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Measurements of coplanar curreiit noisein n-type doped hydrogenated amorphoussilicon (a-
Si:H) are reviewed. The spectral density o tlie conductance fluctuations lias a 1/f frequency
dependence for frequency f over the range 1 < f < 10* Hz for temperatures 250 < T < 450
K. The noise power isitself time dependent, displaying large variations of botli magnitude
and f as afunction of frequency over long time intervals (several thousaiid seconds). Fourier
analysis of tlie conductance noise power fluctuations yields an approximate 1/f frequency
dependence, that is, the I/f noise lias 1/f noise. These results indicate that cooperative
dynamics, possibly involving hierarchically constrained interactions between tlie fluctuators
responsible for tlie 1/f noise, govern the current fluctuations in doped a-Si:H.

|. Introduction

Nearly all physicists focus their attention on op-
timizing a desired experimental signal and either ig-
nore or minimize the noise which inevitably accompa-
nies tlieir measurements. A few foolhardy individuals
analyze the coise itself, and study the pliysica pro-
cesses whicli underlie the fluctuations. Such investiga-
tions have fornd that a very wide class of disordered
and complex systerns display fluctuations whose power
spectravaries as the inverse o the frequency f, termed
flicker or 1/f noise. Studiesof current or voltage fluctu-
ations in semiconductors and metals can reveal impor-
tant information concerning electronic properties and
defect kinetics which are not reflected in bulk trans-
port measurements!' =3, Recent studies of conductance
fluctuations in n-type doped hydrogenated amorphous
silicon (a-Si:H) havefound that the current noise power
is well described by a 1/f frequency dependence for the
frequency range of 1 Hz up to 10 kHz over a tem-
perature range from room temperature to 450K 451,
However tlie 1/f noise in a-Si:H is anomolous, and dis-
plays phenomena typically associated with mesoscopi-
cally small spi1 glasses,[®™ The 1/f noise in a-Si:H is
time dependent, and reveals long time variations and
strong correlations between the noise power at differ-
ing frequencies which indicate the presence of strong
interactions be:ween the fluctuators responsible for the
current noise. In this paper we will briefly review our
recent efforts to understand the nature of the I/f noise

in amorphous silicon.

II. Experimental Methods

The 1/f noise data are collected using a standard
two-probe measurement system, as shown schemati-
caly in Fig. 1. A constant voltage is applied (using
either mercury batteries or an HP 6212C power sup-
ply) across the coplanar electrodes, and the fluctua-
tionsin the resulting current passing througli the a-Si:H
film are amplified using a commercia current pre-amp
(Itliaco 564). The current is tlien sent to a spectrum
analyzer (HP 3561A) which performs a FFT of the data
and calculates the current spectral density St for afre-
guency range of 0 - 1kHz, with a bandwidth of 2.5 Hz.
The amorphous semiconductor sits in a stainless steel
measurement chamber under a turbo pumped vacuum,
and is in thermal contact with a copper block; resis-
tive heaters and a commercial temperature controller
are used to vary tlie sample temperature. All noise
measurements are performed in the dark under vacuum
following annealing at 450 K to remove any effects of
surface adsorbates or prior light exposure;® the film
is then dowly cooled (2 - 3 C/min) to the measure-
ment temperature. Four probe noise measurements in
the van der Pauw geometry using a constant current
source and a voltage preamplifier were also preformed
to verify that the a-Si:H noise data did not arise from
contact effects.
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Figure I: Sketch of tlic experimental apparatus used to perform two probe current noise measurements. The sample iSin
thermal contact with @ Cu block in which resistive heaters are used to vary the film’s temperature, and residesin a stainless

stcel turbo-pumped measuremeiit cliainber.
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Figure 2: Coplanar electrode configuration used to perform
tlie iioise measurements. Tlie film was patteined using con-
ventional pliotolitliograpliy and ion milling; tlie a-Si:H ex-
tends into tlie sliaded regions labeled A-A' and B-B'. Tlie
electrodes A-A’ were used for two probe noise measure-
ments, for four probe measurements A-A' were tlie current
leads and tlie resulting voltage fluctuations were measured
across electrodes B-B'. Tlie a-Si:H filmis 1 pm tliick and
tlie doping level is 1000 p.p.m. PHs.

Tlie a-Si:H films ineasured here are grown using
pure silane (Silly) in a capacitively coupled rf. glow
discharge deposition reactor. N-type doping is achieved
by the addition of phosphine (PHsz) at agas phase dop-
ing level of 1000 p.p.m. Tlie films are 1 um thick and
are deposited onto Corning 7059 glass substrates. Tlie
data described in this review were ohtained from an

amorphous silicon film which was patterned as shown

in Fig. 2, using conventional photolithography and ion
milling. Tlie a-Si:H film extends into tlie shaded re-
gions labeled A-h' and B-B' in Fig. 2. Electrodes
A-A’ are used iii two-probe noise measurements, and
m four probe measurements they are tlie current leads
while electrodes B-B' are the voltage contacts. The
area between the leads B-B' is 800 um long by 200 jm
wide, with an ellective sainple volume of ~ 1.6 X 1077
em®. Flectrical contact is ohtained using silver paint
directly onto tlie a-Si:II filim; these contacts displayed
Ohmic current-voltage characteristics for applied volt-
ages lessthan 20 V. Details of tlie sample preparationl®]

and measurement techniquet® are published separately.

II1. Results

Fig. 3 shows a log-log plot of 1000 rins averages
of tlie spectral density .Sy against frequency at 310 K.
The data is well described by tlie frequency dependence
Sp af ™Y where ¥ ~ 1.1 over tlie frequency range 10 to
10* Hz. Similar results are obtained over the tempera-
turerange 250 K < T < 450 K, and for n-type films for
which tlie gas phase doping level is 10 p.p.m.l!% While
tlie average noise power is consistent with a 1/f fre-
quency dependence, a more interesting story emerges
upon examining tlie 1000 individual FFT’s which com-
prise tlie data of Fig. 3. Tlie resulting time record
of tlie noise power, shown in I'ig. 4, is generated as

follows 211} A single power spectrum is calculated by
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Fourier transforming a 1024 point current time series.
This is then repeated a large number of times, of or-
der 10,000, which takes ~ 3 hours to complete. To
reduce the amount of data to be stored, and to simplify
tlie data analysis tlie noise pomer spectra are sumiied
into seven octaves, with tlie lowest octave ranging from
5-10 Hz and containing two power spectra points and
tlie liigliest octave, from 320 - 640 Hz consisting of 128
power spectra points. By choosing frequency bins tliat
increase by afactor of two from tlielower to tlie upper
frequency the |/f noise power per octave is tlie same for
all seven octuves. Tlie iioise power time traces in Fig.
4 have consequently been oflset for clarity. Tliedatain
Fig. 4 was taken at 400 K, comparable time traces are
observed froin room teinperature to 450 K.
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Figure 3: Log-log plot of the coplanar current noise power
density S; against frequency for n-tgpe a-Si:H measured at
310 K. Tlie datais tlie result of 1000 rms averages.

Tlie fluctuations in the noise power in eacli octave
areinucli larger than the expected variationsduetotlie
sampling of arandoinsignal. There arelarge variations
asafunction of time in the iioise power in a given octave
(octave 7 for example). In addition, there are several
events, markel by tlie arrows in Fig. 4, for which a
sudden change ill tlie iioise magnitude i1l a giveii oc-
tave is strongy correlated witli the changes in noise
power extending over several octaves. These corre-

lated cliangesin tlie time dependence of tlie noise power
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are not observed in Johnson noise measurements when
the amorphous semiconductor sample is replaced with
a metal film resistor of impedance comparable to the
a-St11 film.['%) Analysis of the correlation coelficients
which characterize tlie noise power variations across
differing frequency octavest!®:12 finds tliat tlie corre-
latioiis are much stronger tliaii would be expected for a
suin of statistically independent Lorentzian power spec-
tra, whose amplitudes are independently modulated 9]
That is, tlie data in Fig. 4 cannot be accounted for if tlie
properties of tlie fluctuators responsible for the current
noise are varied in parallel. In fact, spectral analysis
of tlie datain Fig. 4, described below, clearly indicates
that tlie currcnt noise sourcesin a-Si:H interact on long
time scales through some forin of cooperative dynamics.

The long time (low frequency) variations in tlieiioise
power per octave [or the datain Fig. 4 areinost clearly
seen by generating second spectra S, which cliaracter-
izes the conductance noise power {luctuations. Tlie
second spectrum is tlie Fourier transform of the time
record of tlie noise power in a given octave.l'¥} For cach
octave, which is identified by tlie logarithmic center fre-
quency fi, a power spectrum So(fy, f2) is calculated iii
the usual manner at a frequency fo which is determined
by the time scale of tlie noise power fluctuations in Fig.
4. Noise power fluctuations due to Gaussian processes,
such as thermal variations in tlie fluctuators properties
would have afrequency independent Ss, that is, the sec-
ond spectra would be “white”. As shown iaFig. 5, the
second spectra for n-type a-Si:H has a strong frequency
dependence for all seven octaves. Tlie data iii Fig. 5
lias been normalized, sucli tliat if tlie noise power fluc-
tuations arose froin uncorrelated variations (i.e. Gaus-
sian processes) then S; would be unity at all frequen-
cies. Tliesecond spectrafor a-Si:H lias an approximate
power-law frequency dependence for all octaves, witli
magnitudes well above unity. The frequency dependent
second spectrain Fig. 5is observed over tlie entire tem-
perature range iiivestigated here, for gas-phase doping
levels 10 and 1000 p.p.m. PHj in SiHy, and in four-

probe as well as two-probe measurements.!19!
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Figure 4: Plot of the noise power as afunction of time for seven octavesfor tlie n-type a-Si:H film shown in Fig. 2 at 400 K.
Eacli data point is tlie result o 4 rms averages. Tlie curves have been offset verticaly for clarity.
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Figure5: Log-log plot of tlie Fourier transform o the noise
power fluctuations, termed "second spectra’ S2 against fre-
quency for the n-type a-Si:H filmin Fig. 2 at 300 K.

It was argued above tliat tlie correlations of tlie
noise power between differing frequency octaves are
much stronger than would be expected for an ensemble
of statistically independent Lorentzian noise sources,
tlie magnitude of each of wliich is independently mod-

ulated in parallel. An alternative explanation for the

noise power time dependence is that the interactions
between tlie fluctuators are governed by some form of
serial kinetics. Tlie second spectrain Fig. 5 further
constrains the type of series interactions between tlie
fluctuators, namely they must be such tliat lead to a
power-law time dependence of higher moments of the
cutrent-current correlation function. One such form of
cooperative dynamics which lias tlie necessary proper-
ties to account for our observatioris would be if me fluc-
tuations responsible for the |/f noise interact through
hierarchically constrained kinetics.[213 A hallmark of
hierarchical interactions is tlie scaling dependence of
the second spectra.[’3] Thefractal nature of ahierarchi-
cal treeimpliesthat tliere is no characteristic timescale
for the second spectra, and tliat all of the Sy(f1,2)

should be identical when plotted against a scaled fre-
quency fs/f1. This scaling property simply reflects tlie
self-similar nature of the hierarchical tree, tliat is, tlie
S, for the 5-10 Hz octave has a certain magnitude at a
frequency f2, while for tlie 320-640 Hz octave one finds
that same S, magnitude at a higher frequency fj, and
the ratio of £}/ f, is determined by tlie ratio of tlie two
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octave’s center frequencies.

When tlie second spectra of Fig. 5 are replotted
against scal=d frequency fs/fi, the resulting plots are
indeed scak invariant, as shown in Fig. 6. There are
no adjustable parameters in the scaling of the data in
Fig. 6; rather the data in Fig. 5 was replotted by
simply divicing the horizontal axes for each curve in
Fig. 5 by tlie center frequency of each octave. While
there is som= scatter to the datain Fig. 6, nonetheless
all seven curves are consistent with a single frequency
dependence given by

Sy = S2(0) + aa(fo/ f1)77%,

where S3(0) and a5 are constants and v, is the S, spec-
tral slope. For the datain Fig. 6 the power law expo-
nent vy ~ 1.13, S2(0) ~ 2 for scaled frequencies above
1073 Hz anc! oy is of the order of 1073. The above
expression describes the second spectra over the tem-
perature range of 250 < T < 450 K with S2(0) ranging
from 2 to 10, while 10~* < a5 < 10~!, with no system-
atic temperasure dependence.

Fig. 7 shows the spectral slope 2, aong with the
spectral slopes of the original 1/f noise. There are two
noteworthy aspects of Fig. 7: first, at all temperatures
the .S, spectral slope is less than the slope of the orig-
inal I/f noise. Thissimply indicates that higher order
current moments are less correlated (contain lessinfor-
mation) than lower order moments (alower slope indi-
catesthat the second spectraiscloser to white noise, i.e.
uncorrelafed) Secondly, the temperature dependence
of 7, is consistent with the expression v, = (1t 8)/2
where g8 = T'/Ty with Ty = 600 K. While there is no
theoretical justification whatsoever for such a temper-
ature dependence of 2, the connection between 2 and
the temperatiire dependence of 8 from stretched expo-
nential relaxasion¥ of the defect structure, which has
been associated with hydrogen motion{'4! and hierarchi-
cally constrained kinetics provides encouragement that
acommon physical process may describe both nonlinear
dynamical phenomena in amorphous silicon.
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Figure 6: Log-log plot d the second spectra against scaled
frequency f»/f1, as described in the text.
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Figure 7. Plot d the spectral dope

w[= —d(log Sr)/d{log f)] (open circles) for the current
noise and v;[= ~d(log S2)/d(log (f2/£1))] (closed squares)
for the second spectra as a function d temperature.

V. Discussion

The striking non-Gaussian nature of the conduc-
tance noise power fluctuations is not the only anoma-
lous feature of the current noise in doped a-Si:H. We
have recently reported(*®] observations of random tele-
graph switching noise at and above room temperature
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in coplanar current measurements for tliesampleiii Fig.
2, that is across electrode separations as large as 1 mm.
Tlie switcliing noise is too large to be accounted for by
cliarge trapping at a single defect, and lias been inter-
preted as reflecting tlie presence o inliomogenous cur-
rent filaments in the a-Si:H, tlie conductance of which
are time and temperature dependent. The scale invari-
ant second spectra described in tliis paper clearly in-
dicate tliat tliere are strong interactions between these
filaments.

These microchannels could originate from either
long-ranged potential fluctuations induced by tlie
charged dopants and oppositely charged dangling bond
defects which are introduced by tlie doping process in
n-type a-Si:H, from tlie intrinsic disorder o tlie sili-
con network or from the known bonded liydrogen ini-
crostructure. Tlie fact that the second spectra are es-
sentially tlie same for 10 p.p.m. and 1000 p.p.m. PI3
doped a-S;i:H films,[1% for which the charged defect con-
centrations vary by an order of magnitude, makes it
unlikely that the current filaments arise from potential
fluctuations. Experimental investigations of the non-
Gaussian nature of tlie current noise are in progressfor
a-Si:H films for which the band tail slopes (which re-
flects tlie intrinsic disorder of tlie silicon network) and
tlie liydrogen content (influenced by changing tlie de-
position conditions gnder which tlie film is grown) are
systematically varied.

Both the switching noise and the time dependent
noise power indicate that the resistanceof these current
filaments, regardless of their origin, must change with
time. We have previously suggested tliat tlie motion of
hydrogen underlies tlie changes in the properties of tlie
inhomogeneous current filaments.® Tlje strong in-
teractions between the filaments responsible for the 1/f
noise described here, wliose dynamics may be hierar-
chically constrained, suggest that tlie rearrangements o
tlie hydrogen bonding configurations may involve many
hydrogen atoms moving collectively.

We close with a speculation on tlie possible ori-
gin of the cooperative interactions between liydrogen
atoms in doped a-Si:H. It has been known for some
time that the motion of hydrogen can cause variations
in the electronic properties of a-Si:H. Recent detailed
studies of hydrogen diffusion have found tlie tlie liy-
drogen diffusion coefficient is, in turn, sensitive to the
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local electronic properties near the moving hydrogen
atom.['71 It is known tliat hydrogen relieves strain in
tlie amorphous silicon film by breaking highly strained
Si-Si bonds, creating new Si-I1 bonds. It is plausible
tliat when one (or possibly two) liydrogen atoms re-
side on a strained Si-Si bond, they modify tlie local
strain fields and consequently the electronic states in
tlie vicinity of tlie strained bond, and tliat tliis alter-
ation in tliestrain fields extends a considerable distance
from the bond. These distortions in tlie strain fields
will then alter the ability of another liydrogen atom
to diffuseinto tliis region, and will introduce correla-
tions in tlie electronic properties of one region of the
a-Si:H with another. We are investigating, both exper-
imentally and using computer simulations, tliis sugges-
tion that hydrogen-hydrogen interactions, mediated by
tlieSi strain fields, underlie tlie conductance fluctuation
phenomena observed in a-Si:H.
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