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Current and voltage noise in WO 3 nanoparticle films
A. Hoel,a) L. K. J. Vandamme,b) L. B. Kish,c) and E. Olsson
Department of Materials Science, The A˚ngström Laboratory, Uppsala University, P.O. Box 534,
S-751 21 Uppsala, Sweden

~Received 21 February 2001; accepted for publication 8 October 2001!

Current and voltage noise measurements have been carried out on nanoparticle WO3 films. The
fluctuation dissipation theorem holds, which indicates that the observed noise is an equilibrium
phenomenon. Results on the thinnest films show that noise measurements can be used for quality
assessment of nanocrystalline insulating films. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1423398#
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I. INTRODUCTION

Tungsten trioxide (WO3) is a versatile material. It is
widely used in different thin film technologies, for examp
as the electrochromic film in smart windows1 and as the
active layer in chemical sensors.2

Temporal conduction fluctuations~noise! exist in all ma-
terials and the noise appears to have different characteri
depending on what mechanism is dominant in each c
Some common types of noise are thermal noise, shot no
burst noise, 1/f noise, and 1/f 2 noise. In earlier work it has
been shown that noise can be a valuable instrument
analysis and for quality assessment of different electro
devices.3 In this article, the current and voltage noise of WO3

nanoparticle films have been studied.

II. SAMPLE PREPARATION AND DESCRIPTION

The WO3 samples were fabricated using an advanc
gas deposition unit~ULVAC/VMC, Japan!. The classical
technique of gas evaporation was introduced in 19764 and
has become a leading method for production of high-qua
nanoparticles.5–7 In the original advanced gas deposition a
rangement, the source metal is heated up beyond the me
point, in an ambient of inert gas, and the source metal eva
rates. The metal vapor condenses in the ambient gas
growth of ultrafine particles takes place. To obtain W3
nanoparticle films, we modified the arrangement and use
reactive ambient gas, which in this case was synthetic air.8–10

The surface of the W pellet oxidizes and then the oxide s
limes. The vapor condenses and particles are formed a
the original arrangement. The particles are grown in
lower chamber and due to a pressure difference transpo
up, by a transfer pipe, into the deposition chamber, whic
connected to a vacuum pump. The primary particles in
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heated transfer pipe have a narrow size distribution,11 and
they consist of single crystals. The primary particles were
a lognormal size distribution and the primary particle av
age size was around 5 nm.9,10 Figure 1 illustrates the experi
mental setup for particle and film fabrication. The particl
were deposited onto indium–tin–oxide~ITO! coated glass
substrates.

The substrates were mounted on a computer contro
x,y,z table which allowed various patterns to be made. T
different linear speed settings of thex,y,z table were used,
denoted by speed I and II. Speed II was twice that of spee
which implies a ratio of two in the deposited number
particles/length. However, for the lower speed the heat in
deposited particles produced an extra sintering of the na
particles on the substrate. This meant that the thickness
of the films was less than a factor of 2 and the samp
produced at a lower speed were more dense than the sam
produced at a higher speed.9

In order to characterize the conduction noise and
dielectric properties of the samples, contacts of alumin
were evaporated onto the surface of the WO3 and onto the
ITO surface. The diameter of the evaporated contacts wa
mm. The thicknesstc of the Al contacts was about 1.5mm,
which was thick enough to avoid scratching by the prob
The film thicknesst was measured with a WYKO NT-200
interferometer and ranged between 100 nm and 4mm. A
schematic picture of the sample arrangement is shown
Fig. 2.

III. EXPERIMENTAL SETUP FOR THE NOISE
MEASUREMENTS

The noise in thin disk-shaped WO3 samples was mea
sured using a probe station. In one setup we used a low n
voltage amplifier or current amplifier~Brookdeal 5004,
Brookdeal 5002, or Stanford SR570 low noise current p
amplifier! followed by a Hewlett Packard 35665A dynam
signal analyzer. In the second setup we used a cross cor
tion of two low noise voltage amplifiers~Brookdeal 5004!
with the inputs in parallel, followed by a double chann

il:
1 © 2002 American Institute of Physics
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Advantest R921E digital spectrum analyzer. The voltage
the current noise spectra have been investigated in the r
from 1 Hz up to 100 kHz.

Dielectric measurements were carried out with a Hew
Packard 4274A multifrequencyLCR meter ~100 Hz–100
kHz!.

IV. RESULTS

The thermal voltage noise and current noiseSV andSI ,
respectively, of an unbiased sample~see the equivalent cir
cuit in Fig. 3! in thermal equilibrium are described by th
following relations:

SV54kT Re@Z#54kT
R

11~2p f RC!2

54kT

1

2p f C9

11S C8

C9D
2 , ~1!

FIG. 1. Schematic picture of the gas-evaporation equipment. The pres
P2,P1 results in a flow of gas carrying the formed nanoparticles from
evaporation chamber into the deposition chamber.

FIG. 2. Schematic view of the sample structure. The arrangement show
Al contact evaporated onto ITO~denotedC1! and two Al contacts on WO3
~denotedC2 or C3!. The thickness of the dielectrica is 0.1mm,t,4 mm
and of the aluminum contacttc51.5mm. The probes were placed on eith
C2 andC3 or C1 andC3.
Downloaded 08 Oct 2009 to 131.155.151.77. Redistribution subject to AI
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SI54kT Re@Y#54kT
1

R
54kT* 2pC9, ~2!

where k is Boltzmann’s constant,T the temperature in
Kelvin, Z the impedance,Y the admittance,f the frequency,R
the resistive part, andC the capacitive part of the paralle
representation of the impedance as shown in Fig. 3. B
parts can be frequency dependent. In Figs. 4–8 the ca
lated noise using Eqs.~1! and~2! is represented by full lines
with values obtained from impedance spectroscopy in
frequency interval 100 Hz–100 kHz.

The 1/f voltage noiseSV,1/f , caused by conductanc
fluctuations in a resistive sample with homogeneous cur
density exposed to a constant current is described by
empirical relation4,12

SV,1/f5
V2a

f N
, ~3!

whereV is the average voltage drop across the sample,N the
number of free carriers in the system,f the frequency, anda
a 1/f noise parameter in the range 1026,a,1023 for good
quality homogeneous samples. Figures 4–7 present the
perimental results from ac impedance measurements
noise measurements from samples with different thicknes
The figures show the experimentally observed thermal no
of unbiased samples compared to the calculated noise u
Eqs. ~1! and ~2! with experimental results from dielectri
measurements. Measurements were carried out both
double WO3 layers ~two layers in series! between contacts
C2 andC3, and on single WO3 layers between contactsC1
and C2 according to Fig. 2. The expected relation betwe
single and double WO3 layers was always observed; the r
sistance increased and the capacitance decreased by a
of 2. This indicates that there was no contribution to t
noise from the contacts.

In Fig. 5 the voltage noise from samples with a thickne
of around 130 nm is shown. Note the plateau-like shape
low 10 kHz for unbiased samples. The plateau can be
plained by shunting resistors of needle-like channels of a
minum penetrating the porous structure of the WO3. As the
aluminum is evaporated, the widest pores are immedia
filled with aluminum and channels are formed along t
cross section of the thin WO3 layer. This results in a fre-
quency independent resistance with a value roughly given
R5rAl l /pa2, where rAl'1025 V cm in the narrow chan-

re
e

an

FIG. 3. An equivalent circuit representation of the samples whereR andC
are frequency dependent withR51/2p f C9 andC5C8.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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nels ~slightly higher than for bulk material due to addition
surface scattering! and l is the length of the aluminum chan
nel penetrating the porous dielectric and 2a the diameter of
the channel. Choosing the smallest possible value forl which
is the thickness of the dielectric layer~sample thickness!, i.e.,
130 nm, and choosing 2a'2 nm, the assumed cavity diam
eter between the nanoparticles of size order of 5 nm,
calculateR'4.2 kV. Similar experimental results have bee
observed in Refs. 9 and 11. This calculated resistance
agreement with the observed impedance and correspon
a voltage noise level of 6310217V2/Hz, which is in the
same order of magnitude as the value observed from
noise measurements. The criterion for observing 1/f noise
above the thermal noise for a homogeneous conducto
given by SV,1/f.SV,th . With Eqs. ~1! and ~3! and for 1/N
5qmR/ l 2 with l the distance between the electrodes,q the
charge, andm the mobility of the free carriers this inequalit
becomes

V2a

f N
.4kTR, ~4!

or

E2aqm

f
.4kT. ~5!

For materials with very lowm, such as disordered dielec
tric, hopping types of mobilities (m!1 cm2/V s) occur. If we
assumef '1 kHz andT5300 K anda51024, the necessary
field strengthE to observe 1/f noise often becomes strong
than the breakdown field strength of the material. This

FIG. 4. The spectral noise for three different samples with a thicknes
about 130 nm. The samples are presented in order of increased thick
~j!, ~d!, and ~s!. The graph also shows the noise of the thickest sam
when biased with 4.5 mV~h!. The voltage noise follows a 1/f dependence
and is due to the 1/f noise in penetrating channels of aluminum in th
structure of nanoparticles. The corner frequency of the spectra of unbi
samples is for the thinnest sample around 100 kHz, but for the slig
thicker samples the corner frequency is about 20 kHz. The full lines
calculated from 4kT Re@Z#
Downloaded 08 Oct 2009 to 131.155.151.77. Redistribution subject to AI
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plains why the 1/f noise is not often observed above th
thermal noise in dielectrics. Nevertheless, a sample can
veal a defect due to aluminum electrodes penetrating
and through the thin dielectric. Aluminum channels penetr
ing silicon integrated circuits were observed as early
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FIG. 5. TheSV of high quality samples with a thickness of 145 nm~a! and
4.0 mm ~b!, respectively. Note the slope below the corner frequency: for~a!
the slope isd50.08 and for~b! the slope isd50.10. There is a systematic
small mismatch between the noise measurements and calculated v
stemming from dielectric measurements. The ultralow noise preampl
has an additional parasitic capacitance at the input of about 50 pF an
noise data are not corrected for that.

FIG. 6. A sample of thicknesst5160 nm. The full lines correspond to
calculated noise obtained from ac measurements before~s! and after~d!
biasing~100 Hz–100 kHz!. The symbols~s! correspond to unbiased,~3! to
biased, and~.! to unbiased condition after biasing. The sample is biased
to 0.98 V ~3! and there is only a small deviation between the measu
noise and the calculated noise~the range 1 – 105 Hz and 100– 105 Hz!. There
is no change in noise after biasing and therefore no degradation of
sample.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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1973.13 Figure 5 shows the noise from unbiased and bia
samples. At a dc voltage of 4.5 mV a 1/f noise due to resis
tance fluctuations is observed. This is not due to fluctuati
in the dielectric, but to fluctuations in the resistance of
aluminum channels penetrating through the dielectric. T
calculated noise for unbiased samples usingSV54kT Re@Z#
with Z from ac measurements~100 kHz down to 100 Hz! are
shown in the graph~full line! and there is good agreeme
with the measured noise. There is an expected characte
1/f noise for the biased sample given by Eq.~3!. After bias-
ing, the noise was measured again. No change was obse
which means that the aluminum channels did not degr
due to the bias conditions. Having the porous structure
mind and calculating theS1/f for a thin aluminum channe
that penetrates the film results in a 1/f noise well above
thermal noise because now the mobilitym@1 cm2/V s @see
Eq. ~5!#. This is in agreement with experimental spectra
the biased sample. For the different samples a decreas
corner frequency is observed for an increase in thickn
This is due to the fact that resistance does not scale
thickness because the thicker the sample the higher
chance of having a constriction somewhere in the alumin
channel. Thicker films are more sintered and dense, he
the aluminum channels have a smaller cross section. If
consider the aluminum channels as a homogeneous resis
value for the 1/f noise parametera can be calculated from
the 1/f noise from a biased sample and the relat
( f SV /V2) l 2/qmR5a. For m5100 cm2/V s, SV55

FIG. 7. ~a! The noise of a set of samples produced at speed I.~b! The noise
of a set of samples produced at speed II. Note the difference in the spre
noise due to a more or less dense film. The films have a thickness of:~a! 600
nm and~b! 1.0 mm.
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310211V2/Hz at f 51 Hz with a bias V54.5 mV and
R56 kV. This implies a value ofa5531023, which is in
agreement witha values for metals in general.14,15 a values
well above 231023 indicate a current crowding problem o
a microscopic scale in narrow necks in a conducting pa
Such higha values are apparent high values and are d
cussed in an earlier work by Vandamme and Vandamme16

The thicker films show a higher density compared to
thinner films. The particles are more sintered on the subst
due to the internal heat of the particles. Hence, the thick
films are without aluminum channels. In Figs. 6~a! and 6~b!
the thermal noise is shown for two samples without alum
num channels with thicknesses of 145 nm~fabricated at
speed II! and 4.0mm ~fabricated at speed I!, respectively.
The difference in density gives rise to a difference in t
corner frequency, which appears for the sample in Fig. 6~a!
at ;1.5 kHz and in Fig. 6~b! at ;15 kHz. This trend can be
explained as follows: the thinner the sample, the less de
the material, the higher the resistivityr and the smaller the
relative permittivitye r . The RC time constant in homoge
neous materials is nothing other than the dielectric time c
stant given byRC5td5re0e r . From these two opposite
trends for the variation ofr and e r with density,r versus
density plays the dominant role. From the thermal noise a
Hz we observe a ratioRthinn/Rthick'1/3 and a thickness ratio
of 27 ~4/0.145! which meansr thinn/r thick'9. This means that
e r is not a strong function of thickness and the factor of
shift in the observed corner frequency can be explain
mainly by a factor of 10 inr. The slope below the corne
frequency, denoted byd, is in strong contrast to the plateau
like shape observed for the thinnest samples shown in Fi
with d50 ~unbiased samples!. SV is proportional tof d. In
Fig. 6~a! the slope isd50.08 and in Fig. 6~b! the slope is
d50.10. The noise level is about 1 decade higher than
the thinnest samples shown in Fig. 5 caused by the abs
of shunting aluminum channel resistors.

In Fig. 6 the thermal voltage noise of a sample of thic
ness of 160 nm is presented. The noise is measured
sequence of unbiased, biased, and again unbiased.
sample is biased up to 0.98 V and there is no change in
noise. The deviation in the low frequency range is proba
due to drift. The sample remains unchanged after bias
Again the measured noise is compared to the calcula
noise~full lines! obtained from dielectric measurements.

In Fig. 7 the voltage noise of two sets of samples a
shown, where the samples in Fig. 7~a! have a thickness o
600 nm fabricated at speed I and the sample in Fig. 7~b! has
a thickness of 1.0mm fabricated at speed II. The sample
fabricated at speed II have a more porous structure and th
fore a larger spread in dielectric properties and noise than
samples fabricated at speed I. This is shown as a differe
in the scattering of the results in Figs. 7~a! and 7~b!.

From two independent unbiased noise measureme
SV( f ) with a low noise voltage amplifier andSI( f ) with a
low noise current amplifier, theSV* SI /(4kT)2 values were
calculated. This outcome is compared with calculated res
from dielectric measurements. The following relation is us
and derived from Eqs.~1! and ~2!

of
P license or copyright; see http://jap.aip.org/jap/copyright.jsp



om

re
d

f

ed
re-

ned

age
ure-

e-
n.
vel

the
es
sed

can
ting
ous
ades
ncy.
lu-
fore
tric
se

e-

A
h-

he

d

oc.

E.

l

er

5225J. Appl. Phys., Vol. 91, No. 8, 15 April 2002 Hoel et al.
SV* SI

~4kT!2 5
1

11~R2p f C!2 5
1

11S C8

C9D
2 5

uZ2u
R2 . ~6!

On the other hand, the ratioSV /SI calculated from experi-
mentally observed noise results must agree with the outc
of the impedance measurements using Eq.~7! below, which
is based on Eqs.~1! and ~2!.

SV

SI
5

R2

11~R2p f C!2 5

1

~2p f C9!2

11S C8

C9D
2 5uZu2. ~7!

The experimentally observedSV* SI and the calculated
values from Eq.~6! are shown in Fig. 8~a!. TheSV /SI values
and the calculated values from Eq.~7! are shown in Fig.
8~b!. The sample thickness is 400 nm. There is good ag
ment between the noise measurements and calculated
obtained from impedance spectroscopy measurements in
interval 102– 103 Hz. At higher frequencies the influence o

FIG. 8. ~a! The comparison ofSv* SI /(4kT)2 calculated from the therma
noise anduZu2/R2 calculated from the impedance measurements@see Eq.
~6!#. ~b! The comparison ofSv /SI calculated from thermal noise anduZu2

calculated from the impedance measurements@see Eq.~7!#. Apart from
some band limiting problems with the current amplifiers above 3 kHz th
is good agreement.
Downloaded 08 Oct 2009 to 131.155.151.77. Redistribution subject to AI
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the cutoff frequency for the low noise current amplifiers us
for SI measurements is dominant and therefore the noise
sults diverge from the calculated ones, which are obtai
from the impedance spectroscopy.

V. CONCLUSION

There is good agreement between the thermal volt
noise and the values calculated from impedance meas
ments using 4kT Re@Z# or 4kT Re@Y#. Hence the fluctuation
dissipation theorem is valid for this type of dielectric mat
rial. The measured noise is an equilibrium phenomeno17

For high quality samples there is no change in the noise le
caused by an applied voltage of up to 1 V~6.23104 V/cm
field strength! and the sample remains undamaged after
biased condition. The 1/f noise spectra in biased sampl
indicate fluctuations in the shunt resistance and can be u
as a diagnostic tool for sample quality. The 1/f noise results
on the thinnest films, showing that noise measurements
be used for quality assessment of nanocrystalline insula
films. For unbiased conditions the thinnest and most por
samples exhibited a plateau-like shape over several dec
in the noise as well as in the impedance versus freque
This is due to aluminum channels originating from the a
minum contacts penetrating the dielectric layer and there
suppressing the influence of the real part of the dielec
WO3 on the voltage noise. For thicker and more den
samples a proportionality inSV versusf d was observed with
0.05,d,0.20, indicating a more genuine dielectric r
sponse.
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