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Electrical and optical properties of thin films consisting of tin-doped indium oxide nanoparticles
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Electrical transport and optical properties were investigated in porous thin films consistingQaf $m
(indium tin oxide, ITQ nanoparticles with an initial crystallite size 6116 nm and a narrow size distribution.
Temperature dependent resistivity was measured in thetZB00 K temperature interval for samples an-
nealed at a temperature in the 578, <1073 K range. Samples annealed at §73<923 K exhibited a
semiconducting behavior with a negative temperature coefficient of the resigfiiiy). These data were
successfully fitted to a fluctuation induced tunneling model, indicating that the samples comprised large
conducting clusters of nanoparticles separated by insulating barriers. Samples anneéated0at3 K dis-
played a metallic behavior with no signs of insulating barriers; then the TCR was positivel80 K and
negative at<130 K. Effects of annealing on the ITO nanoparticles were investigated by analyzing the spectral
optical reflectance and transmittance using effective medium theory and accounting for ionized impurity
scattering. Annealing was found to increase both charge carrier concentration and mobility. The ITO nanopar-
ticles were found to have a resistivity as low as 20”4 Q) cm, which is comparable to the resistivity of dense
high quality In,0O5:Sn films. Particulate samples with a luminous transmittance exceeding 90% and a resistiv-
ity of ~1072 () cm were obtained.
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[. INTRODUCTION subsequent heat treatment of the film would then give a high
visible transmittance and a low resistivity. Thus far only a
Materials exhibiting a high visible transparency and goodfew results have been published concerning electrical trans-
electrical conductance are interesting for several importanport properties of such nanoparticle/nanocrystalline 1TO
applications, and can be used as transparent electrodes films &1t
display devices, as well as in solar céll$ransparent con- In this paper we report on temperature dependent electri-
ducting oxides attract particular interest, with,@3:Sn  cal transport and optical properties of porous thin films con-
(known as indium tin oxide, IT@being the most widely sisting of ITO nanoparticles produced by a wet-chemical
studied alternative. Many investigations have been permethod. The films were spin coated from a dispersion of ITO
formed on electrical and optical properties of ITO producednanoparticles with a narrow size distribution. In a practical
with different methods, such as physical vapor depositibn application, the dispersion would be printed directly onto the
and spray pyrolysis.High quality ITO films have a resistiv- substrate to produce fine-patterned structures. However, in
ity as low as~10"“ Q cm in combination with a high vis- this work large area depositions were preferred in order to
ible transmittanc&.The optical band gap lies between 3.75 enable analyses of the optical and electrical properties of the
and 4.55 eV depending on the amount of Sn doping and theanoparticle films.
accompanying charge carrier concentration. Sections Il and Il below describe the sample preparation
ITO films, to be used as front-surface electrodes in disand sample characterization, respectively. Theoretical con-
play devices, are normally produced by a process involvingiderations concerning electrical transport and optical prop-
several steps, such as film deposition followed by etching terties are then presented in Sec. IV, and experimental results
obtain the desired patterned structure. Patterning is time comre given in Sec. V. Specifically we show that the dc electri-
suming and hence costly, and it would be a significant im-cal transport properties are dominated by thermally activated
provement if the etching could be eliminated and replaced byoltage fluctuations across insulating barriers between large
a direct printing process wherein ITO nanoparticles are dismetallic clusters of individual nanoparticles in the sample,
persed in a liquid and applied directly onto the substrate. Ajiving a negative temperature coefficient of the resistitfty.
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TABLE |. Sample data showing annealing temperattyeor
treatment at 1 h in air @&hl h in N,, lattice parametea, and mean B Sample A
grain sized. (222) P
Sample ta a d ‘é B
(°C) (nm) (nm) _g ~
A 300 1.0150 16 8 L (411) (440)
B 400 1.0144 16 2 | (400)5 (622)
C 500 1.0156 16 g P (43])
D 650 1.0150 19 =
E 800 1.0147 34 i(332)
The results from the optical spectroscopy measurements 25 3'0 3'5 4]0 4'5 5|0 5|5 6!0 65

were fitted to the Bruggeman effective medium modeh-
cluding the effect of ionized impurity scattering, i.e., elec-
trons scattered by dopant Snions introduced in the mate- FIG. 1. X-ray diffractogram of ITQsample A. The peak inten-
rial. Fitting theoretical data to experimental results made iisities are labeled according to the major peaks eOin

possible to determine the charge carrier concentration and

mobility in the ITO nanoparticles after annealing to different peak, put on top of each sample, amdvas obtained from
temperatures. We analyzed annealing-dependent changestbé (222 peak corresponding to j@;. Data ona are given
the volume fraction of ITO in the film, related to the density in Table | for all samples. It is found that the lattice param-
of the samples, and obtained valuable data on the efficiencgter remains constant for annealing to 1073 K with a value
of the sintering. Finally Secs. VI and VIl present a discussiorslightly larger to that of pure b0O;, i.e.,a=1.0118 nm. The

Diffraction angle 26 [deg |

and conclusions of the results in this work. enhancement of the lattice parameter may be due to the tin
doping causing a distortion of the, i@ lattice.
Il. SAMPLE PREPARATION Scherrer’s methdd was employed to estimate grain size

d. The (222 peak in the diffractogram was used, and data

ITO nanoparticles with a tin to indium atomic ratio of 5% are given in Table I. It is well known that effects of lattice
were produced by a commercial wet-chemical metfidd-  strains may give additional peak broadening, thus resulting
nogate Gmbh The primary particle diameter size was in an erroneous grain size. Figure 2 presents scanning elec-
~16nm as measured by a laser back scattering method usimgn micrographs of three samples annealed at the shown
a LECOTRAC LTU-150 Ultrafine Particle Size Analyzer. annealing temperatures, thus providing independent informa-
Thin films were produced by spin coating a dispersion of thetion on the grain size. Data from the two analysis methods
ITO nanoparticles onto glass substrates. The film thicknessyere in satisfactory agreement, with the difference in the
measured by a Dektak 3030 mechanical stylus profilometemean grain size lying below 5%. The grain size was found to
was found to be~1.1um. be constant up tb,=773 K. Annealing at 923 K resulted in

Rutherford backscatteringRBS) measurements combined a grain growth to 19 nm, and the final annealing at 1073 K
with thickness measurements indicated a highly porougroduced a significant increase afto 34 nm.
structure, i.e., a low density, with a filling factor of ITO Figure 3 shows ITO nanoparticle size distributions of the
nanoparticles in the range 30—40 vol %. Scanning electrofive different samples. The distributions were determined by
microscopy investigations of these samples supported the npaeasuring the diameter of more than 200 individual nano-
tion of a highly porous film structurt’. Post-deposition an- particles shown on scanning electron micrographs. It is ob-
nealing was carried out in the temperature intervalS73  served that the size distributions are very similar and narrow
<1073 K. The heating rate was 10 K/min. At each temperafor samples A-C; see Figs.(83-3(c). Annealing at high
ture, annealing was performed initially for 1 h in air followed temperature gives an increased mean particle size and the
by annealing fol h in a N, atmosphere. Table | presents the size-distribution becomes wider; see Fig&d)3and 3e).
samples and their corresponditys.

IV. THEORETICAL CONSIDERATIONS

Il. SAMPLE CHARACTERIZATION A. Electrical transport

All samples were characterized using x-ray diffractometry Temperature dependent electrical transport in semicon-
(Siemens D5000 diffractometeemploying CK, radiation  ductor materials is a complex property, whose reconciliation
with a wavelength of 0.15405 nm. Figure 1 presents a difwith theory demands a detailed knowledge of the local elec-
fractogram of sample A. The peaks were consistent withtronic structure. A theoretical modeling is also made difficult
In,O3 (Powder Diffraction File 06-041)6and no peaks per- by the fact that there are several different transport mecha-
tinent to other crystalline structures were observed. nisms exhibiting a negative temperature coefficient of the

Determinations of lattice parameter were carried out resistivity (TCR); among these one finds tunneling and hop-
using Si powder as a reference with a well defif@dl)  ping conduction.
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FIG. 2. Scanning electron mi-
crographs for samples A, C, and E
characterized in Table I.

Below we consider electrical transport mechanisms yielddominated by fluctuation induced tunneling between the me-
ing a negative TCR, starting with hopping mechanisms andallic regions, and(t) is given by?
following with a transport mechanism dominated by the ca-
pacitive charging energy in a system consisting of a distribu- ()=B, ex t
tion of individually isolated small metal particles. Tempera- P 3 t+tg
ture dependent resistivity in a system consisting of large
conducting clusters of individual nanoparticles, separated by . . . ) .
thin insulating layers, is also considered. This section end rties of Fhe insulating barriers between the metallic clusters
with the effect of ionized impurity scattering on the tempera—and obtained fro{
ture dependent resistivity. 1650/t Avg/z

; ()

hereB; is a constant anthy andt, are related to the prop-

Hopping conduction can be represented by an exponential to=———1p (4)
temperature dependent resistivjigt) of the formt® m(2m) P e’ky
and
B2 1/q
p(t):Blexp[ T) , () 8eoAV3
b G ©

B
whereB4, B,, andg are constants. A conduction mechanism

dominated by hopping between localized states distribute
randomly in the film(i.e., variable range hopping, VRH == . - .
yields a i/emperature dependence as de%cribezpmewith permittivity for free space, antlis Planck’s constant divided
q= 4. Another hopping conduction mechanism, character?Y |27T'. di " . ant  scattering i
ized byq=1, is representative of localized states distributed onized Impurities are an important source ot scattéring In
in a periodic array(i.e., nearest neighbor hopping, NN doped semiconductors. If this scattering dominates, the TCR

The granular-metal system is characterized by a distributiofp Negative and the temperature dependent drift mobility is

8
of small metallic grains separated by thin insulating Iayers.g'ven by

In such systems, the resistivity is governed by a charging w(t)ot¥2, (6)
energyE., which is inversely proportional to a capacitance
C,ie., In a heavily doped degenerate semiconductor, the tempera-
ture dependent charge carrier concentration due to intrinsic
2 carriers is negligible because of the high doping level. Thus
(2)  the temperature dependencegfT) is given by u(T), so
that

EIereA is the barrier areay, is the barrier heightmn is the
charge carrier massy is the width of the barrierg is the

ne
Ee=%c
where 7 is a constant and is the electronic charge. A small p(t)oct =32 7
particle size gives a small capacitance, which results in a
large E.. Thenp(t) is dominated by electrons hopping be-
tween the metal grains. The corresponding granular-metal
model (GM) is given by Eq.(1) with q=2.1° Low density nanopatrticle films can, from a theoretical
A different temperature dependent resistivity appears ifpoint of view, not be treated as homogeneous samples. In a
the metallic regions can be regarded as large internally correcent papéf we successfully applied an effective medium
nected clusters separated by thin insulating layers. Thitheory by BruggemanBr) to fit spectral reflectance and
yields a much higher total capacitance, which result&in transmittance data of porous ITO nanoparticle films. Infor-
being negligible compared to the thermal enekgy, where  mation on charge carrier concentratiop, mobility w, and
kg is Boltzmann’s constant. In such samples the resistivity idilling factor f of the ITO nanoparticles—i.e., the volume

B. Optical properties
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fraction of ITO in the sample—were obtained from the fit-  For heavily doped indium oxide, as in the case of our ITO
ting parameters. The same approach is used here to analymanoparticlesn, easily exceeds the Mott critical density
changes in these parameters upon annealing. Our samples &re4 x 10 cm™ for ITO (Ref. 20] so that the Fermi energy
modeled as consisting of spherical ITO nanoparticles conlevel is located above the minimum of the conduction band.
nected in a percolating network surrounded by air. TheThis gives free electrons in the conduction band of the ITO
Bruggeman model for spherical particles rédds nanoparticles, and we may represent their dielectric function

& & by the Drude model. The Drude model is given by

PR (1) =0 ®
ept 28 ( )sa-l-ZEBr_ ’ 5
w
whereg, is the dielectric function for the ITO nanoparticles, Ep=&u— 7‘31 9
g, is the dielectric function for air, and®" is the effective w( w+i )
To

medium dielectric function.
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FIG. 4. Room temperature resistivity as a function of annealing 1.000
temperature for the samples characterized in Table I. Dots indicate ®)
data and lines were drawn for convenience.
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Here ., is the optical dielectric constanty, the plasma 0.975 | | ' |
frequency,, the relgxgyon timem, the eﬁectl\{e electron “s0 100 150 200 250 300
mass, ang,, the resistivity of the ITO nanoparticles. T K
Earlier work by Hamberg and Grangwssupported the emperature (K)

use of Drude theory to model the dielectric function of ITO FIG. 5. Normalized resistivityp vs temperaturet for the
provided that an energy dependent relaxation time is used IQamples characterized in Table |. Pé represents data for all

the energy range between the band gap and the screengghhies and patb) amplifies the resistivity change for sample E.
plasma frequency. In heavily doped ITO, this relaxation time
is due to electrons scattered by ionized dopant atoms, i.egpe to relate the measured dc resistivity to the resistivity

ionized impurity scattering(lS) prevails. At frequencies oniained by fitting the Bruggeman model to the experimental
higher than the screened plasma frequency we compare da§dis as considered in Sec. V.

based on a frequency dependent relaxation time due to ion-
ized impurity scattering and a constant effective relaxation
time according to Drude theory. At frequencies lower than
the screened plasma frequency, a constant relaxation time is
used. In the case of ionized impurity scattering, the fre-
quency dependent relaxation time is givert'by

V. RESULTS
A. Electrical data and analysis

Temperature dependent resistivity measurements were
performed using a standard four-probe setup. All samples
w. | ¥ were cut into 77 mn? squares, and four electrodes were
TIIS(w)ZTO(—p) ?, mounted in the corners using silver paste. Resistance was
Ve measured by applying a constant current of »@Q using a

where 1 is the screened plasma frequency. We pul(EITEY 24C0 satce nsrument, and messuring he votage
£,=4 in the calculations and used.=0.4m, wherem is 9 y : 9

the free electron mag8.The filling factor in the Bruggeman 2.5 K/mm. L
model is related to the sample resistivity in the dc limi2as Figure 4 presents room temperature resistivity data for all
samples. It is clearly displayed that the resistivity is de-
1- fc)

creased upon annealing. Sample E exhibits a resistivity of
/o=/op<—f_fC

~1x10"2 Q cm, which is much larger than the minimum

value found in the literature, viz~1x10 % Q cm.2%%
wherep is the resistivity measured for the film arfgis the = However, one should take into consideration that the present
filling factor corresponding to the percolation limit, which is samples exhibit a large degree of porosity, as evident from
0.33 in the Bruggeman model. Thus EG3) makes it pos- the filling factor being 0.33-0.35.

12

(13
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FIG. 7. Logarithm of the normalized resistivipyvs temperature

FIG. 6. Normalized_ res_istivityp versus temperature for t to the power— 1/, with p=4 according to the VRH model, for
samples A-D characterized in Table |. Experimental data are ShOWEamples A-D characterized in Table 1. A straight line would indi-

together with computations from the fluctuation induced tunneling.ste the applicability of the VRH model.
model[Eq. (3)] using the fitting parameters in Table II.

the concave curvature shown in Fig. 7, that neithequal to
Measurements of temperature dependent resistpfity 1 (NNH) nor 2(GM) can represent the data.
were carried out in the At<300 K range. Figure 5 shows Figure 8 shows(t) versust ~%? for samples A-D in the
that samples A—D exhibit a negative TCR in the whole tem-whole measured temperature range. None of the samples ex-
perature range, whereas the temperature dependent resistivitipit a straight line, i.e., Eq(7) is also incapable of repre-
of sample E displays a metallic-like behavior with a positivesenting our data.
TCR in the 156<t<300 K range. At approximately 130 K,
the resistivity of this sample reaches a minimum and at
<130 K the temperature dependent resistivity has a negative
TCR. Spectral near-normal reflectanée and transmittancd
There are several different electrical transport mechawere measured in the 63\ <2.5 um wavelength range us-
nisms that can yield a negative TCR, as discussed in Sec. I#g & Perkin Elmer Lambda 9 spectrophotometer equipped
above, and next we analyze thét) data of samples A—D in With an integrating sphere coated with BaSQOnfrared
order to obtain information on which mechanism is dominat-transmittance was measured at2)6<4.5um and infrared
ing in our porous ITO nanopartic|e films. reflectance at 28X <30 um USing a Perkin ElImer 983 in-
The experimental resistivity data for samples A—D arefrared spectrophotometer with an Au mirror as reference.
compared to data obtained from the fluctuation induced tunFigures 9a)—9(e) presentsR for 0.3<A <30 um andT for
neling model in Fig. 6. Good agreement is observed for alP.3<A<2.5um.
samples in the whole temperature range. The fitting param-

B. Optical data and analysis

eters, i.e.to andt,, are given in Table Il. 22 T , I
Figure 7 presents data for samples A-D plotted as log
p(t) versust™ Y4 with q=4, corresponding to the VRH 2.0 ~
model for electrical transport, as introduced above. A
straight-line fit would indicate that this theoretical model ap- < 18 -
plies. Since the curve deviates from a linear fit by a concave Q
curvature, VRH is not valid for the transport mechanism o 16 ]
present in these samples. Furthermore we can conclude, from 3 '
» _ < 14 s
TABLE Il. Data for the fitting parameter, andt; in the fluc- QU
tuation induced tunneling model; see Ef). 12
Sample to ty t2/t,
1.0
® Y ) 0.0004 0.0008 0.0012 0.0016
A 138 317 728 t =32 (K'3/2)
B 139 289 601
C 141 193 264 FIG. 8. Normalized resistivity vs temperaturé to the power
D 137 119 103 —3/2 for samples A-D characterized in Table I. A straight line

would indicate the applicability of Eq7).
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FIG. 9. (a)—(e) Experimental spectral reflectance and transmittance fitted to the Bruggeman effective medium theory including the effect
of ionized impurity scatteringllS). Data are shown for the samples specified in Table I. Note the change in scaleuat hh5vavelength.
Theoretical modeling embraces a constant relaxation (Pnade model and a relaxation time varying as expected for IIS.

The data show that the luminous transmittance exceedsured dc value. Equatiofil) yields a relation betweep,,
90% for all samples, except for sample E where this transn,, andr. Thus we usdé andn, as fitting parameters. Their
mittance is slightly lower than 90%. Infrared reflectance datavalues determine uniquely the other parameters of the prob-
show thatR increases upon annealing, with sample E disdem, namelyp, [by Eq. (13)] and 7y [by Eq. (11)]. The

playing R~45% at\ =30 pm. mobility is obtained from
Figure 10 shows the absorption coefficieat for all
samples at 08\ <2.5 um as calculated from the method of _&7 (15)
Hong?® by the relation U
1 [1-R(\) The reflectance and transmittance were calculated for the
a(N)= aln(T()\))’ (14 samples, with proper account taken of the glass substrate.

The thin porous ITO film was represented as a single [&er,
where ¢ is sample thickness. Figure 10 clearly displays anusing the dielectric function for the composite film derived
increase in the absorption strength, and a shift of the absorfirom the effective medium theory. The glass substrate was
tion peak towards shorter wavelengths, upon annealingreated in the noncoherent approximation, i.e., only consid-
These effects are discussed below. ering light intensities, which were summed up to a total re-
The fitting involves varying the filling factor, starting flectance and transmittance. For the<0N3<2.5 um wave-
from the percolation limit. The resistivity of the particles is length range we used unpublished optical constants for
then given by Eq(13), by takingp to be equal to the mea- Corning 7059 glass. Optical constants at<6)X0<30.0um

155410-7
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were found. So, a hopping mechanism is not likely. Thus the
charge carriers, i.e., the conduction electrons, are not local-
ized and the electrical transport within each ITO particle was
found to be due to conduction electrons scattered by ionized
impurities. However, the fact that Fig. 8 also does not yield a
straight-line behavior clearly shows that the conduction elec-
trons, scattered by ionized impurities, do not govern the tem-
perature dependent electrical dc transport properties in these
samples. It is thus evident that the grain boundaries, or the
possible insulating barriers between particles or clusters of
particles, play a significant role for the transport properties.
A granular-metal charging energy model would not be
: unexpected, since the samples consist of nanosized ITO par-
6 05 10 15 20 25 ticles in a percolating network. However, singe4 gives a
Wavelength [pm] clear concave curvaturésee Fig. 7, putting g=2, as ex-
pected in the granular metal model, would then give an even
stronger concave curvature, thus indicating that the tempera-
ture dependent resistivity is not strongly influenced by the
capacitive charging energy of the individual ITO nanopar-
ticles. This gives a clear indication that the particles are sin-
tered into clusters minimizing the charging energy. The good
fit between experiment and theory for fluctuation induced
“tunneling in Fig. 6 gives a strong indication of a film struc-
ture consisting of large clusters of particles, and further
shows that possible insulating barriers between the indi-
X e vidual nanoparticles, within each cluster, do not contribute
cording to Eq.(12) were employed. Fitting parameters are qigificantly to the electrical transport properties of the films.
given in Table Ill. Both models give identical reflectance in For the fluctuation induced tunneling model to be applicable
the infrared wavelength range since the frequency dependepf o experimental data, the charging energy must be negli-
relaxation time is introduced ab> ‘”p_/\/;- Thus both  giple compared to the thermal enerigyt, which means that
models gave the same dc-relaxation time. the metallic parts or clusters of sintered ITO particles must
Itis in the visible and near infrared wavelength range thal,e of the order of severalm. Thus the temperature depen-
the two models exhibit discrepancies. The differenc®iis  gent resistivity is dominated by thermally activated voltage
not significant, due to its low level at visible and near infra- f,ctuations across the insulating layers, and this mechanism
red wavelengths in these samples, but difference§ are g responsible for the negative TCR.
clearly observed. The Drude model is found to give a lower  prom Taple II it is observed thag is almost identical for
T than the 1IS model. Within the 1IS model the relaxation 5 annealing temperatures, and thatlecreases with anneal-
time increases with increasing frequency.Lanp/\/s_m, _ing. Equationg4) and(5) yield that the ratia?/t, is propor-
and hence the absorption is decreased. This leads to a highgf toAVZ2. and from Table Il it is clearly shown that this
T than the one obtained by the Drude model. ratio is decreased upon annealing. This means that the barrier
height drops with annealing. This is certainly a scenario that
VI. DISCUSSION is physically reasonable, since the room temperature resistiv-
) L . ity also goes down as a result of annealing. Furthermore, as
A straight line in Fig. 7 would have indicated that the y; ' jecreases with annealing the afeaf the boundary must
transport property is dominated by a variable range hoPp'”anrease(assuming a constant width of the baryies main-

mechanism. However, in the experiments no straight lin€g,in 4 constant,, which is reasonable since it is likely that

sintering occurs due to the annealing, resulting in an in-
creased area between adjacent clusters. From(Bosnd(5)

it is obvious thatty andt,, obtained from the fitting, are
insufficient for a determination of the three barrier param-
etersw, A, andV,. However, an estimation oA andV,

Absorption coefficient [um™']

FIG. 10. Spectral absorption coefficient for the samples speci
fied in Table I.

were taken from Ref. 27, and optical constants at<A0
<5.0um were calculated from experimenfland T using
the method of McPhedraet al?®

Figures 9a)—9(e) present data based on the effective me
dium model fitted to experimental results BrandT. The-
oretical descriptions using a constant relaxation tipeude
as well as a frequency dependent relaxation tifh®) ac-

TABLE Ill. Fits between theory and experiment were made with
the shown values of filling factof, and electron density,. Data
are given also on the derived mobiliy, and resistivityp,, .

Sample f (1Ozon§mfa) (Cn':zL/pVS) (1()41’J 5 cm) may be obtained if one assumes a valuevofA reasonable
value for the barrier width would be-1 nm, and using the
A 0.334 4.0 22.3 7.0 data onty andt, for sample D then gives a barrier height of
B 0.336 5.0 20.8 6.0 ~0.08 eV and an area of 93 nnf. From the fitting param-
C 0.338 5.5 25.2 45 eters obtained from the fluctuation induced tunneling model
D 0.348 6.0 26.0 4.0 for samples A-D the resistivity curves were extrapolated
E 0.349 8.0 39.0 2.0 down to low temperatures. It was found that the crossover to

a temperature independent resisitivity due to inelastic tunnel-
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ing, which should be observable much belgw'? appears at  play a significant grain growth upon annealing, which may
approximately 20 K for all samples. explain the increased mobility.

Sample E, annealed at the highest temperature, exhibits a The increase im, may be a result of the increased num-
metallic behavior with a positive TCR in the 18®  ber of oxygen vacancies upon annealing in a reducing atmo-
<300 K range. Within our framework of interpretation, the sphere at each temperature. Each oxygen vacancy contributes
conducting clusters have then sintered and formed conductwo extra electrons. Since our samples are porous there is a
ing paths through the whole sample so that a metallic behavarge internal sample surface in contact with the reducing
ior is observed. At<130 K, the TCR changes sign. Unfor- atmosphere. It is therefore possible that oxygen vacancies are
tunately we have data only down to 77 K, which makes thecreated close to the particle surface. However, RBS measure-
analysis of the resistance data below 130 K difficult. How-ments did not reveal any significant decrease of the oxygen
ever, we can speculate that at low temperatures the resistiviggontent in the film upon annealing. As a result of the in-
is dominated by ionized impurity scattering, as would becreased, the plasma frequency—responsible for a peak in
consistent with our optical analysis; see below. the absorption—shifts towards shorter wavelengths, which

It is clearly seen in Figs.(®—9(e) that the introduction of clearly is consistent with the experimental data shown in Fig.
a frequency dependence in the relaxation time, due to ion10.
ized impurity scattering, significantly improves the fit in the It is obvious from the fitting parameters in Table Il that
visible and near infrared wavelength ranges. This gives #he filling factor of ITO remains low upon annealing. Thus a
strong indication of a transport mechanism within the ITOvery important result of our work is that in order to produce
nanoparticles that is dominated by ionized impurity scattersamples with low resistivity, an increased filling factor of
ing. The agreement between theory and experiment is led30O is required.
good further out in the infrared. This may be an effect of
grain boundary scattering, which is not included in the mod-
els. It is observed that the agreement between theory and
experiment improves for samples with larger grain size, i.e.,
samples E and D. Temperature dependent electrical transport and optical

Furthermore, it is found that all samples display a lowproperties in porous thin films comprising ITO nanoparticles
filling factor; as seen from Table Il is close to the perco- with a narrow size distribution have been investigated. In
lation limit. This supports the results from our RBS measuresamples annealed &&923 K, the transport properties are
ments and thickness determinations, which yielded a higllominated by thermally activated voltage fluctuations across
degree of porosity. It is also shown that and u, increase insulating barriers as described by a fluctuation induced tun-
upon annealing. The ITO nanoparticles in sample E displayeling model, thus indicating that the sample consists of
ne~8x 107 cm™* along with x,~39 cnf/Vs. Room tem-  um-sized conducting clusters separated by insulating barri-
perature resistivity obtained from the fitting is as low asers. Samples annealed at 1073 K display a metallic behavior
~2x10"* Q cm (sample B This result can be compared to att>150 K, and the resistivity has a minimum at130 K.
data in the literature and, for example, .20 ° () cm was Effects of annealing on the electrical transport properties
reported for highly transparent thin ITO films prepared bywithin the ITO nanoparticles were investigated by an analy-
laser evaporation in a magnetic figlavhile a room tempera- sis of optical data using the Bruggeman effective medium
ture resistivity of~1x10 * Q cm is more typically quoted theory and accounting for ionized impurity scattering. All
for optimized ITO films>%:3! samples exhibited a low filling factor of ITO, i.e., a high

The increase in the mobility is most probably due to twodegree of porosity and a low mass density were obtained.
effects: grain growth and improved crystallinity. The lattice The filling factor remained almost unchanged upon anneal-
may be distorted as a consequence of the introduction dhg, suggesting that the compaction of the samples was not
dopant atoms, i.e., $f in the case of ITO. The degree of significant due to the heat treatment. It was found that both
distortion is represented by the change in the lattice paranthe charge carrier concentration and mobility increased upon
eter. However, the lattice parameter in our samples is close @nnealing. The resistivity within the ITO nanoparticles was
the value of undoped y®; and, furthermore, no change was as low as 2 10 * Q cm, which is comparable to the resis-
observed in the lattice parameter upon annealing. Graitivity in dense ITO films made by physical vapor deposition.
growth results in a decreased number of grain boundariedence, an efficient densification process is required to obtain
and, thus, less grain boundary scattering. Our samples difilms with a low resistivity.

VII. CONCLUSIONS
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