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Microsystems and microdevices can shrink a whole laboratory into a single chip. Due to its small 
size, such systems are cost effective, as they require small sample sizes and analysis time. Since the 
silicon-based microchip cannot provide optical transparency, there is a rising interest towards glass-
based microchips and their possible applications where optical transparency during the analysis pro-
cedure is of high importance. Our objective is to fabricate microdevices and sensors using laser di-
rect writing and thin film deposition techniques. Applying these two methods to transparent materi-
als will open new avenues in microdevice production by enabling the realization of transparent and 
conductive platforms. 
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1. Introduction 
 
 Realizing microdevices on transparent and conductive 
platforms is of particular benefit to fields where optical 
transparency, used in spectroscopical/chemical analysis, is 
crucial. 
 Microdevices [e.g., lab-on-a-chips (LOC), microelec-
tromechanical systems (MEMS), micro total analysis sys-
tems (μTAS)] can shrink a whole laboratory into a single 
chip that would be utilized in many application areas. To 
monitor chemical reactions, make biochemical- and clinical 
analysis, and produce microreactors on a transparent plat-
form are challenging and promising goals. Due to the small 
size and complexity, such systems provide sensitive per-
formance that is cost effective to manufacture [1]. Nowa-
days, given that the silicon-based platforms cannot provide 
optical transparency in the visible spectral range, there is a 
rising interest towards glass-based devices and its possible 
applications. There is an urgent need to incorporate con-
ductive but still transparent functions into the microdevices 
without degrading the transparent feature of the glass. Fur-
ther, the incorporation of electric functionality into photo-
sensitive glass makes the glass chip an attractive environ-
ment also for a wide variety of MEMS applications. The 
realization of transparent electrodes and microheaters al-
lows not only the regular optical observations and analysis, 
but also the in-situ optical observations and analysis whilst 
altering the electric field or/and temperature. For example, 
such functional systems are beneficial for dynamic obser-
vation of living microorganisms and cells.  
 In this paper, we present a technique to incorporate 
conductive, but still transparent functions into glass chips 

by means of fs laser direct writing combined with a subse-
quent ITO thin film preparation in the channel by a sol-gel 
process. This idea takes advantage of the high precision of 
fs laser microfabrication and the cost effectiveness and 
high adaptability of the sol-gel process.  

1.1 Femtosecond laser processing 
 

 In the past years, femtosecond (fs) laser microfabrica-
tion has demonstrated its great potential in materials mi-
croprocessing and microdevice manufacturing due to the 
high peak intensities in extremely short pulse durations 
allowing the local modification of transparent materials 
through multiphoton absorption. The most advantageous 
aspect of this method is the capability of tailoring three-
dimensional (3D) fluidic, mechanical and optical micro-
components (such as microfluidics, optical waveguides, 
couplers and splitters, Bragg gratings, Fresnel zone plates, 
reservoirs, mirrors, lenses, valves, pumps) [2-13]. Our 
technique of fs laser processing of photosensitive glass and 
other materials is presented in detail in refs. [14,15]. 

1.2 Materials used 
 
  Commercially available photosensitive glass (under 
the trade name of Foturan®) is used which combines the 
unique glass properties (e.g., transparency, hardness, chem-
ical and thermal resistance, etc.), and the possibility of 
achieving very fine structures with tight tolerances and 
high aspect ratios (hole depth/hole width) made by fs laser 
irradiation. This glass is an excellent material to embed 
hollow microchannels and other complicated 3D structures 
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using fs laser direct writing. Foturan glass is comprised of 
lithium aluminosilicate glass doped with trace amounts of 
silver and cerium. The cerium (Ce3+) ion plays an im-
portant role as a photosensitizer, releasing an electron by 
the exposure of UV light and becoming Ce4+. Some of the 
silver ions are reduced by the generated free electrons and 
silver atoms are created. Another asset of the Foturan glass 
is that it can withstand the 550 oC calcination temperature 
of the xerogel films. (After the starting sol is dropped on 
the Foturan glass, it dries and becomes a xerogel.) This 
high temperature is necessary for the ITO film crystalliza-
tion and conductivity. 
 Among a variety of glass materials, the photosensitive 
glass is one of the most promising one for these applica-
tions and its utilization has been continuously developing 
[9-13]. Lately, there were many studies on the possible 
applications of this technique in the field of microfluidics, 
LOC- and μTAS devices, however, there is still a high de-
mand to further improve the complexity and production 
cost of these microdevices as well as their functionalities. 
 The other material we use is one of the most-widely 
used transparent conducting oxides, indium tin oxide (Sn-
doped In2O3, ITO) which is an n-type semiconductor with 
an optical band gap between 3.5 – 4.3 eV. It provides high 
electrical conductivity and transparency in the visible and 
near IR (infrared) wavelengths. Hence, it is widely used as 
transparent electrodes for the fabrication of liquid crystal 
displays (LCDs), organic light emitting diode displays 
(OLEDs) [16,17], photovoltaic devices [18,19], and other 
optical applications [20-22]. ITO thin films can be prepared 
by various methods, such as sputtering [23], evaporation 
[24,25], spray pyrolysis [26], and screen printing [27]. 
However, recently, the sol–gel process became widespread 
due to its simplicity and low cost [28-34]. 

 
2. Methods  
  

The idea to realize transparent and conductive func-
tions incorporated into the glass chips relies on the combi-
nation of two materials and methods (Fig. 1.). Fabrication 
of hollow 3D microstructures inside the photosensitive 
glass consists of a four-step process. The detailed experi-
mental outline to embed conductive ITO thin films in the 
glass chip is presented in Fig. 1: 

 (a) 3D photomodified structures are written inside the 
photosensitive glass using fs laser direct writing. At this 
stage, silver atoms are precipitated, but no visible change 
occurs. After the exposure of the fs laser,  
(b) the glass chip is annealed in a programmed furnace. 
The temperature is first ramped up to 500 °C at a rate of 5 
◦C/min and held at this temperature for 1 hour. It is then 
raised to 605 ◦C at a rate of 3 ◦C/min and held there for 
another hour. Upon this treatment, the laser-exposed region 
become crystallized lithium metasilicate and shows a 
brown color. After this step,  
(c) the glass is soaked in a solution of 10% hydrofluoric 
(HF) acid diluted with water in ultrasonic bath. During this 
process, the formed lithium metasilicate is preferentially 
etched away with a contrast ratio of ~43 in etching rate 
compared with the unmodified regions. Finally, hollow 
microstructures are formed inside the glass. Since the 
thermal treatment leaves behind a rough surface,  

(d) as a last step, the photosensitive glass sample is an-
nealed again to smooth the etched surface.  

Further details and a more comprehensive explanation 
of this method and experimental setup can be found in [14] 
and references therein.  

 
 

Fig. 1. A four-step experimental method to fabricate ITO-
coated 3D structures in photosensitive glass 

3. Results 

 The procedure of preparing ITO film can be found in 
ref. [30], however, in our experiments we annealed the 
xerogel at 550 °C for 30 minutes instead of 260 °C for 10 
min. Following preparation of the starting sol, several 
methods (e.g., using capillary forces, dipping, spin coating) 
can be used to inject or coat the sol into or on the Foturan 
chip, respectively. The applied method depends on the lev-
el of complexity of the embedded microstructures. In the 
case of a simple open channel structure, such as a micro-
channel, a Foturan chip with an embedded channel is 
placed perpendicularly into the sol. Due to the narrow 
channel size; the sol is promptly drawn upwards (due to 
capillary forces) along the wall of the Foturan chip. As a 
result, a 5 mm long channel with a 500 μm x 500 μm cross-
section stretching along the Foturan glass chip is obtained 
(Fig. 2).  
 

 
Fig. 2. SEM image of an ITO-coated fs laser-processed 
microchannel in Foturan glass 
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The resulted ITO-coated channels have electrical resistance 
of  ~ 450 Ohm. The resistance was measured between the 2 
ends of the channel with a digital resistance meter. Sheet 
resistivity measurements are impossible to perform due to 
the narrow and short channel size. The bright area in the 
SEM image  (Fig. 2) shows the thin ITO layer in the chan-
nel. 
 For XRD and optical transmission measurements, the 
sol was dropped on the Foturan substrate and dried at 50 °C. 
The XRD data of thick films are presented in Fig. 3. XRD 
pattern of the dried film, i.e., the as-deposited film, shows 
only some broadened peaks with low intensity indicating 
the amorphous structure. Since the as-deposited film is 
amorphous (Fig. 3a), the Foturan chip was annealed at 
550 °C (for 30 min, then cooled down to room tempera-
ture) to form conductive ITO films. 
 

 
Fig. 3. XRD patterns of (a) dried xerogel film and (b) an-
nealed (crystalline) ITO films [35]  
 
After calcination at 550 °C, sharp reflections appear due to 
the presence of crystalline, cubic (JCPDS No. 71-2195) and 
rhombohedral (JCPDS No. 22-0336) indium oxide (In2O3) 
(see Fig. 3b). The characteristic XRD reflections for the 
two different crystalline phases (cubic, rhombohedral) are 
indexed in Fig. 3. It can be seen that between the two phas-
es, the cubic In2O3 dominates. Tin compounds (SnO, SnO2) 
were not detected, which confirms the homogenous and 
successful doping of In2O3 host by Sn4+ ions.  
Figure 4 shows an SEM image of the ITO film on Foturan 
glass after calcination. The nanocrystalline film homoge-
neously covers the glass and consists of nanoparticles about 
10 nm. Bigger crystallites can be also observed with diame-
ters around 30-50 nm. 
 Figure 5 presents the optical transmittance of the 
ITO/Foturan layers and shows that the ITO layer on 
Foturan glass barely affects the transmittance. The ITO-
coated glass is also highly transparent in the visible region. 

 
Fig. 4. SEM image of an ITO-coated Foturan glass after 
calcination 
 
 

 
Fig. 5. Optical transmittance spectra of uncoated and ITO-
coated Foturan glass 
 

4. Applications 

 When fabricating more complicated 3D structures, a 
microneedle is used to inject the starting sol into the glass 
chip. Most of the sol is removed by blowing a high-
pressure stream of nitrogen into the channel. This process 
leaves a thin layer of the sol on the inner surface of the 3D 
microstructure. (A spin coating technique was also 
exempted, but proved ineffective to remove the sol from 
the long channel due to a limited rotational speed.) 
Subsequently, the chip was annealed at 550 °C. As a final 
processing step, the unwanted ITO-coated portion on the 
glass surface can be removed by using fs laser ablation.  
 
 
4.1. MEMS device 
 
 As we presented in [35], one of the applications of our 
technique is a transparent MEMS device (Fig. 6). 3D inter-
connection of electrically conductive lines and reservoirs 
inside the photosensitive glass was fabricated. Such a 3D 
interconnection arrangement is desirable to fabricate 
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MEMS devices as it allows to applying different voltage 
between reservoirs. In the presented structure, 2x2-
connecting microchambers (A-C and B-D) are seen where 
the two connecting microchannels do not intersect (see on 
the side view of Fig.6). The electrical resistance between 
the A-C and B-D microreservoirs was found to be ~ 400 
Ohm, however, it was confirmed that connections between 
A-B, A-D, C-B, and C-D were completely electrically iso-
lated. 

 

 
Fig. 6. Microstructure scheme of a possible MEMS layout 
embedded in Foturan glass [35] 
 

 
4.2. Gas sensor 
 

As for an example of sensor application, Figure 7 
presents the concept of a possible CO2 sensor in an electro-
luminescent cell which can be triggered by CO2 detection. 
The ITO layers act like plates of a capacitor. Due to the 
presence of oxidizing gases (e.g. NO2, NO, CO2, O2) the 
conductivity of ITO increases (5x in case of CO2) [36] pro-
ducing an electric field in the capacitor that excites the 
phosphor which emits light. This increase in conductance 
of ITO can be utilized to initiate the triggering of an elec-
tric alarm system. The phosphor on the ITO electrode will 
only be excited if the ITO has current running through it. 
The ITO films are transparent, so photons can pass through 
the layer. The Au layer at the bottom serves as reflecting 
the generated light to gain more light upon operation. A 
more detailed explanation of the sensing behavior of ITO 
can be found in [36]. 
 

 
Fig. 7. Concept of a CO2 sensor in an electroluminescent 
cell 
 
 
5. Conclusions 
 

We have presented a method to fabricate conductive 
and completely transparent microdevices. The idea is based 
on the combination of fs laser processing and sol-gel meth-
od. This concept will provide a major contribution to 
strengthen research and development via the realization of 
a novel microdevice technology. The development of mi-
crochips and biochips will promote clinical and medical 
investigations by this new process and will increase the 
functionality of the devices and at the same time make 
them more cost effective for a mass market. Such featured 
microchips will be highly beneficial for sensitive biochem-
ical analysis and biological, chemical, and medical inspec-
tions based on their broad functionality. 
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