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Figure 3. The deposited micro-heaters using mask #3: (a) The design of microheater and
meanders; (b) Optical image of a real micro-heater element deposited onto glass substrate
taken using the digital camera; (c) Optical image of the same micro-heater taken through
the optical microscope; (d) The geometrical parameters of the heating elements (the units
are presented in mm); (e) The optical image of the mask used for deposition of contacts for
heating elements elaborated from the thin copper foil; (f) Geometrical parameters of the
used contact for heating element.

The measurement process is as follows: the required voltage is manually applied
from the source (step 1). Using the voltmeter, we measure the voltage applied to the micro-
heater and the voltage that is from the source for the measurements, to be as precise as
possible (step 2 and 3). With temperature sensor "PT100" the temperature of the substrate
surface with the deposited micro-heater were measured and manually recorded the data
(step 4). In order to avoid external influence on the measurements, the micro-heaters are
measured in a closed chamber (step 5). To investigate in more details morphology of the
deposited layers were used SEM REMZEISS (3.0 kV, 5.0 pA).
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Figure 4. Microheater measuring system.
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Results and Discussion

In this section, the morphology of deposited layers, the best type of substrate,
optimal geometrical parameters, power consumption and the optimal temperatures reached
will be discussed.

For the first approach the morphology is discussed below. Figure 5(a) shows the
optical image of two microheater elements fabricated on the glass substrate. According to
SEM studies, at these magnifications, no cracks or visible defects have been observed, and
all layers are deposited very well on the glass substrate. To investigate the deposited layer
in more details with width of the element of = 600 um, the SEM image of the single heating
element is presented in Figure 5(b).

Figure 5. (a) Optical digital image of a real micro-heater; and
(b) SEM image of microheater on glass substrate.

As it can be seen, no defects such islands, scars or cracks can be observed. It can be
explained by probably shadowing type of deposition. However, meanders are not
interconnected between each over.

Figure 6(a) shows the optical and Figure 6(b) presents SEM images of the microheater
deposited on ceramic substrate, heated at temperature of 200 °C, with micro-heaters
meander of nichrome (60 mg) and nickel contacts. It can be observed that nichrome film is
relatively uniform and homogeneous. Meanders has width around 418-491 um throughout
its length, on the surface film does not linger defects such islands, scars or cracks that
would prevents the current passing through it.

Figure 6. (a) Optical digital image; and (b) SEM image of microheaters on ceramic substrate
with nickel contacts.

In Figure 7 the optical (@) and SEM (b) images of the micro-heaters deposited in vacuum
on SiO; (300 nm)/Si substrate are presented. Meanders has width around 450-580 ym
throughout its length, on the film surface no defects such islands, scars or cracks were
observed.
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The results based on the
second approach to fabricate such
microheaters elements are shown
below.

Figure 8(a) shows the
optical image of six microheaters
fabricated on the glass substrate
with the width of the meander of
100 um on a glass slide. As it can k
be seen, at these dimensions, no Figure 7. (a) Optical digital image; and (b) SEM

cracks or visible defects can be image; of microheaters on ceramic substrate with
observed even at more detailed nickel contacts.

investigations under optical microscope, and all layers are deposited very well on glass
substrates. To investigate in more details the deposited layers; we also take the SEM
images of the single heating element, which is presented in Figure 8(b). As can be seen, no
defects such as islands, scars or cracks that would prevents the current passing through it,
can be observed. According to the SEM images, the thickness of the meanders is ~ 80 - 90
pum, see Figure 8(b).

Figure 9 (a) shows the optical image of six microheater elements fabricated on the
glass substrate with the width of 200 um. As it can be seen, at these dimensions, no cracks
or visible defects can be observed, and all layers are deposited very well on glass substrate.
To investigate in more details the deposited layer, the SEM image of the single heating
element is presented in Figure 9(b) showing nichrome meander and nickel contact region
(Left).

Figure 8. (a) Optical digital image of areal  Figure 9. (a) Optical digital image of six real

microheater developed; and (b) SEM image microheaters on glass substrate; and
of microheater on glass substrate with the  (b) SEM image of a microheater on glass
width of about 100 ym. substrate with the width of 200 pm.

The thermal characteristics of micromachined gas sensors have to be optimized with
respect to low power consumption, well-controlled temperature distribution over the
sensing layer and fast transient response, if the sensor is intended to be temperature
modulated [10]. Generally, the heat transfer occurs due to heat conduction, heat convection
and radiation [10]. Above and below the substrate heat transfer occurs through heat
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conduction and heat convection through the surrounding atmosphere [10]. Additionally,
radiation has to be considered [10, 11]. Due to a high number of influencing factors, the
calculation of heat transfer, heat loss and temperature distribution is not easy. However, a
simple model can be presented in order to investigate the most important parameters
which can influence the heating elements. Simon et al. assumed that if the different
components of heat flow is additive, then the total heat flow (Q:w:) in vacuum (where only
one has to deal with heat losses due to conduction along the substrate and radiation) can
be expressed as follows [10]:

Qtot = Gsubﬂ’sub(Thot _Tamb) + Gairﬂai r(Thot _Tamb) + Grado- Thi)t _Taz:nb)_i_ AX (1)

where the first term of equation describes the heat conduction through the substrate, the
second indicates on the heat conduction through the ambient air, the third is heat losses
due to radiation and the last term accounts for unknown heat losses including free
convection [10, 11]. Gsuw, Gair and Gua are constants depending on geometrical factors of the
substrate. T and Tumy represent the temperatures of the substrate under the heater
element and of the ambient, respectively. As» and A4 are the thermal conductivities of the
substrate and surrounding ambient air, respectively. € and o is the emissivity and the
Stefan-Boltzmann constants, respectively. If we assume that substrate thickness is several
pm, which is not the case of glass substrate, we can assume that heat conduction for the
substrate (Os.s) can be expressed as follows [10]:

qub — (ﬂ’sub A)(Ttot _Tamb) (2)
A
Gsub = t (3)

where L is the length of substrate and A is the area of substrate. In the case of glass
substrate, where the thickness is ~ 1 mm, the three-dimensional model needs to be
elaborated, which is more complex. If to suspend a substrate with 4 special beams, forming
a membrane, the heat conduction for the substrate would be expressed as [10]:

qub — 4(ﬂ“sub Abeam I)_(Thot — Tamb ) (4)

sub

— 4Abeam
= ()

where Aueam is the area of the beam which suspends the membrane on which the heater is
placed.

Also, a simpler model of membrane was presented by Sberveglieri et al. [12], where
in order to reduce the model to one-dimensional, a conventional square membrane was
replaced by a round one [10]. This leads to a one-dimensional heat conduction problem in
cylindrical coordinates which can be easily solved as follows [8]:

_ 2ﬂ&ub(Thot _Tamb)
qub - In(ra / rl) (6)
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2
**In(r, /1)

where r, and r; is the radii of the heated area of membrane, and general radii of membrane,
respectively, while d is the thickness of membrane. Length to width ratio of the suspension
beams, respectively, the relation r=r; should additionally be chosen as large as possible to
minimize heat losses [10, 12].

By placing the heater element deposited on substrate in air, the heat loss will occur
mainly by two different mechanisms, namely convection and conduction [10]. Convection
can either be caused by external forces or it can be the result of temperature differences
which lead to density variations in the gravitational field and thus to buoyancy forces [10].
The former case leads to heat transfer called forced convection, the latter is called free or
natural convection [10]. When there is no convection, heat is transferred only by conduction
[10]. In this case the heat loss can be estimated as follow [10, 11]:

G (7)

47, (T =Tors)
= o not A ~Am A (T, —T
Qcond 1/r| _1/ ra i alr( hot amb) (8)
G =4t 9)

Thus, to optimize the power consumption the heated area represented by the inner
radius r; should be minimized as much as possible. The heat loss due to radiation can be
expressed as follow, with assumption that the heated membrane area behaves like a gray
emitter, i.e. the degree of emission of the heated membrane is set equal to the degree of
absorption [10]:

Qrad = Grado- Th‘:)t _Tz::nb) (10)

Heat losses due to radiation increases with heated membrane area. Generally, the
heat losses due to radiation amount only a few percent of the total heat loss [10, 12 - 14]
but due to the T*-dependency they should be considered with care if very high sensor
operation temperatures are applied.
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Figure 10. The temperature distribution of bottom glass substrate: (a) without
nanostructures deposited film; and (b) with the CuO nanostructures deposited film
and with gold contacts on top.

The heat distribution of the microheater at the glass substrates shows in Figure 10,
where a uniform distribution across the substrate is observed. From the bottom image of
the glass substrate with the CuO nanostructures deposited film and with gold contacts an
excellent temperature distribution demonstrates the efficacy of the microheater.

There were deposited micro-heater elements with the width of 200 um, after which
the CuO nanostructures were deposited and thermally treated at 425 °C, thus, a microheater
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temperature of 400 °C with the voltage applied of 27 V and a power of 9,5 W was obtained
(see Figure 11).
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Figure 11. The characterization of micro-heater elements with thickness of meander of 200
pm deposited on glass substrate and with deposition of CuO nanostructured film: (a)
Temperature dependence of voltage front; (b) Resistance dependence of voltage front; (c)
Power dependence of voltage ramp; and (d) Current dependence of voltage front to sample
deposited on glass with nickel contacts and the CuO nanostructures deposited film and
afterwards it was heat treated at 425 °C.

Thus, nichrome microheaters deposited on glass substrate (with CuO nanostructures
film) and gold contacts (Figure 12(a), curve 2 and Figure 12(b), curve 3 and 4), are more
suitable for real applications in gas sensing devices.

Further investigations on thickness and geometrical parameters of microheaters are
needed for optimization of power consumption and lowering of needed DC bias.
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Figure 12. (a) Comparative graph of temperature dependence versus voltage of micro-
heaters by vacuum deposition process on glass and silicon oxide substrates without
nanostructures deposited film and with the CuO nanostructures deposited film and with
gold contacts; (b) Comparative graph of temperature dependence versus voltage of micro-
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heaters by photolithography process on glass (100 ym; 200 um; 200 um + CuO; 500 ym and
1 mm), ceramic (500 um) and silicon oxide substrates (1 mm).

Conclusions

According to the obtained results we can mention that microheaters made on silicon
oxide and ceramic substrate are the most successful due to the ability of generating the
operating temperature up to 400 °C, but this requires a voltage up to 29 V resulting in a
power consumption of about 10 W, respectively, which is not optimal for practical
applications. However, gas sensors based on copper oxide from literature demonstrate the
best gas sensing results are with the optimal operating temperature in range of
200 °C - 350 °C. It fits perfectly to parameters of our elaborated microheaters on glass
substrate with the width of the meanders of 200 pm (200 °C - 350 °C), especially for
experimental samples, which already were measured with CuO nanostructures film on top
of microheater that showed a heating temperature of 400 °C.
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