes in the charac-
teristics of the noise suggest that the regions of the film
responsible for the noise varies with time, or that there
are large changes in the local material properties, or pos-
sibly both. The non-Gaussian nature of the 1/f noise
thus also indicates that inhomogeneous current paths are
present in the a-Si:H film.
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B. Inhomogeneities in amorphous silicon

Given that variations in the properties of current fila-
ments can account for the noise results reported here, one
is then left with the question of the possible origin of the
inhomogeneous current paths in doped a-Si:H films. In a
relatively heavily doped amorphous semiconductor, as
studied here, there is no shortage of potential sources of
structural or electronic heterogeneities. The challenge
rather lies in finding justifications to eliminate various
heterogeneities as not being responsible for the noise
data. The three most likely candidates as sources of in-
homogeneous current densities are the localized band tail
states, potential fluctuations induced by the charged im-
purities introduced by the doping process, and the known
bonded hydrogen microstructure. We now consider each
in turn.

Charge transport via phonon-assisted hopping through
the localized band tail states which lie within the mobility
gap is one possible origin of inhomogeneous current
paths in amorphous silicon. These band tail states are
known to be electronically occupied in doped a-Si:H from
voltage pulse charge sweep out experiments.*> While the
extended states have a much higher mobility than the
band tails, nevertheless, it is still possible that even above
room temperature a small fraction of the current in the
a-Si:H is carried by charge carriers hopping through the
localized band tail states. While the contribution of such
currents to the total bulk dc current would be negligible,
they could strongly influence the 1/f noise spectra as ar-
gued above. However, the presence of inhomogeneous
current channels alone is insufficient to account for the
dynamical and nonstationary aspects of the noise in a-
Si:H. The additional feature needed is a mechanism by
which the properties of the microchannel which deter-
mines the noise measurements can vary with time, either
by having the particular filament which dominates the
noise alternate or by changing the current carrying capa-
bilities of a given filament.

There are several mechanisms by which this can occur.
The hopping rate of a charge carrier along the micro-
channel can be modulated by changes in the charge state
of other localized states which are spatially near but not
part of the infinite percolation cluster. While it is unlike-
ly that the density of the band tail states themselves is al-
tered by structural rearrangements (since attempts to al-
ter the band tail slope by thermal quenching have been
unsuccessful),** changes at the 0.1-1 % level in the den-
sity of localized states, necessary to account for the noise
data, cannot be excluded by the quenching studies. Al-
ternatively it has been suggested that charge carriers may
hop through an impurity band comprised of the phos-
phorus donor levels which are believed to lie within the
mobility gap, within the conduction-band tail.** Further
studies in materials for which the band tail slope is
broadened by varying the deposition conditions under
which a-Si:H is grown, and by varying the doping level
and doping type, are needed to determine whether this
heterogeneity is responsible for our noise results.

Another source of inhomogeneous current paths in
amorphous silicon are internal potential fluctuations in-
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duced by charged impurities.*®*” In @-Si:H phosphorus
atoms can be incorporated in either threefold or fourfold
coordinated configurations with only the latter serving as
an electronic dopant. Positively charged phosphorus
(P,") will have four valence electrons and will consequent-
ly be fourfold coordinated. The defect compensation
model of doping*® in amorphous semiconductors suggests
that the combination of overcoordinating a dopant and
undercoordinating a silicon atom (i.e., creating a nega-
tively charged dangling bond) lowers the total free-energy
cost of adding a P, . Studies of electronic transport in
singly doped and compensated a-Si:H films indicate that
the potential fluctuations due to the charged impurities
induce upward shifts of the conduction-band mobility
edge.*®*’ For the doping level used in the a-Si:H films
studied here, the densities of P, and Si; are approxi-
mately*® 10'® cm 3, while the density of occupied band
tail states has been determined from sweep out measure-
ments* to be ~10% of the charged defect concentration.
This leads to potential fluctuations with a mean-square
amplitude of ~0.2 eV and a fluctuation period of rough-
ly 4000 A.* Electronic transport would be dominated by
those field-free regions where the conduction-band edge
forms a local minimum. The dynamical transitions in the
noise magnitude would then result from changes in phos-
phorus or silicon bonding configurations (enabled by hy-
drogen motion), which would alter the local potential
profile and consequently change the regions of highest
relative conductance.

The known microstructure of the bonded hydrogen
could also lead to the formation of current filaments.
Nuclear magnetic resonance (NMR) studies have shown
that the ~10 at. % hydrogen in a-Si:H exists as two
phases: ~3-4 at. % is in a dilute phase consisting of iso-
lated Si-H bonds and the rest resides in a clustered phase
where several hydrogen atoms are bonded in close prox-
imity.* Multiple quantum NMR measurements have
demonstrated a complex morphology of the hydrogen in
a-Si:H.>® While the exact effect of the hydrogen micro-
structure on the electronic properties of amorphous sil-
icon is not understood, it has been suggested that conduc-
tion in a-Si:H proceeds as a classical percolation pro-
cess.’! Since alloying with hydrogen increases the
bandgap of amorphous silicon, it was suggested that the
regions of high hydrogen concentration would act as in-
sulating barriers. This would indeed make conduction in
these materials sensitive to a significant fraction of con-
duction paths which carry a large portion of the current.
Changes in the hydrogen bonding configurations, known
to occur from the studies of stretched exponential relaxa-
tion in doped @-Si:H,?® would then change the connectivi-
ty and relative conductance of these current filaments in
a natural manner.

The simplest manner to test the influence of the hydro-
gen microstructure on the noise results would be to vary
the hydrogen concentration in the amorphous silicon
films. However, the amount of hydrogen incorporated
into a-Si:H is determined by complex and poorly under-
stood reactions during the growth process and does not
differ significantly from ~ 10 at. % without seriously de-
grading the electronic properties of the a-Si:H film. Nev-
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ertheless, comparisons of films grown under a variety of
deposition techniques and by studying amorphous semi-
conductor chalcogenide glasses (which do not contain
bonded hydrogen) should help elucidate the role that the
hydrogen morphology plays in the noise results.

Two key questions relevant to all of the noise mecha-
nisms proposed above are whether there is a sufficient
density of mobile hydrogen at room temperature to ac-
count for the observed fluctuations and how large is the
characteristic volume dominated by a single current fila-
ment. To answer the first question we calculate the prob-
ability Py of a hydrogen atom hopping from a bonded
site by using the hydrogen diffusion coefficient
Dy =(Pya?)/6, where a is a characteristic hop distance
of ~5 A. Extrapolating measurements®? of the hydrogen
diffusion coefficient activation energy and preexponential
factor to room temperature yields Dy ~1026-10"%
cm?/s and consequently Py ~8X1071-8X 107 12/s,
The films studied here typically contained 10 at. % hy-
drogen, hence the density of mobile hydrogens per unit
time at room temperature is 4X10''-4X10%/cm?s.
This should be compared to the variation of the density
of free charge carriers n. A dark conductivity activation
energy of ~0.3 eV (see Fig. 2) implies n ~5X 10'%/cm3,
which for a fractional change of An/n~10"° yields
An~5X%10"/cm3. Hence, the density of hydrogen
atoms hopping per unit time does seem to be sufficient to
account for the variations in current reported here.

To address the issue of the characteristic volume of a
microchannel we assume that the various current paths
which influence the 1/f and switching noise act in paral-
lel; a change in a fractional volume element is then asso-
ciated with a fractional resistance change observed in the
RTSN data. The fractional resistance changes of order
1% in Fig. 8 corresponds to a lower limit of a charac-
teristic volume affected by a single current filament of
107° cm3. Given that this filament must transverse the
coplanar electrodes 0.8 mm apart in sample 2, this indi-
cates a lower limit on the cross-sectional area of the
volume influenced during a switching event of order ~1
pm. This order-of-magnitude estimate of the length scale
of a filament is consistent with values deduced from
switching noise measurements in a-Si:H/a-SiN ,:H device
structures.3? Consequently, a current filament has this
cross-sectional area, or a much smaller filament is able to
influence the conductivity of a region this large. All of
the proposed scenarios outlined above to account for the
existence of current filaments imply a sensitivity to local,
that is of the scale of 3—-5 A, bonding rearrangements. It
is difficult to understand how charge trapping or motion
of hydrogen atoms could influence the conductivity of a
volume element this large. One possible explanation
would be if the various current filaments carried current
in series rather than in parallel. In the case of some form
of structural bottleneck that several filaments must pass
through in order to carry current across the sample, it is
plausible that the motion of hydrogen atoms (either sing-
ly or collectively) at a “weak link” could influence the
conductivity on much larger length scales. Serially con-
strained kinetics would be consistent with the observed
power-law frequency dependence of the second spectra of
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the noise power fluctuations in a-Si:H.!® Alternatively if
the conductance of the filaments were modulated not by
hydrogen motion but rather by changes in the charge
states of localized defects lying along the infinite percola-
tion cluster, then the long-range nature of the Coulomb
interaction could account for the long length scales in-
volved. However, in order to be consistent with the data
in Figs. 8 and 9, this explanation requires particular lo-
calized charge configurations to remain stable for tens of
seconds at temperatures above 400 K, which is unlikely.
Clearly further studies are warranted in order to eluci-
date the microscopic origin of the conductance fluctua-
tions in amorphous silicon.

V. CONCLUSIONS

The main conclusions of the paper are as follows.

(1) The power spectrum of coplanar current fluctua-
tions in n-type doped a-Si:H follows a 1/f frequency
dependence for frequencies ranging from 1< f <10* Hz
over the temperature range 300 < T <450 K.

(2) The noise power displays a nonlinear dependence
on the dc current passing through the sample, that is,
S;aI’ where the power-law exponent b is temperature
dependent, increasing from b ~1 at 300 K to approxi-
mately 2.5 at 450 K. The power-law exponent b(T) is
sample and thermal cycling dependent.

(3) Random telegraph switching noise is observed with
fluctuations as large as AR /R ~0.1-1 % in the tempera-
ture range 350 < T <450 K in ¢-Si:H films with coplanar
electrode spacings as large as 1 mm and effective sample
volumes of 1076-1077 cm®.

(4) The 1/f noise in a-Si:H is strongly non-Gaussian,
showing slow spectral wandering behavior suggestive of
cooperative effects.

(5) The noise results are observed in samples which
display Ohmic current-voltage characteristics and com-
parisons of two-probe and four-probe measurements
confirms that these observations result from fluctuations
of the bulk conductivity of a-Si:H.

(6) These observations indicate that the noise results
arise from fluctuations in the conductivity of inhomo-
geneous current filaments threading through the amor-
phous silicon films, arising possibly from either the in-
trinsic disorder of the silicon network, potential fluctua-
tions induced by charged defects introduced by doping,
or the bonded hydrogen microstructure. Hydrogen
motion could change the connectivity and resistance of
these current filaments, leading to the anomalous aspects
of the noise data.
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