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Graphical abstract

Highlights

e Microbolometer is a radiation detector for infrared (IR) and terahertz (THz) waves

e Responsivity is proportional to temperature coefficient of resistance of thermistor

e Narrow-width effects on TCR and resistivity of Pt & Ti thermistor are investigated
e Device with Ti thermistor has higher responsivity than with Pt thermistor

e Device with Ti thermistor width of 0.1 um has higher responsivity than width 0.2

Hm

Abstract:

Microbolometer is a radiation detector for infrared (IR) and terahertz (THz) waves. The temperature
coefficient of resistance (TCR) of the thermistor is a vital factor, as the responsivity is proportional and
noise equivalent power (NEP) is inversely proportional to it. The narrow-width effect on TCR and
resistivity on two different substrates (SiO2/Si and SiNx/SiO/Si) for platinum (Pt) and titanium (Ti)
thermistor with various design width (DW)= 0.1~5 um are investigated. Increased resistivity and reduced
TCR of the devices with the decreased line width, is observed commonly for both metal and fitted with
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empirical formulae, which hold well for different substrates. It is evident from electron backscatter
diffraction (EBSD) results showing reduced average grain size form Ti film to Ti nanowire (DW=0.1 um),
that the reduced TCR is not dependent on crystal orientation or phase variation of material but can be
correlated with reduced grain size due to reduction of width. The optimum value considering design
requirement, thermistor of DW =0.1 pum and 0.2 um is used further for the fabrication of microbolometers.
It is found that the device with DW= 0.1 um of Ti thermistor has ~ 1.5 times higher electrical responsivity
(376 V/W) at maximum allowable current than that with DW= 0.2 um (254 VV/W), which is also ~11 times
higher than device with DW= 0.1 um of Pt thermistor.

Keywords: Terahertz detector, Microbolometer, Narrow-width effect, Metal thermistor, Responsivity.

1. Introduction

Enormous emphasize has been given to the modern thermal detector technology due to the increased
demand in imaging for surveillance, security inspection, equipment maintenance, etc. Terahertz (THz)
technology which deals with the thermal radiation in the region from 300 GHz to 3 THz (wavelength from
100 um to 1 mm) has drawn attention with exciting possibilities in past decade due to the advancement of
related semiconductor material science and nanoscale fabrication technologies [1]. Electromagnetic wave
around 1 THz comes with attractive features for non-contact and non-invasive sensing and yields high-
resolution images compared to millimeter or longer waves. These are nonionizing and not harmful for low
photon energies, and may be used on live tissues. Other applications of THz waves include: ultrahigh-
speed wireless communications, biomedical screening and diagnosis, drug discovery, and environmental
and food analysis, surveillance, radio telescopes, spectral analysis of interstellar medium and planetary
atmospheres [2-9]. However, the present-day capacity of THz technology is quiet insufficient in terms of
sensitivity and speed of measurements, and farther research on the sources, detectors and sensing systems
are vital for extending the operations of THz waves in actual applications.
Unlike photon detectors, thermal detectors, represented by a microbolometer, do not need additional
cryogenic support [10]. However, current uncooled microbolometers performance in terms of detectivity
and response time suffers because of high thermal noise, self-heating under constant bias [11,12] and
vulnerability of the sensor material [13]. Structurally, microbolometers include an absorber that receives
the electromagnetic radiation and transfers the energy to the thermistor. For longer wavelength in THz
domain, the large absorbers can no longer be sustained structurally and with proper thermal isolation, as
an antenna-coupled microbolometer becomes more feasible [14-16]. It is also crucial to optimize the
thermistor and the heater independently with electrical separation but thermal combination for achieving
higher sensitivity [15]. Another important aspect shown by our electromagnetic simulation is the load

matching between the heater and antenna for maximum power transfer [16]. However other than these
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design aspects, the performance of the detector is also susceptible to the materials properties of the
resistive element, i.e. thermistor. The consideration of temperature coefficient of resistance (TCR) of the
thermistor material is extremely crucial as the responsivity (ratio of output voltage to input power), is
proportional to the TCR and also the noise equivalent power (NEP, minimum detectable power of the
receiving signal) is inversely proportional to the TCR. In materials aspect, using metallic thermistors like
platinum (Pt) or titanium (Ti) is advantageous due to the low noise, which is mainly the shot and thermal
noises, and hence device performance directly depends on the improved (higher) TCR, which is not the
case with high-TCR materials like VOx and a-Si. Pt has been historically used as a temperature sensor,
due to its immunity to oxidation or chemical reaction and hence stability. Also Ti is selected as possible
thermistor candidate along with heater material considering it has low thermal and electrical
conductivities, and is immune to electromigration [17-19]. A higher resistivity of the thermistor material
is also useful. However, this may face a trade-off with TCR, and may not always be desirable. Hence,
another feature may be the length of thermistor, which could be availed by more complex layout pattern
of the thermistor, e.g. meander shape, with longer effective length, resulting in enhanced electrical
responsivity [19,20].

Importantly, as metal conductors (Pt, Ti, etc.) approaches the dimensions comparable to the mean free
path of the conduction electrons, size effects may impose limitations on the ultimate electrical properties
achievable by the metal interconnects, which has been serious concern for the ultralarge-scale integration
(ULSI). The current microbolometer fabrication encounters performance issues due to the utilized narrow
(0.1 or 0.2-um-wide) metal line having a TCR one third of magnitude smaller than that of bulk material.
This phenomena is called narrow-width effect. Considering the fundamental importance of the material
properties of thermistor, the detailed study of the narrow-width effect on TCR and resistivity, and
optimization of Pt and Ti thermistors in uncooled antenna-coupled THz microbolometer fabrication are
studied in the current report.

2. Experimental

The microbolometer consists of an integrated heater-thermistor and half-wave dipole antenna to detect
terahertz wave, designed for 1 THz [15,16]. For the current work test devices without the antenna similar
to antenna-coupled microbolometers were fabricated and their characteristics were evaluated at room
temperature. The width of the Ti thermistor is made as narrow as 0.1-0.2 um by electron beam lithography.
The microbolometer fabricated this time does not have the gold (Au) antenna, however consists of Ti
heater, silicon dioxide (SiO.)/ nitride (SiNy) interlayer and Pt or Ti thermistor on SiO2/SiNxsubstrate. The



detailed process steps including electron beam lithography for nanostructures and fabrication of the Ti
thin-film thermistor and heater, are discussed elsewhere [14,19,21,22]. The field emission scanning
electron micrographs (FE-SEM) are taken on analytical FE-SEM (JEOL JSM-7001F). The electron
backscatter diffraction (EBSD) was taken with Bruker's QUANTAX EBSD analysis system supported by
the ESPRIT 2 software. In-situ vertically adjustable e Flash™ detector used for fast acquisition [630
patterns/s (4 x 4 binning) or 945 patterns/s (8 x 8 binning)]. For an EBSD measurement a flat/polished
crystalline specimen is placed in the SEM chamber at a highly tilted angle (~70° from horizontal) towards
the diffraction camera, to increase the contrast in the resultant electron backscatter diffraction pattern. The
electrical measurements for the nanodevices were done with a low temperature prober equipped with
4156C precision semiconductor parameter analyzer by Agilent. For the measurement of TCR, the slope
of resistance vs. temperature graph for five different temperatures from 300K to 240K were used. The
responsivity of the fabricated microbolometers is measured by applying AC electrical power up to 2 pW
at 10 Hz. Thermistor output was detected by lock-in amplifier under the maximum bias current of 100 pA
for Ti and 1000 pA for Pt thermistor.

3. Results and Discussion

Fig. 1 shows the devices fabricated for measurement of the width effect on the thermistor, which
includes straight wire structures with variable widths. For the current design of microbolometer, the width
for thermistor could be about .01 pum or .02 pm.

Test devices are fabricated with straight devices with design width (DW) = .05 to 5 um, with fixed
length (100 pm) and height (.05 pm). Fig. 1(a) shows optical microscope (OM) image of straight wire
thermistor of test devices with DW= 0.5 and 0.6 um, and further the amplified top-view of the thermistors
by FE-SEM with fig. 1(b) DW = 0.5, and fig. 1(c) 0.6 um is shown. It is observed from FE-SEM that the
top width of the thermistors are lower than bottom, shown as the demarcation lines [fig. 1(c)]. This may
be caused to the shadow effect in the vacuum evaporation, the width of the top and bottom of the thermistor
is different. An average measured (AMW) with is defined as the average of the experimentally measured
inner width (MIW) and measured outer width (MOW). Fig. 1 (e) shows variation of the average measured
value of width (AMW) for the inner and outer demarcation lines (corresponding to the top and bottom
width of the thermistor), with design width (DW) for two different substrates (SiO2 and SiNx) and Pt and
Ti. The differences between the DW and the AMW width is noticeable, for the region of our interest
(DW=1 pm-0.1 pm). Hence, for reliability, TCR and resistivity, have been analyzed with average
measured width (AMW), instead of DW. It is also noticeable that that the data at DW= .05 um is deflected



from the trend of the graph and hence may not be reliable either and hence has been eliminated from
discussion.

Fig. 2 shows the TCR and resistivity (p) with the variation for (a) Pt and (b) Ti thermistors for two different
substrates (SiO2 and SiNx) and straight structures with the variation of the AMW (DW = 0.05 -5 um) of
the thermistors, with length L= 100 um, height H=.05 um. the correlation between increased resistivity
and reduced TCR is observed commonly for both the metal and different substrates with reduction of
width. The TCR and resistivity, could be well fitted with empirical formulae for [fig. 2(a)] Pt and [fig.
2(b)] Ti devices, which hold well for on both substrates. Table I. gives the variation of TCR and resistivity
based on the empirical equations for two extreme values of experimental AMW = 100 nm and 5000 nm
to find the factor of narrow-width effect in these two materials for different substrates. It is found that the
narrow-width effect in the devices of (i) Pt (on SiO2/Si): TCR reduction to 58%, p increase by a factor of
2; (ii) Pt (on SiNx/Si0O2/Si): TCR reduction to 58%, p increase by a factor of 1.8. Also the narrow-width
effect in the devices of (ii1) Ti (on Si02/Si): TCR reduction to 40%, p increase by a factor of 3; (iv) Ti (on
SiNx/Si0,/S1): TCR reduction to 44%, p increase by a factor of 3.5. From these results, it is evident that
the narrow-width effect for TCR is far higher for Pt than for Ti, whereas the narrow-width effect for
resistivity for Pt is lower than Ti. However, negligible substrate effect on TCR and resistivity can be
observed. Though SiNx on SiO> as substrate has the advantage of high temperature applications and may

be preferable substrate for further investigations.

Considering the importance of TCR, the narrow-width effects on the TCR and resistivity for Ti thermistor
is further investigated for correlation with grain size and grain orientation of the metals by EBSD, which
is an SEM-based technique applied to materials microstructural characterization to study any crystalline
or polycrystalline material with high lateral resolution. This involves understanding the microstructures,
crystal orientation and phase of materials, revealing texture, defects, grain morphology and deformation.
For further understanding the EBSD, pole figures are used to plot 3D orientation information in two
dimensions such as on a paper sheet or a computer screen. They are suited for showing the orientations of
specific crystallographic planes and directions within a sample (i.e. for plotting the texture) and, as such,
are invaluable for EBSD. Fig. 3. shows the EBSD results for (a) large-area Ti film (150 x 150 um) and
(b) Ti nanowire with DW ~ 100 nm for a comparative study. In fig. 3. (a) and (b) may be useful to have
an idea about the variation of the materials property with the change of width. In terms of (1) phase: from
the phase map, it is clear that Ti hexagonal phase is far higher (~90%) than that of Ti cubic phase, however

they remain the same in ratio for (a) and (b); (ii) grain distribution: from grain distribution map, the
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different colours mark the grain boundaries to separately define one grain from another grain. Here the
colours do not signify any particular gain size or size range in the map. However, apparently from the

images (a) and (b), it may be assumed that the size of the defined grain boundaries are large for large area

Ti film; (ii1) grain distribution: from the grain distribution statistics from the grain distribution map, it is
observed that the number of grain in large area Ti film is far lower (2434) with respect to Ti nanowire
(7412) whereas the average grain size as detected by EBSD is higher for Ti film (39.2 nm) than Ti
nanowire (31.9), which is a notable observation. Though it is best to correlate the grain size results with
some standard characterization methods like transmission electron microscopy (TEM) or X-ray diffraction
or micro-Raman spectra. However, it is to be noted that our efforts for testing of grain size with X-ray or
micro-Raman failed, largely due to the area of our interest is only about 100-5000 nm of width of a
nanowire and it is not possible to focus in these without FE-SEM. TEM is a destructive process and have
not been tried with the devices yet. A comprehensive study on the grain size with the variation of the width
may be done in an advanced level of the current study. From these EBSD results though we can still
conclude: whereas there is no remarkable variation in terms of phase map, phase ratio, local diffraction
patterns, grain distribution map; there is difference in grain statistics that is the grain size for Ti films is
higher than that of Ti nanowire. Fig. 4. shows the EBSD results with 2D pole figures and 3D pole figures
(diffraction spheres) with different viewing angles for large-area Ti film (150 x 150 pm) and Ti nanowire
with DW= 100 nm. Though the results are not very conclusive for the study of the grain or plane
orientations of the crystals, which may be due to randomness of the grains that no fixed or single
orientation is available. This may be due to the room-temperature growth of the thin films from which
the wires are made by lift-off process. A high-temperature growth form metal evaporation may give a
highly orientated metal film. Here we can only conclude that no noticeable variation is observed for 2D
and 3D pole figures with different viewing angles for the large area Ti film and Ti nanowire of DW=100
nm.

It may be concluded that the crystal orientation largely depend on deposition temperature of the film (room
temperature electron-beam evaporation, in this cases) if other parameters are fixed. That is, the narrow-
width effects in electrical properties are not linked with crystal orientation. Rather from figs. 3 and 4, it
may be observed that reduced TCR and enhanced resistivity is correlated with the reduced grain size, in
addition to the conventional size effect by the increased surface scattering. In order to understand the
mechanism of the resistivity-TCR correlation, detailed material studies are necessary, which may lead to
the improved performance of the metal-resistor-based bolometers. The optimum value for TCR and

resistivity at thermistor DW= 0.1 pum (i.e. 100 nm) and 0.2 pm are further used, considering the design
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requirement for the fabrication of uncooled antenna-coupled terahertz microbolometer test devices and
are investigated. Here two sets of identical devices are fabricated similar to uncooled antenna-coupled
terahertz microbolometer but without the antenna for the measurement of the electrical responsivity on
different bias currents. Microbolometer devices with identical dimensions are made separately on the same
chip for the measurement optical responsivity, and are under investigation. However, we can expect that
the optical responsivity is reflected to electrical responsivity and hence the current report deals with the
electrical result correlating the device performance with material aspects. Fig. 5. shows the layout design,
with the realization of the design on SiNx substrate with OM image and enlarged FE-SEM view showing
the heater and straight structured thermistor suspended above the cavity in silicon substrate for testing
devices with thermistor DW= 0.1 and 0.2 pm, heater DW= 2.1 um, and common length of heater and
thermistor L= 25 pm to measure the electrical responsivity on different bias currents.

On one of the most important figure of merit to consider when designing and optimizing microbolometer
performance is responsivity (Rv). Considering the signal voltages can be quite low for these devices,
microbolometer with higher responsivities could reduce the amplification requirements in receiver
systems. The bolometer’s electrical responsivity is the measure of thermistor output Vo with respect to
input power applied to the heater. Responsivity (Rv) is defined as follows:

dR Volts
R, =1, —2 in
dPin Watt

eq (1)

dRp

where Iy is the DC bias current through the thermistor, and is the change in resistance of the detector

due to power absorption in the load. For resistive type microbolometers, the load element also acts as the
dRp

detector. It is evident that the responsivity can be optimized by maximizing the product of Iy and

in

The analysis could further be extended to:

dRp .~ Volts
in

Ry =1, —
Vo ap, T Watt

= K I, Repayn, eq (2)

where Iy is the DC bias current through the thermistor with resistance Ry and TCR =0 and K is a
proportionality constant, which also depends on materials properties. The detailed theoretical calculations
related to the above may be found in our previous work [19]. Considering these in physical constants, the
role of the material properties of the thermistor and heater becomes much clearer. Hence from eq. (1,2)
it is evident the slope of the input power vs. output voltage of the bolometer gives the electrical
responsivity. It is also clear the responsivity is proportional to the (i) bias current (Ip) applied to the
thermistor, (i1) thermistor resistance and (iii) thermistor TCR.

Considering the heating in a thermistor suspended in air, the effect of high current is quite sharp and may
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create undesirable and irreversible elongation damage to the device. An interesting experiment to extract
the maximum power that Ti microbolometer element can sustain without performance degradation is made
by Saxena, et al. [23]. The normalized resistance linearly increases with the square of the current

and amount of the resistance change increases with resistors length, have been observed and discussed
analytically by Zhang et al. [24] for an isolated wire. Our electrothermal circuit simulation further
incorporates heat loss caused by the leads of thermistor and the heater voltage terminal [19] to establish
the dependence of microbolometer’s responsivity on sizes and material characteristics of the thermistor
and heater.

In our current measurements, we have consistently used the maximum allowable current/voltage across
the thermistor (which heats up and the change of resistance due to heating in the thermistor) to ~3 % rise
of resistance to that of room-temperature resistance (Ro). Hence, it is likely that the device may handle far
higher bias current without breaking, and show a higher responsivity. However our current intentions are
to have a comparative understanding for thermistor DW= 0.1 and 0.2 pm for Pt and Ti metal, not by
flowing higher excessive current, and to establish the benefit from either material linking its TCR and
resistivity [ 14]. For the microbolometer fabrication the resistance of the thermistor, rather than resistivity,
is an important parameter considering that the dimensions of the thermistor and heater are limited by the
design and size of the entire detector including antenna. For the miniaturization of the device, either a
higher resistive material is to be used or other design aspects are to be considered. Allowable length for
thermistor could be availed by more complex layout pattern of the thermistor, e.g. meander shape, with
longer effective length even with the miniaturized device, resulting in enhanced electrical responsivity.

However, the most vital aspect of microbolometer fabrication is the TCR. The

responsivity is proportional to the TCR and NEP is inversely proportional to the TCR. However, having
a thinner thermistor reduces the TCR while increasing the resistivity, and hence a trade-off may arise. In
the current design of the thermistor, TCR suffers reduction of almost about 1/3rd of the bulk value.

Fig. 6. gives voltage input-output response for heater for Pt and Ti microbolometer devices with thermistor
width DW= 0.2 um and 0.1 pm and fixed length along with electrical responsivity at maximum allowable
bias currents to thermistor at a frequency= 10Hz. It is found that (i) the device with DW= 0.1 pm of Ti
thermistor has ~ 1.5 time higher electrical responsivity (376 V/W) at maximum allowable current than
that with DW= 0.2 um (254 V/W); and which is also ~11 times higher than device with DW= 0.1 um of
Pt thermistor. (ii) The device with DW= 0.1 um of thermistor has higher value of electrical responsivity
at reasonably lower bias current than that of device with DW= 0.2 um of thermistor. (iii) The same value

of resistance increase due to temperature rise (3% of room-temperature resistance) took almost 10 times
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higher bias current in Pt devices than Ti devices even with the same DW of thermistor. From table I. it
may be concluded, at a low DW = 0.1 and 0.2 um, the TCR difference is not remarkable in Pt and Ti.
However, the resistivity of Ti is about 4.5 times higher than that of Ti nanowire of DW = 0.1 um, which
could be the cause of higher responsivity for Ti devices. The interesting observation is the higher
responsivity of both Pt and Ti devices with lower (DW=0.1 pm) of thermistor than higher (DW=0.2 pum)
where the TCR is lower but resistivity is higher. However, from eq (2) the relationship of TCR and
resistivity with electrical responsivity may not be very straight forward and a detailed analytical model is
presented in our previous work [19].

Not many comparative studies are available for Pt or Ti microbolometers to assess the current devices.
Whereas the reports deal with VO, or VOx [13,25-27], even gives higher responsivity but is expensive,
i.e. less abundant as natural resource, and has some difficulty in integration with standard or available
device manufacturing technology. However a few important results may be noted with absorber type Ti:
(1) responsivity =1600 V/W with 256 x 256 array size [28] (ii) responsivity =30 V/W with 16 x 16 array
size [23] and with half-wave antenna coupled Ti: (ii1) responsivity =90 V/W with unit device [16]. The
report by Saxena, ef al. [23] is comparable, which presents a meander kind of structure with DW=2 um
(about 10/20 times higher than the current work) but with a responsivity of 30 V/W. Though exact
comparison is not possible due to difference in structure and measurement conditions, the current devices
with Ti stand out in terms of performance of the unit device and offer better application prospects
considering the compatibility and ease of fabrication with currently available technologies and scope of
further miniaturization. However, the main highlight of current work, a detailed investigation on the
narrow-width effect of TCR for Ti or any metallic nanoscale wire, to our knowledge, is still unavailable.
To understand the exact mechanism for the variation of TCR or resistivity with width in a lower dimension,
several sources of electron scattering are to be considered; e.g. scattering arising from interactions between
electrons and phonons, between electrons and defects or impurities, and between electrons and interfaces
including grain boundaries and free surfaces, along with surface scattering and grain boundary scattering
[29]. Studies have demonstrated [29-32], the thickness dependence of the electrical resistivity of thin metal
films. This could be due to electron scattering at grain boundaries compared to surface scattering and the
impact of grain sizes as suggested based on standard resistivity models [29,30]. The increase of resistivity
with lowering of width is proposed based on the electron mean free path, and may be understood from the
fact that the resistivity for Cu wires increase faster with reduction of width than Al, because Cu has longer
electron mean free path than Al [33]. It is also found that the grain size increases with the film thickness

for platinum films, and saturates for large thickness [29,34]. This result may be comparable to the current
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scenario of Ti films with increased width increases grain size and reduces number of grains as seen by
EBSD. Thin Ti films are analyzed accounting for electron scattering at both film and grain boundary
surfaces and lowering of resistivity is shown to correlate directly with an increase in grain size and hence
increase of width and saturates at a certain value of grain size [35], with p reaching the bulk value of the
material. Interestingly, narrow-width effect can be observed in a single-crystal wire with no grain also.
Hence though grain size effect is important, primary effect comes from the reduction of the width and
thickness. However, though there are some interesting studies available for metal interconnects on the
width effect of resistivity, a comprehensive study and understanding on TCR and p for Ti is not available
specially for the narrow-width effects to be considered for nanodevices where the grain size is <100 nm.
The correlation between TCR and resistivity could also be interesting and hence, currently under
investigation.

The intentions of the current report is to highlight and minimize the narrow width effect in thin metal
interconnects by studying how it affects the TCR and resistivity of the metal thermistor and hence the
final performance of the detectors in terms of electrical responsivity. A higher TCR is good for the detector
performance but that is compromised in lower dimensional devices in efforts to miniaturize the detectors.
Here the TCR falls drastically from DW=5 pum to DW= 0.2 or and further to 0.1 um for both the thermistor
metal candidate. Still we found DW=0.1 um is better in terms of electrical responsivity than that of
DW=0.2 um. Hence the effect of lowering of TCR is minimized due to higher resistivity in DW= 0.1
than that of DW=0.2 pum. In the current report as the focus has been emphasized mainly on the effect of
width change (TCR and resistivity variation) and how it is going to impact the electrical responsivity of
the detectors, a detail investigation on the scaling of electrical noise, though is important, but was not and
detailed noise analysis with respect to the change of width is underway currently. However the scaling
trend in terms of length of the electrical responsivity and cutoff frequency of the integrated thermistor and
heater for microbolomter, was studied explicitly in our previous report [19, 21], and may be useful for a
comprehensive understanding. The responsivity was found to increase upon length increase, if the width
and thickness of the heater-thermistor are kept the same. To miniaturize the device still have a higher
responsivity a meander structure may be useful. Though the aim for final application of these thermistors
is in the terahertz antenna-coupled microbolometers, however for this report the focus has been
emphasized mainly on the effect of width change (TCR and resistivity variation) and how it is going to
impact the electrical responsivity of the detectors. It is to be noted that we can expect the electrical
responsivity result for microbolometers are reflected to the optical (THz wave) responsivity of the

antenna—coupled microbolomters. Hence the current report does not include the detector’s optical perforce
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in THz wave. The gold electrodes here, are not acting as antennas and do not contribute significantly to
the electrical measurements because of the four probe measurement method used. A detail study on the
fabrication and electrical and optical performance of uncooled antenna-coupled terahertz microbolometer
arrays with fine line meander structure Ti/Pt thermistors with DW= 0.1 pm and 0.2 pm is under

investigation currently, with the insights provided in the current report.

4. Conclusions

Considering the importance of TCR, the narrow-width effect in the TCR and resistivity for Pt and Ti
thermistor with various design width (DW)= 0.1~5 pm on two different substrates (SiO»/Si and
SiNx/Si02/S1) are investigated. Increased resistivity and reduced TCR of the devices with the decreased
line width, is observed commonly for both metal and fitted with empirical formulae, which hold well for
different substrates. It is evident from the EBSD results showing reduced average grain size from Ti film
to Ti nanowire (DW=0.1 pm), that the reduced TCR is not dependent on crystal orientation or phase
variation of material but can be correlated with reduced grain size due to reduction of width. The optimum
value considering design requirement, thermistor of DW =0.1 um and 0.2 pum is used for the fabrication
of microbolometer. It is found that the device with DW= 0.1 pm of Ti thermistor has ~ 1.5 time higher
electrical responsivity (376 V/W) at maximum allowable current than that with DW= 0.2 um (254 V/W),
and the former is also ~11 times higher than device with DW= 0.1 um of Pt thermistor. Also the same
ratio of resistance increase due to temperature rise (3% of room-temperature resistance) requires almost
10 times higher bias current in Pt devices than Ti devices with the same DW of thermistor. In order to
understand the mechanism of the resistivity-TCR correlation, detailed material studies are necessary,
which may lead to the improved performance of the metal-resistor-based bolometers. The results in current
report lead to the detailed understanding of the width effect of TCR for Ti in the dimension of nanodevices,
to our knowledge, is not available at present. Cause of higher responsively could be higher TCR or
resistivity, or a trade-off in both. The optical response with THz source is under investigation currently,

but it is reasonably expected to have proportional improvements.
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Fig. 1. (a) OM and (b,c) FE-SEM image of Ti straight structured devices fabricated on SiNy
substrate, for measurement of the width effect on the thermistor. (d) Variation of design with
(DW) and average measured width (AMW) for two different substrates for Pt and Ti.
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Fig. 5. (a) Layout design and (b) OM image of terahertz microbolometer test device with thermistor DW=
0.1 pm made for the measurement of the electrical responsivity on different bias currents. (c) FE-SEM
enlarged view showing the heater and straight structured thermistor suspended on top of the cavity at a
tilted view to show the death of the cavity. (d) Electrical input-output terminals used for heater/thermistor
of terahertz microbolometer test device with thermistor DW= 0.2 um and its (e) FE-SEM view. In the
final structure of the antenna-coupled bolometer for optical measurement, the heater is directly connected
to the dipole antenna, and extra terminals (electrodes) for electrical measurement are eliminated.
Thermistor connection is also made by two wires running perpendicular to the antenna direction to
eliminate the interference.
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Fig. 6. (2) Voltage input-output response for heater for Pt microbolometer devices with thermistor width
DW= 0.2 um and 0.1 pm and fixed length. (b) Electrical responsivity of Pt microbolometer devices at
maximum allowable bias currents to thermistor at a frequency= 10Hz, with thermistor DW= 0.2 um and
0.1 um. (c) Voltage input-output response for heater for Ti microbolometer devices with thermistor width
DW= 0.2 um and 0.1 um and fixed length. (d) Electrical responsivity of Ti microbolometer devices at
maximum allowable bias currents to thermistor at a frequency= 10Hz, with thermistor DW= 0.2 um and
0.1 pm.
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Table. I. The variation of TCR and resistivity based on the empirical equations for two extreme values of
experimental AMW = 100 nm and 5000 nm for Pt and Ti thermistors on different substrates

Thermistor AMW | TCR Decrement (Ohm-m) Increment

(nm) (%/K) Factor P Factor
_ 5000 |0.2198 1.8593E-07

Pt (on SiOy)
100 0.1271 0.578 3.7451E-07 2.01
5000 |0.2109 2.2771E-07

Pt (on SiNx)
100 0.1219 0.578 4.0947E-07 1.8
5000 |0.2689 5.938E-07

Ti (on SiOy)
100 0.1062 0.395 1.8242E-06 3.07
5000 | 0.2557 5.447E-07

Ti (on SiNx)
100 0.1133 0.443 1.8242E-06 3.35
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