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Abstract Colloidal indium tin oxide (ITO) *6 nm

nanoparticles synthesized in-house were deposited by spin

coating on fused silica substrates, resulting in high resis-

tivity films due to the presence of passivating organics.

These films were annealed at various temperatures ranging

from 150 to 750 �C in air and argon atmospheres. The films

are very transparent in the as-coated form, and they retain

high transparency upon annealing, except the films

annealed at 300 �C in argon, which became brown due to

incomplete pyrolysis of the organics. Thermogravimetric

analysis and Raman characterization showed that the

removal of organics increases with an increase in the

annealing temperature, and that this removal is more effi-

cient in the oxidizing atmosphere of air, especially in the

300–450 �C temperature range than in Ar. Although ITO

defect chemistry suggests that argon annealing should

result in higher carrier concentration than air annealing, the

faster removal of insulating organics upon annealing in air

resulted in significantly lower film resistivity at interme-

diate annealing temperatures for films annealed in air than

in Ar. At higher annealing temperatures, both Ar and air

annealing, resulted in comparable film resistivities (the

lowest achieved was *100 X cm).

Introduction

Transparent conductors find important applications in many

different optoelectronic devices such as photovoltaic cells,

LED displays, and others. Indium Tin oxide (ITO) is perhaps

the most widely used transparent conductor. ITO is highly

transparent in the visible region on account of its large band

gap [1], with near metallic conductivity as a result of con-

duction electrons generated through tin doping, which cau-

ses oxygen vacancies and generates charge carriers (mobile

electrons) [2]. Zinc oxide-based transparent conductors such

as aluminum-doped zinc oxide (AZO) are also used in

similar applications as ITO because they have similar levels

of transparency and electrical conductivity [3]. However,

they have been found to be more susceptible to moisture and

atmospheric degradation [4]. Current commercial fabrica-

tion techniques for ITO coatings involve vacuum techniques

such as RF magnetron sputtering and electron beam evap-

oration [5, 6]. In addition to the expensive equipment

required, the material that is wasted during deposition [7, 8]

the need for a heated substrate to achieve optimum properties

[9, 10] makes vapor deposition methods unsuitable for

depositing ITO patterned circuits onto flexible and heat

sensitive polymer substrates.

The need for flexible displays and transparent conduc-

tors for organic photovoltaic cells and other flexible opto-

electronic devices makes it imperative that methods to

fabricate good quality transparent conducting coatings with

minimal heat treatment be developed. Direct fabrication of

transparent conducting films and circuits from ‘‘inks’’ made

from colloidal, crystalline ITO nanoparticles, or other

transparent conductive materials may be the basis for

developing processes that minimize ITO waste, and may be

used with heat sensitive flexible substrates. Some progress

has been made in this area but the method used to
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synthesize ITO nanoparticles, and deposit the films and

patterns fabricated from them may need further processing

to various extents in order to obtain the required properties

for each application [11–13].

The ITO nanoparticles used for this study were syn-

thesized following a method developed in-house [14]. An

earlier paper [15] on spin-coated colloidal films presented

an overview of the effect of plasma treatment and

annealing in air on the dc resistivity of colloidal ITO films

using these nanoparticles. In that paper [15], XPS data was

used to detect the change in the carbon 1s peaks as the air

annealing temperature was varied. Some data comparing

two different plasma treatments was also provided; how-

ever, no data corresponding to argon (Ar) annealing of

colloidal films was included. In contrast, this study com-

pares the effect of Ar and air atmospheres on the electrical

and optical properties of spin-coated colloidal thin films

annealed at different temperatures.

The ITO nanoparticles used in this study were sterically

stabilized in non-polar solvents like hexane, due to the

presence of stabilizing myristic acid ligands on the surface

of the nanoparticles [14]. This is schematically illustrated

in Fig. 1, which shows a cartoon of ITO nanoparticles

surrounded by myristic acid ligands. Although the ITO

nanoparticles themselves are good electron conductors, the

passivating ligands on their surface and inter-particle

porosity result in poor electrical contacts between the

nanoparticles when they are deposited in the form of a film.

As a result, carrier transport between the nanoparticles is

impeded, and as reported previously [15], the as-coated

films of colloidal ITO have very high resistivity

(*108 X cm). The electrical properties of the films may be

improved by removing the residual organics and reducing

the porosity. The residual organics may be removed by

post-processing treatments, such as annealing at a high

temperature in air (organics removal by oxidation) or in an

inert atmosphere (organics removal by pyrolysis), or by

plasma treatment (reactive ion etching) [16], or by liquid

phase/solution-based etching.

In this paper, crucial thermogravimetric data and Raman

spectra are used to show the differences in the efficiency of

ligand removal in air as compared to Ar. However, as will

be described later in the paper, annealing treatments alone

cannot improve the electrical conductivity of the films at

temperatures low enough to be useful for applications on

heat sensitive, flexible substrates but the data presented

here will be shown to be very useful in future publications.

Experimental details

Colloidal ITO nanoparticles, with tin content equivalent to

18 wt% SnO2 were synthesized by a non-aqueous tech-

nique using indium and tin acetate salts as precursors,

myristic acid and 1-octadecanol in a high boiling point,

non-polar solvent, 1-octadecene as described earlier [15].

The ITO nanoparticles were precipitated using standard

polar/non-polar solvent techniques [17] and dispersed in

hexane. This dispersion of colloidal ITO nanoparticles was

spin coated onto 12.7 9 12.7 mm2 (0.500 9 0.500)-fused

silica substrates and resulted in films that were approxi-

mately 200 nm thick. More details about the synthesis and

film fabrication by spin coating are described elsewhere

[15]. The films reported in this paper were annealed at

various temperatures: 150, 300, 450, 600, and 750 �C in

UHP grade commercial air and UHP grade Ar. This was

done in a controlled atmosphere alumina tube furnace with

a ramp up rate of 3 �C/min.

The optical transmittance of the films was characterized

by UV–visible absorption spectroscopy on a Cary 5000

spectrophotometer, using a clean uncoated fused quartz

substrate as the baseline. The percent transmittance in the

visible region was calculated by taking the average of the

transmittance over the wavelength window of 400–700 nm.

The electrical characterization of the colloidal ITO films

was done by impedance spectroscopy (IS). This technique

provides a wealth of additional information not accessible

from dc measurements alone, because in IS, the electrical

response is collected as a function of frequency. Measure-

ments were performed using a four-point probe set-up with

62.5 mils (1.5875 mm) tip spacing and a tip radius of

1.6 mils (40.64 lm). The equipment used was a Solartron

1260 Impedance Analyzer in conjunction with a Solartron

1296 dielectric interface at frequencies ranging from 0.1 Hz

to 1 MHz. This set-up allowed us to make many measure-

ments on each of the 0.500 9 0.500 film samples at different

locations on the film. Measurements were averaged from a

minimum of five scans and the standard deviations are

shown as error bars in the resistivity plots presented in the

paper.

The effect of heating on the degradation of residual

organics in the dried colloidal ITO was analyzed by ther-

mogravimetric analysis (TGA). This was done in UHP Ar

and commercial air atmospheres. In order to circumvent

the difficulty of determining an accurate initial weight due

to the non-trivial rate of evaporation of the hexane solvent

in ambient conditions, the TGA sample pan was filled with
Fig. 1 Schematic representation of sterically stabilized ITO

nanoparticles
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ITO solution and dried by placing on a controlled tem-

perature hot plate maintained at approximately 90 �C.

TGA was done on a Q50 thermogravimetric analyzer from

TA Instruments, using a sample purge gas flow of 10 mL/

min and a temperature ramp rate of 5 �C/min up to a

temperature of 750 �C. In addition, Raman spectroscopy

was done on selected colloidal ITO films to get further

insights into the degradation of the residual organics. Films

annealed at 300 and 600 �C, in addition to as-coated films

and an uncoated fused silica substrate were chosen for

Raman spectroscopy measurements. Annealing tempera-

tures of 300 and 600 �C were chosen because TGA and

other characterization techniques indicated partial and near

complete degradation of the residual organics at these

temperatures, respectively. Raman spectroscopy was car-

ried out on a Thermo Scientific DXR Raman microscope,

using a laser of wavelength 532 nm. Since the films

annealed in air and Ar were characterized in separate

batches, Raman spectroscopy of the as-coated film was

repeated to ascertain reproducibility.

Results

Optical properties

The as-synthesized ITO nanoparticles were spheroidal in

shape, and had a narrow size distribution of about 6 nm

diameter. TEM images of similarly prepared ITO nano-

particles were presented in previous publications [14, 15].

Figure 2 shows the visual appearance of the coated films in

the as-coated condition as well as after annealing at various

temperatures from 150 to 450 �C in Ar and in air. It can be

seen that the as-deposited films are very transparent, and

stay transparent after most annealing treatments, except for

the film annealed at 300 �C in Ar, which shows noticeable

darkening. Figure 3a, b depicts representative scans of the

percent transmittance of films over the visible spectrum for

ITO films annealed at different temperatures in Ar and in

air, respectively. Most of the ITO films are very transparent

through the visible region, and a small decrease in trans-

mittance can be observed at the blue-UV end of the spec-

trum, which starts approaching the optical band gap of

ITO. The film annealed at 300 �C in Ar, absorbed signifi-

cantly in the visible region, corresponding to its dark

appearance.

Figure 4 displays the percent optical transmittance aver-

aged over the visible wavelengths (400–700 nm) for the

films, as a function of annealing temperature and atmo-

sphere. Although the optical transmittance in the visible

region is high in the as-coated colloidal ITO films, as well as

after most of the annealing treatments, the average optical

transmittance in the visible region was significantly reduced

in the colloidal ITO film annealed at 300 �C in Ar, and to a

less extent in the colloidal ITO film annealed at 450 �C in Ar.

This may be attributed to the incomplete pyrolysis of the

organics, which resulted in charring of the organics, which

was manifested particularly in the 300 �C, Ar-annealed film

as a darker, brown colored film.

Thermal analysis and Raman spectroscopy

The percent weight loss of dried colloidal ITO, as deter-

mined by the thermogravimetric analysis, is shown in

Fig. 5a; and the corresponding rate of weight loss is shown

in Fig. 5b for both air and Ar. The weight loss can pri-

marily be correlated to the degradation and removal of any

residual solvent and organics from the colloidal ITO. At

temperatures greater than 150 �C, the weight loss in air is

observed to be significantly higher than the corresponding

weight loss on heating in Ar. The weight loss in air seems

to occur in a single step, with the maximum rate of weight

loss at around 348.5 �C, leading to a total maximum weight

loss of about 30 %. The weight loss upon heating in air

seems to reach completion at temperatures between 350

and 400 �C. The weight loss upon heating in Ar seems to

reach completion at temperatures around 750 �C. The

slight uptick in the weight corresponding to a little more

than 1 %, seen at temperatures above 600 �C in either

atmosphere, could very likely be the result of an instrument

error at those temperatures. Although the total maximum

weight loss on heating in Ar is approximately identical to

that in air, around 30 %; Fig. 5b shows that it occurs in two

stages, with peak rate of weight loss at 408.44 and

497.49 �C, respectively. From this TGA data, we can

conclude that the degree of organics removal may be

expected to be higher in films annealed in air as compared

to those annealed at the same temperature in Ar, even for

colloidal ITO films annealed at temperatures as high as

450 �C.

In order to get a measure of the organics present in the ITO

film at different stages of the annealing heat treatments,

Fig. 2 Visual appearance of colloidal ITO films as a result of

annealing at different temperatures in air and in Ar. The size of

substrates used is approximately 12.7 x 12.7 mm2 (0.5 x 0.5 in)
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Raman spectroscopy experiments were conducted. Fig-

ure 6a, b shows a comparison of Raman spectra of the

as-coated colloidal ITO films with the spectrum of an

uncoated substrate (fused silica), as well as spectra of the

various organic reagents and solvents (tin acetate, indium

acetate, 1-octadecene, hexane, myristic acid) that were used

in the synthesis of the colloidal ITO solution, and could be

potentially present in small amounts. The spectra of the

organic compounds were obtained in image or pdf format

from the spectral database for organic compounds SDBS

[18], maintained by the National Institute of Advanced

Industrial Science and Technology (AIST), Japan, and

product Raman spectra from Sigma Aldrich Chemical

Company [19]. These were converted to digital form using

an open source software, Plot Digitizer [20]. The smaller

Raman shifts, below 1100 X cm-1 are dominated by

(a) (b)

Fig. 3 Variation of percent transmittance over the visible spectrum of colloidal ITO films for different annealing temperatures in air and in Ar

Fig. 4 Average optical transmittance of colloidal ITO films in the

visible region (400–700 nm) as a function of annealing conditions

(a) (b)

Fig. 5 Thermogravimetric analysis (TGA) on colloidal ITO after solvent removal at 90 �C: a percent change in weight with temperature,

b derivative of weight change with temperature
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scattering from the fused silica substrate, and what appears

to be Rayleigh scattering that was not completely filtered

out. The peaks in the 2800–3000 cm-1 correspond to scat-

tering from the –CH2 and –CH3 bonds [21]; and are common

to most organic compounds. These peaks are prominent in

the Raman spectra of the as-coated films. Myristic acid is not

only expected to be present as passivating ligands on the

surface of the nanoparticles, but also in the form of some

excess free myristic acid that could not be completely

removed during extraction. The spectra indicate possible

peaks from 1-octadecene, which was used during the syn-

thesis [14, 15] as a high boiling point, non-polar solvent. It

was subsequently removed by precipitating the nanoparti-

cles using standard polar/non-polar solvent techniques [17].

However, the presence of Raman peaks indicates that per-

haps some residual 1-octadecene may have persisted. This is

significant because 1-octadecene has a boiling point of

315 �C [22]; and the residual amounts of 1-octadecene

would not have been able to be removed by lower temper-

ature treatments.

Figure 7a, b presents Raman spectra for films annealed

at 300 and 600 �C in air and Ar, respectively, and com-

pares them with the spectra of an as-coated colloidal ITO

film. It can be seen that the peaks corresponding to –CH2

(a) (b)

Fig. 6 Comparison of Raman spectra of non-annealed colloidal ITO

films with a substrate, b possible organic compounds present

residually in the as-prepared colloidal ITO solution spectra in

(a) are : (i) fused silica substrate, (ii) non-annealed 1, (iii) non-

annealed 2. Spectra in (b) are: (i) tin acetate, (ii) indium acetate

hydrate, (iii) 1-octadecene, (iv) hexane, (v) myristic acid, (vi)
1-octadecanol, (vii) as-coated-1, (viii) as-coated-2

(a) (b)

Fig. 7 Comparison of Raman spectra of as-coated colloidal ITO films with those of a ITO films annealed in Ar at 300 and 600 �C, b ITO films

annealed in air at 300 and 600 �C
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and –CH3 progressively decrease with an increase in

annealing temperature. The Raman spectra of films

annealed at 300 �C in air and in Ar show a stark difference.

The film annealed in air displays significantly lower signals

from organics as compared to the film annealed in Ar. For

the film annealed in Ar, it not only shows a broad peak in

the 2800–3200 cm-1 range, which corresponds to –CH2

and –CH3, but also broad peaks in the 1200–1800 cm-1

range, which indicates the presence of amorphous carbon

[23, 24]. In contrast, the Raman spectra of films annealed

in either atmosphere at 600 �C appear very similar. Apart

from very faint scattering signal from CH2– and CH3–

present in both, the Raman spectra show very little signal

from any organics. Instead, these spectra are dominated by

scattering from the fused silica substrate, which appears

below 1000 cm-1. These results corroborate the conclu-

sions from the TGA data that upon heating to 600 �C and

beyond in either air or in Ar, most of the residual organics

have been removed.

Electrical properties

As described earlier, impedance spectroscopy was used to

measure the electrical response of the ITO thin films.

Representative Bode plots depicting the variation of

impedance magnitude and the impedance phase angle are

shown in Fig. 8 for colloidal ITO films annealed at various

temperatures in air (Fig. 8a) and Ar atmospheres (Fig. 8b).

When the impedance magnitude plot is independent of

frequency and appears flat, this corresponds to low

impedance phase angles. Such behavior is indicative of a

film which behaves like a pure resistor with a minimal

reactive component, while fast changing impedance mag-

nitude or phase angle is representative of a capacitive or

inductive response [25]. There is rich detail in the imped-

ance spectra that show the differences between the

responses of films annealed in air versus those annealed in

Ar displayed in Fig. 8. Future publications will expound on

these differences.,

For the purposes of this paper, the DC resistance of the

films was estimated by averaging the impedance magnitude

for frequencies less than 0.4 Hz, where the value of the

impedance phase angle h was sufficiently small and close

to zero. For those highly insulating samples, for which the

impedance phase angle did not reduce sufficiently close to

zero at 0.4 Hz, the dc resistance was estimated by extrap-

olating the impedance magnitude to the frequency where

the phase angle was extrapolated to zero. This approach

was taken instead of extending impedance spectroscopy

measurements to very low frequencies to allow the phase

angle to approach zero. This was necessary because

instrument limitations tended to make the extremely low

frequency data too noisy to be useful. The variation of film

resistivity with annealing temperature, calculated from the

dc resistance obtained as described above, is presented in

Fig. 9 for films annealed in air and in Ar. It can be seen that

there was a substantial decrease in the film resistivity (from

[108 X cm down to\100 X cm) with increased annealing

temperature for films annealed in both air and Ar. It is

important to note that the error bars shown in Fig. 9 are

barely larger than the average data symbols, so the dif-

ferences in resistivity observed can be said to be real

experimental trends.

The defect structure of ITO has been studied and mod-

eled by Frank and Köstlin [26], González et al. [26], and

others [27–32]. Although indium oxide has a large band

gap, ITO is a degenerate semiconductor because of tin

doping. Tin forms Sn–O clusters of various co-ordinations

on doping in In2O3. Of these, (2SnIn
� Oi

00)9 is loosely bound,

and can be reduced by removal of oxygen, which results in

the release of mobile electrons as described the following

defect equation:

2 2Sn�InO00i
� ��! O2 gð Þ þ 4Sn�In þ 4e0

Hence, it is expected that annealing in UHP Ar, where

the partial pressure of oxygen is lower, will result in a

higher carrier concentration, and hence a lower resistivity

than films annealed in air. However, as shown in Figs. 8

and 9, annealing in air resulted in a more significant

reduction in the impedance magnitude and the dc resistivity

at lower temperature (*300 �C) than when annealing in

Ar, which required 450 �C to show a significant decrease.

Thus, additional changes in the microstructure, related to

the removal of insulating phases and some degree of

sintering must be the dominant factor in the reduction of

film resistivity.

Discussion of results

Figure 10 depicts the expected microstructure of ITO col-

loidal films at different stages of the annealing treatment.

The schematics were developed based on previously

reported [15] AFM imaging and Scherrer analysis of X-ray

scans in air annealed samples, which showed that the ITO

particle size does not appear to change with increasing

temperature. Similar data were obtained for Ar-annealed

films but are not shown here for the sake of brevity.

Instead, we present schematics that can more clearly depict

what we expect is happening to the films during the

annealing treatments since obtaining high resolution TEM

images of the films to see the differences in the very fine

nanoparticle interfaces (\1 nm) is beyond the scope of this

paper.

Figure 10a shows a schematic of an as-deposited col-

loidal ITO film made from nanoparticles. It should be
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mentioned that the schematics are not drawn to scale since

the nanoparticles are expected to be *6–8 nm in diameter

while the organic coatings in the as-deposited film will be

much less than 1 nm. The presence of insulating organics

and voids in the ITO film suggests that the spin-coated ITO

thin films can be considered as a composite consisting of

conducting ITO nanoparticle islands embedded in an

insulating phase of organics and voids. Annealing at a

temperature that is less than the temperature needed for a

complete removal of organics would naturally result in

only a partial removal of the organics, at most. This is

especially manifested in the colloidal films annealed in Ar

at 300 �C. Raman characterization indicates the presence

of significant amounts of amorphous carbon, which was

likely produced as a result of incomplete pyrolysis of the

organics. The resulting microstructure can be schematically

represented by Fig. 10b, which shows some limited elec-

trical contact between the nanoparticles, but at the same

time, separation of the nanoparticles by an amorphous

organic or a partially pyrolyzed carbonaceous phase. This

microstructure not only results in high resistivity, but also a

significantly reduced transmittance in the visible region. In

comparison, the films annealed at 300 �C in air have a

(a) (b)

Fig. 8 Representative Bode plots showing a comparison of the impedance magnitude and phase angles for colloidal ITO films annealed at

different temperatures in a air, b Ar

Fig. 9 DC resistivity of sputtered ITO films versus annealing

temperature
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higher proportion of carbon removal, as evidenced from the

TGA and Raman characterization. This resulted in the

resistivity being more than 2–3 orders of magnitude lower

than for films annealed at the same temperature in Ar (see

Fig. 9).

As can be inferred from the TGA data, the removal of

organic content increases with an increase in the annealing

temperature, during annealing in either atmosphere. The

removal of the organics and reduction of porosity through

the densification process has the effect of increasing the

proportion of the conducting phase in this ‘‘composite’’

film. Figure 10c shows a schematic of the expected

microstructure of the colloidal film, when all or most of the

organics would have been removed. In this case, the ITO

nanoparticles would be in contact with each other, and this

would result in a much lower resistivity than when organic

phases are present in a significant proportion to hinder

electrical transport. Although the ITO nanoparticles are in

contact with each other, the resistivity of the film is not

reduced all the way close to that of bulk ITO, which is

\10-3 X cm, presumably due to non-ideal contact as a

result of the presence of remaining void space in between

the ITO nanoparticles.

Low temperature annealing is expected to result in very

little sintering between the nanoparticles resulting in a non-

optimal contact between them. This is supported by the

previously discussed Scherer analysis [15], which demon-

strated that the nanoparticles do not change size at all in the

temperature range studied, except for a minimal change for

the 750 �C treatment. The nano-porosities that are present

between the nanoparticles act as an insulating phase, and

therefore limit the charge transfer between the conducting

ITO nanoparticles. Annealing at higher temperatures would

be expected to cause some densification resulting from

necking between the particles. This is schematically

represented in Fig. 10d. Thus, annealing at even higher

temperatures would result in continued lowering of the

resistivity due to increased densification of the nanopar-

ticulate film.

As a result of all these factors, the resistivity versus

annealing temperature curve shows several order of mag-

nitude changes in resistivity over the temperature range

studied, which are comparable to percolation curves as a

function of the volume fraction of conductive phase in

composites such as metal–polymer composites and others

[33]. In fact, for both the air and Ar-annealed ITO spin-

coated films, the lowest resistivity achieved was in the

order of 100 X cm which was arrived at via oxidation and

pyrolysis, respectively. This was supported by the Raman

spectra and TGA which indicated that the removal of

organics is more efficient at lower temperatures in the

oxidative atmosphere of air as compared to the low oxygen

partial pressure atmosphere of Ar. Although annealing in

the low oxygen partial pressure of Ar might have mar-

ginally increased the carrier concentration by the process

described earlier, the reduction of scattering as a result of

removal of organics and partial densification has a far more

dominant effect in reducing the resistivity of the colloidal

ITO films.

In closing, this article has shown that the mechanism of

organic removal, whether it is controlled by oxidation or

pyrolysis, plays a crucial role in determining the electrical

properties and the transparency of the colloidal ITO thin

films described here. The authors have previously shown

that plasma treatment can reduce the organics content in

the films and can significantly decrease the resistivity even

without any annealing [15]. It is suggested that optimized

plasma annealing (high pressure reactive ion etching) in

combination with low temperature annealing techniques

such as flash lamp annealing, also referred to as

(a) (b)

(c) (d)

Fig. 10 Schematics of

microstructural changes in ITO

films made from * 6 nm

colloidal ITO nanoparticles with

increased annealing temperature

(not drawn to scale): a colloidal

ITO particles covered with

passivating organics in the

as-coated film, b colloidal

particles with partially

pyrolyzed organics, c colloidal

particles with organics removed,

d partially sintered colloidal

particles
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millisecond/microsecond annealing [34–36], pulsed-laser

annealing [37–39] may help attain even lower resistivity

values in colloidal ITO films fabricated this way.

Conclusions

Although ITO is a good electrical conductor, colloidal ITO

films are very resistive in the as-deposited condition due to

the lack of good inter-particle contact as a result of the

presence of a coating of stabilizing organic phases that are

very insulating. Annealing at a high temperature is the

simplest way to decrease or remove these organics and also

help induce coalescence and densification. It was shown

that annealing at high temperatures can significantly

decrease the resistivity of colloidal ITO thin films over

several orders of magnitude by establishing electrical per-

colating paths between the nanoparticles and also by

reducing electron scattering by inter-particle necking and

densification. However, sufficiently low resistivity values

to be practical for flexible electronic applications cannot

easily be achieved by conventional low temperature

annealing alone and other treatments must be considered.
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