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Abstract. Biosensors’ research filed has clearly been chandowards the production of
multifunctional and innovative design concepts tlnrass the needs related with sensitivity and
selectivity of the devices. More recently, waveguidiosensors, that do not require any label
procedure to detect biomolecules adsorbed on ifac®) have been pointed out as one of the most
promising technologies for the production of biaseg devices with enhanced performance.
Moreover the combination of optical and electrocloatnmeasurements through the integration of
transparent and conducting oxides in the multilastemctures can greatly enhance the biosensors’
sensitivity. Furthermore, the integration of polymesubstrates may bring powerful advantages in
comparison with silicon based ones. The biosensdlishave a lower production costs being
possible to disposable them after use (“one ussoserhip”). This research work represents a
preliminary study about the influence of substtateperature on the overall properties of ITO thin
films deposited by DC magnetron sputtering ontorfrb thick PMMA sheets.

Introduction

A biosensor is capable of perform a quantitative semi-quantitative analysis through the

integration of a biological recognition element lwian appropriate signal transducer element.
Normally biosensors are classified in terms of ttasducer used (e.g. electrochemical, optical,
piezoelectric and thermal, among others)[1]. Optimasensors, that use an optical sensor as a
signal transducer, are considered a good choiae dimey allow non destructive measurements.
Additionally, some label-free detection mechanisneasure the change induced in refractive index
by molecular interactions, related to surface dgrmi sample concentration, instead of total mass

2].

Waveguide based optical sensors are of increasiegest for biosensor applications due to their
high sensitivity to minor refractive index changesar to sensor surface in an aqueous environment
[3]. Thin film optical waveguides employed in guideave devices of integrated optics consist of
three different materials, one for the substrate, for the film and the third for the cover. Classi
waveguide structures for sensor applications cobo$ia high refractive index thin film (1.8 <&

2.2) deposited on a glass or polymer substrate avitbwer refractive index (1.45 <sr 1.55).
Generally,for biosensor applications, the mediuat tovers the waveguide containing the analyte
to be probed is aqueous£1.33). So, p> s> nc. [4].
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To allow the construction of complex device strues) with dimensions ranging from hundreds of
microns down to a few tens of nanometers or lessenals cannot be expensive and also should be
simple to machine. When required, materials haveet@wompatible with fluidic applications and
provide rigid and smooth surfaces [5]. Common malethat satisfy the above requirements are
based on silicon (pure silicon, glass or quartz) earbon (in the form of polymers and plastics).

The last group has become increasingly used edlyemabiological sciences, development of

polymer based apparatus, such as lab-on-a-chigeteand biochips. Their unique properties, such
as strength, transparency, deformability alliedsitmple manufacturing techniques and low cost,
made them an alternative to silicon based matef&dlsApart from these characteristics polymer

structures are cheaper to produce than siliconebé&asarication technologies, thereby normally

dispensing the need of high-energy or multi-stéyi¢ation techniques [6]

Poly(methyl methacrylate} PMMA - is an amorphous, transparent and colorléssntoplastic
polymer with a glass transition temperaturg)(of about 105°C [7,8]. It has good abrasion aM U
resistance and excellent optical clarity but peonperature, fatigue and solvent resistances [&. It
hard and stiff, with low thermal-expansion and pres-shrinkage coefficients (~5%10 per °C
and ~5x10-11P3§ respectively), making it a perfect candidateifoprinting techniques. However,
this is counterbalanced by its optical propertiesiqrlessness, transparency, and UV resistance),
which, together with its excellent optical claritgnake it ideal for use in the production of
biomedical devices [7]. Although its outstandingyaatages for biosensors production PMMA has
a drawback when optical biosensors based on rafeaictdex changes are under development. The
polymer has a low refractive index (1.492), not timge the necessary requirements [7]. The
problem can be solved by the deposition of a traresg thin film with higher refractive index such
as indium tin oxide on the PMMA surface.

As a result of their wide range of technical apgtiiens, oxide thin films that are both transparent
and electrically conducting have been extensiveldied. For label free biosensing, a combination
of lightmode spectroscopy, voltammetry and/or pooemetric electrochemical techniques offer
more precision in the detection and identificatminthe biomolecules and biocells. Transparent
conductive oxides (TCO’s) are an interesting aliéuwe to the metallic transparent thin films,
because of their high transparency and good comityctThe most extensively used TCO is
Indium Tin Oxide (ITO) [8]. The attractiveness @fQ is related to the low sheet resistance (RS),
high optical transmittance in the visible region tbe electromagnetic spectrum and its high
refractive index. However this properties are vieayd to attain because are strongly dependent of
the growth conditions. Moreover, it is well knowmat high quality ITO films are easily obtained
when substrate are heated up to 250-350 °C [9].thii©films have been produced by almost all
physical and chemical methods [10-12]. Reproducii® films can be produced by reactive
evaporation (Yamaguchi, et al. 447 (2004) 115)¢ctrea DC or RF sputtering [13], sol-gel process
[14] and chemical vapor deposition (CVD) [15].

It is important to refer that, for practical apjplion and industrial production, is required an
improvement of the method to grow ITO thin filmsrabm temperature for dissimilar applications
(such as biosensing devices)[16, 17].

Materials and Methods

The ITO thin films were deposited on the surfac®.6f mm thick PMMA sheets and conventional
microscope slides by wusing DC magnetron sputterin§ a 75mm oxide target
(In,03:SNG:=90:10wt.%). Before deposition, the sputtering chamwvas pumped down to 3.5%10
mbar using a combinatory system of a rotary puripat@ ANNECY Ty-2033, PS - 33ith) and a
diffusion pump (Edwards Vapor Pump EO4, PS — 6D0kWhich work together to maintain high
vacuum. More details about the vacuum system usékis work can be found in reference [18].
Prior to each deposition, the ITO ceramic target ma-sputtered during 5min.
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Only the substrate temperature of sputtering par@nmievas varied in order to investigate its effect
on film properties. Thin films were deposited oragg and PMMA substrates first without any
intentional heating of the substrate and then wlifferent substrate temperatures of 80, 90 and
100°C (lower than the transition glass temperadfietMMA — T,=105 °C to avoid the degradation
of the polymer properties). In Table 1 is preserdesimmary of the deposition parameters used.
The substrate temperature was varied in order denstand its influence in the overall properties of
the ITO thin films.

Table 1 — Sputtering deposition parameters.

Parameter Value
Base Pressure (mbar) 3.5%10
Working Pressure (mbar) 2.7x10
Deposition time (min) 5
Oxygen flow (sccm) 0.8
Argon flow (sccm) 7.5
Target Current (mA) 200
Target/substrate distance (mm) 80
Deposition Temperature (°C) RT, 80, 90, 100

X-ray diffraction (XRD) analyses were carried oot order to evaluate the crystalline structure of
the ITO thin films deposited onto PMMA substratéRD 20 scans were recorded by using a £uk
radiation source in &hilips PW 1710 X-ray DiffractometefThe surface morphology and
roughness of the produced thin films was observedn atomic force microscopy (AFM) from
Digital Instrumentscontrolled byNanoscope Il softwarelhe thickness of the ITO thin films was
measured through the observation of the ITO cresses by using scanning electron microscopy
(SEM) in the Leica Cambridge S360 instrumenthe electrical properties (resistivity, carrier
concentration and Hall Mobility) of ITO thin filmaere measured by van der Pauw method. The
optical transmittance spectra were recorded$hianadzu UV-310PC Scanning Spectrophotometer

Results and discussion

The deposition rate of the ITO thin films is 0.48nwhich corresponds to a thickness of about
120nm which was corroborated by SEM analysis to déwmples cross section. In Figure 1 are
presented the diffraction patterns of two ITO thims deposited on the surface of PMMA sheets
with any intentional heating (hereafter designedRkdy and 90 °C.
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Fig. 1 — Diffractograms of samples deposited ontoNBMA sheets at room temperature and
with 90°C of substrate temperature.

The ITO films deposited are amorphous; they do mate any sharp peak in their X-Ray
diffractogram. Only a weak broad background frolm BMMA substrate can be observed. These
results also confirm that this range of temperatiges not affect the crystallinity of the thin fdém
The attained results are in agreement with othekwarried out in the same deposition chamber
[16]. Also, as mentioned by Mohamed, S. H. and aters [19]: when lower substrate
temperatures are used the polymer substrate t#iler§ O structure towards amorphous state.

In Figure 2 b) is presented the AFM results of It films deposited on PMMA substrates. To
have a comparison reference, in figure 2a) it3® ahown the surface morphology of a PMMA bare
substrate.
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Fig. 2 — AFM images of a) PMMA substrate and b) I'D deposited on PMMA at RT.
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Figure 3 a) and b) display the AFM images of IT@ tims deposited on glass substrates without
any intentionaly heating the substrates and at@00

| Duta Zocem | 2000 m |

r r el
0.0 1: Helght I.Il|.||11I | | 0.0 1: Height 1ogm

L A AL ek w
4 AR Sood s Nl otp J
Al IO \‘, ..J:.-"\('- J

[ 4

"y

I

J:
bbbhisganuwen

.

%,

Fig. 3 - AFM images of ITO deposited on glass subvate at a) RT and b) 100°C.

From the analysis of the previous results it issgae to conclude that the surface morphology of
the ITO is clearly dependent of the substrate useditionally, as shows Figure 2a), the PMMA
substrates have poor surface quality: there amandisr holes and scratches that may interfere in
the optical properties of the to-be-developed des/idTO thin films deposited on the surface of
glass substrates are smoother than the ones d&posito surface of the PMMA substrates.

The influence of substrate temperature on the IM@ films deposited on PMMA and glass
substrates was determined by measuring the aveoagéness (Ra) of the produced samples. The
results are presented in the graph of Figure 4.
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Fig. 4 — Graphic showing the influence of substrateemperature on the average roughness
(Ry) of ITO thin films deposited on glass and PMMA subtrates.
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The roughness of ITO deposited on PMMA substratesease with substrate temperature, whereas
for glass substrate the roughness does not chaitigesubstrate heating. At room temperature the
ITO thin films deposited onto PMMA sheets have a&mrage roughness of about 1.3nm whereas
when deposited on glass substrate the measuredgaveyughness was 0.6 nm. This is about 50%
of the value obtained for coated PMMA substrates.

Although an effort has been made to deposit the thd films bellow the glass transition
temperature of PMMA (Tg=105 °C), when the substratiee heated up to 80 °C, 90°C and 100 °C,
the highly energetic collisions of the sputteredcsps with the substrate can further increase the
substrate temperature. In this case, if the Tgkeeeded some structural changes may happens to
the polymer and thus leading to an increase inhimefilms roughness.

The optical properties if the ITO thin films depesi on both substrates were characterized by

measuring their transmittance spectra. The obtaiasdlts can be seen in the graphics of figures

5a) ad b). For both cases, the transmittance spettthe substrates are also presented to have a
comparison reference.
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Figure 5 - Transmittance Spectrum of ITO thin films deposited on a) glass and b) PMMA
substrates with different substrate temperature.
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The deposited ITO thin films on PMMA and glass dtdies were transparent having high
transmittance (T%) in the visible region of thectlemagnetic spectrum. In table 2 are presented
the results of the average transmittance in thibleisegion and also at 632.8 nm. This wavelength
was chosen since it is commonly used a He-Ne fasevaveguide biosensors devices.

Table 2 — Average transmittance in the visible wavength (T,) and transmittance at 632.8nm
(T @e32.8nn) for ITO samples deposited at different substratéemperatures on glass and

PMMA substrates.
Tm (%) T @632.80m(%0) | Tm (%) T @632.8nm(%0)
Glass Glass PMMA PMMA
RT 82.76 82.56 83.34 83.06
80 °C 82.65 82.82 80.30 78.61
90 °C 77.83 76.55 82.26 82.46
100 °C 81.72 81.29 81.99 81.86

FromTable 2it is possible to conclude that samples depositedlass and PMMA substrates have
high optical transmittance in the visible regiobdat 80%). Regarding the application aimed for
these films, probably the best sample will be thee aleposited at room temperature since
concerning PMMA substrates it has the highest aptiansmittance at 632.8nm (He-Ne laser
wavelength) and the lowest roughness.

The electrical properties of ITO thin films depesiton glass substrates were characterized by Hall
Effect measurements using van der Pauw method wihilch was possible to obtain their sheet
resistance, electrical resistivity, carrier concation and carrier mobility. In Figure 6 are shotha
electrical resistivity results a function of sulasértemperature.
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Fig. 6 — Electrical resistivity as a function of shstrate temperature of ITO thin films
deposited on glass substrates.

From the results presented in the last graphpossible to see that samples deposited with higher
substrate temperature have lower electrical redistiabout 5x10°Qcm) in comparison with
sample deposited at room temperature (1.22®bbn). The sample deposited at 80 °C has the
higher conductivity. Carrier concentration and Halbbility are important criteria to describe the
electrical performance of ITO thin films. Theseukts are presented in Figure 7.
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Fig.7 — Carrier concentration and Hall mobility asa function of substrate temperature.

The high electrical resistance of sample depos#edoom temperature is due to low carrier
concentration and low mobility. The species reaglsnbstrate, at room temperature, have low
mobility, so that will remain in the place whereyhimpinge (not reaching its equilibrium position).
This can promote the scattering centers that leaah tincrease of electrical resistivity by decnegsi
the mobility of charge carrier [20].

Conclusions

Indium tin oxide thin films were deposited on PMMAd glass substrates by using DC magnetron
sputtering, with the purpose to define the besbdrjon parameters to produce a transparent and
conducting thin film.

Based on the application aimed, the best resulte w#ained when no intentional heating was
applied to the substrates. Although the condugtigtiower in comparison to the obtained values
for samples deposited at higher temperatures, tiieab transmittance of the ITO thin film
deposited at room temperature is higher and thé&amrroughness if the lowest measured.
Changing other parameters such as the oxygen tuget voltage and/or distance between the
target and the substrate may lead to an improvemehe electrical properties.
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