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Abstract—Lao.7Sro.3MnOs as a sensing material has shown
an amazing potential for uncooled thermal imaging
application. Here we report the fabrication of a Lao.7Sro.3MnO3
(LSMO) thin film thermistor on a Si wafer and explored two
prime figure-of-merit such as temperature coefficient of
resistance (TCR) and optical responsivity, which are very
useful parameters to compare the performance with any
thermal sensor. The LSMO films were deposited on a SrTiOs
(STO) buffer layer with Si/SiO: as a substrate, by a pulsed
laser deposition (PLD) technique. The crystallinity and surface
topography of the films were analyzed by X-ray diffraction
(XRD) and atomic force microscopy (AFM). The fabricated
device was then analyzed for its thermal and electrical
characteristics to validate its suitability as an IR sensor. The
fabricated device shows very sharp metal-to-insulator (Tmr)
phase transition temperature at 150 K and very high TCR of
+4% K and -4%K-! near 100 K and 200 K respectively, when
the temperature was sweeped from 10 K to 300 K. Fabricated
Thermistor shows very good thermal response and recovery
when subjected to an alternating on-off cycle of IR lamp (150
W) illumination, which confirms its suitability for the high-
speed thermal imaging application. The experimental analysis
shows highest responsivity of ~21085 V/W at 8.5 um, which
falls in the Long-Wave Infrared (LWIR) region, which is an
ideal IR band for any thermal imaging application.
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I. INTRODUCTION

As a solution to the new industrial demand for better
performance in the semiconductor industry, new functional
oxides have been suggested for micro/nano device
applications [1]. Typically known as rare-earth manganite
oxides (Re;_xAexMnOs, where Re is a rare earth element
like La, Nd, Pr and Ae is an alkaline earth element, e.g. Ca,
Sr, Ba, Pb), they normally have remarkable electronic and
magnetic properties which are explored in several attractive
device applications, such as in nonvolatile magnetic random
access memories [2], magnetoresistive sensors and in spin
electronic devices [3]. Moreover, manganites have a
promising potential for bolometric infrared detection as
these materials exhibit a significant change of their electrical
resistance at the metal-to-insulator transition temperature
(Twmi) when the temperature is varied over a wide range from
100-350 K [2, 4]. These materials undergo substantial

change in their temperature coefficient of resistance (TCR,
defined as TCR%= g% # 100, where R and T represents

the resistance and temperature) at the Tai [5]. High TCR is

978-1-5386-6415-5/18/$31.00 ©2018 IEEE

Sudharshan Vadnala
Dept. of Mechanical Engineering
Indian Institute of Technology
Bombay, India
ph10p005@iith.ac.in

Amit Agrawal
Dept. of Mechanical Engineering
Indian Institute of Technology
Bombay, India
amit.agrawal@jiitb.ac.in

Shiv Govind Singh
Dept. of Electrical Engineering
Indian Institute of Technology
Hyderabad, India
sgsingh@iith.ac.in

one of the prerequisite electrical characteristic of an
uncooled thermal detectors because it decides its sensitivity.
Apart from that, high electrical conductance and low 1/f
noise are some of the additional indispensable attributes of
any superior class of material, considered ideal for IR
sensing application [2].

In general, IR sensitive materials which are normally
resistive in nature falls under two main categories namely
metals (Au, Pt, Ti, etc.) [2] and semiconductors (VOx,
Amorphous silicon, SiGe,) [2, 6]. These materials are
ideally supposed to have moderate to high TCR, high
conductance, and low 1/f noise. When compared with other
materials, manganites do exhibit relatively higher TCR near
the transition (Twi) temperature region, that determines the
sensitivity as well as an active thermal zone for bolometer
application. Indeed, the focus of our discussion is
Lag.7Sr03MnOs also known as LSMO which exhibits high
TCR, high electrical conductance, and low noise [2]. In
LSMO, the divalent Sr** ion doping at La*" ion introduces
extra holes in the valence band which enhance its electronic
conductivity [7]. Furthermore, Ty in LSMO can be tailored
to a wide range of temperature by interstitial substitution
technique which makes LSMO one of the potential sensing
material for fabrication of uncooled thermal detectors [5]. In
addition, stress/strain engineering in thin films also plays
one of the key role to tune LSMO’s phase transition
temperature Ty and TCR%. In literature, Goyal et al.
reported +2 %K' TCR for 180 nm Lag7Sro3MnO; film on
lanthanum aluminate (LAO) substrate at 360 K [8],
Chaudhary et al. reported -7 %K' TCR for LagsSrosMnO;
on Si substrate at 300 K [9], similarly Hayashi et al.
reported TCR of +1.5%K™ for 150 nm thickness of
Lao7SrosMnOs at 300 K on Strontium Titanate (STO)
substrate [10], all of which signifies that the TCR value
depends on various factors like film thickness, substrate
type as well as the chemical composition of the film. Hence,
LSMO has garnered a lot of interest among many
researchers due to its wide range of options which it
provides to fine tune the Ty and TCR for the diverse
bolometric application.

An uncooled infrared bolometer is a thermal detector
whose electrical resistance changes as a function of radiant
energy. So, the larger the resistance changes, it implies high
TCR and high responsivity [11]. Infrared detectors are
generally classified into two types: photon detectors and
thermal detectors. The photon detectors have a high signal
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to noise ratio (SNR) and have a very fast response time,
however, they generally require a cooling system, which
makes them heavy, bulky and expensive. In comparison
with photon detectors, most of the thermal detectors operate
at room temperature, thus making them relatively
economical and comparatively a bit noisy. Even though
their response time is fairly large compared with the photon
detectors, thermal detectors have no limitations on the
wavelength response band. This makes it possible to used
thermal detectors in hand-held infrared devices. Infrared
detectors have diverse applications which are mainly used in
temperature monitoring, thermal imaging, security, fire
detection, search and rescue, and medical purposes.

In this study, Lag7SrosMnOs thin film thermistor have
been fabricated on a Si (100) wafer by pulsed laser
deposition with SrTiOj; as buffer layer sandwiched between
LSMO and SiO,. We have successfully shifted the transition
temperature Ty below the room temperature with very high
TCR and responsivity values, which reiterates LSMO’s
enormous potential for infrared sensing. In addition, we
have described the detailed fabrication of LSMO thin film
thermistor and IR-based opto-electronic characterization of
the fabricated device.

II. DEVICE FABRICATION AND THIN FILM DEPOSITION

A. Device Fabrication

Fabrication of thin film thermistor to be used as a pixel
in Microbolometer mainly involves fabrication of pixel
structure, which is illustrated below in Fig. 1. The process
starts with the drawing of the desired pixel pattern in
CleWin software, as shown in Fig. 1(a) which will be
printed on to the photomask. The pattern on the photo mask
is then transferred to the photoresist (PR) (S1813) coated
thermally oxidized P-type Si wafer during UV
photolithography, which is illustrated in Fig. 1(b) and 1(c).
The underlying SiO, layer which gets uncovered after
developing the PR film was etched in buffered hydrofluoric
(BHF) solution for about 5 to 6 minute, at room temperature
condition with an observed etch rate of 100 nm/minute [12],
unless the exposed SiO is fully etched, as illustrated in Fig.
1(d).

The exposed Silicon was then etched using Reactive Ion
Etching (RIE) system (NRE-3500) by SF¢/CHF3/O, gas
mixture at an optimized RF power of 150 W for 10 minutes
as per the selected recipe, which has a physical etch rate of 1
pm/minute, as shown in Fig. 1(e). Fig. 1(f) shows the wafer
after it is cleaned in Acetone and IPA bath for removal of PR
and traces of acetone respectively, before dicing the wafer.
Fig. 1(g) shows the schematic view of the device which was
fabricated on the Si wafer. Hereafter the wafer is
cleaved/diced into rectangular smaller pieces of suitable
dimension (say 15 mm x 8 mm), the sample size which is
suitable enough to be placed inside Pulsed Laser Deposition
(PLD) chamber. The image of one of the sample is shown
below in Fig. 2(a). Fig. 2 shows the diced SiO»/Si sample
which was used as a substrate during PLD process for LSMO
film deposition and the probe station setup, Summit 11000 M
from Cascade Microtech that was used for IR and electrical
characterization.

UV light (405nm)
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Fig. 1. (a) The mask pattern for fabricating the device, (b) Lithography step
after spin coating, (c) when photoresist was developed after UV exposure,
(d) after etching the SiO, layer in BHF solution, (e) etched profile after RIE
etching, (f) pattern after stripping the photoresist film and (g) schematic of
the etched device.

B. PLD Film Deposition Process

The PLD system uses Nd-YAG laser of 532 nm
wavelength, having a pulse width and pulse energy of 8 ns
and 300 mJ respectively, at 5 Hz for ablation. During the
deposition, the pulsed laser was focused on a target, which
is a circular pellet of 13 mm diameter and 3 mm in
thickness. The target was rastered continuously during
ablation, in order to avoid repeated ablation from the same
spot on the target to ensure uniform erosion of the target
material during the deposition process. The deposition of the
film was carried out at 700 [J under high vacuum condition
(5 x 10 mbar) and in a dynamic oxygen (O,) pressure of
150 mTorr on a Si/SiO; substrate which is kept 45 mm away
from the target. The substrate was mounted slightly off axis
with respect to the plume axis and rotated at the rate of 8
rpm during the deposition in order to get a uniform film
thickness. First Strontium Titanate (STO) buffer layer was
deposited prior to LSMO film, primarily to reduce the strain
in LSMO film which gets induced due to lattice mismatch
with the substrate, if LSMO film was deposited directly on
Si/Si0, substrate [13,14]. Approximately 500 and 6000
laser pulses were used for 10 nm and 175 nm thickness of
STO and LSMO thin films respectively, the schematic view
of which is shown in Fig. 3 below. For the deposited film,
XRD technique (CuKo radiation) at 40 kV and 30 mA
(PAN analytic X’pert pro) and AFM was used to analyze the
structural morphology.

Fig. 2. Diced Silicon sample (a) sample used for PLD deposition, (b)
Enlarged image of the fabricated device with Au/Ti contact pad, (c) the
probe station setup with PLD sample, and (d) the single device when it was
probed.
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ITII. RESULTS AND DISCUSSION

A. Structural and Morphological characterization

Fig. 3(a) shows the GI-XRD pattern of LSMO thin film
grown at 150 mTorr oxygen partial pressure along with the
pattern of LSMO bulk ceramics. LSMO thin film exhibits
polycrystalline structure with orthorhombic phase. It is very
well matched with the bulk ceramic sample with PCPDF
reference number 894461. Fig. 3(b) represents topography
images of the LSMO thin film measured by Atomic force
microscopy. It is observed that the thin film displays a
smooth surface having its r.m.s surface roughness of less
than 5 nm.
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Fig. 3. (a) XRD analysis of LSMO thin film is compared with the ceramic
bulk target, (b) Surface topography of LSMO thin film measured by atomic
force microscope.

B. Electrical properties with IR illumination

In order to determine the suitability of any thin film for
its sensing application, it becomes mandatory to study its
electrical behaviour. Here we investigated the LSMO film
for its sensitivity due to the heating effect of Infrared (IR)
radiation, its TCR, temperature dependent I-V characteristics
and its switching properties with alternating ON-OFF cycle
of IR lamp exposure, to explore its overall suitability for IR
sensing application. From this analysis, it is possible to
extract many important performance parameters needed for
characterizing the Optoelectrical behaviour of the film. We
know that IR radiation causes heating effect which results in
increase of temperature, therefore, we investigated the
dependency of film resistance due to varying temperature by
sweeping the temperature from 10K to 300K with a Closed
Cycle helium refrigerator setup comprising of Keithley 6221
AC/DC current source and Keithley 2182A Nano voltmeter,
for biasing the sample with a supply current of 10 mA and
for measuring the voltage drop across the sample
respectively.  Fig. 4(a) illustrates the variation of film
resistance with increasing temperature, using which it is
possible to determine the two of the very important
performance parameter like TCR and Responsivity of the
thin film, which are needed for comparing their figure-of-
merit with other sensors for use in IR sensing application.
Interestingly, LSMO exhibits metal-to-insulator transition
(Tyi) around 150 K. For T < Ty, the film behaves like a
metal as its TCR is positive in that range and for T > Ty it
behaves like a semiconductor, due to its negative TCR value.
TCR is one of the figure-of-merit used to compare the
performance of different materials for IR sensing application.
The TCR of the film indicates the sensitivity of the film to an
exposed IR. Higher the TCR value, higher will be the
sensitivity of the material. During our measurement we
observed TCR % varying from +4 %/K to -4.0 %/K (Fig.
4(b)) which is much higher than many results reported earlier
[15-19].
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Fig.4. (a)The resistance vs temperature curve showing metal-to-
semiconductor phase transition behaviour, (b) TCR % vs temperature
curve, (c) I-V characteristics at different temperature and (d) switching
response of thin film thermistor due to alternating cycle of IR lamp
exposure for 30 secs with 50% duty cycle.

Fig. 4(c) shows the current-voltage (I-V) curves measured
with a two-probe setup (Fig. 2(d), the schematic of which is
shown in figure 5(a)) at normal atmospheric temperature
and pressure. The characterization setup for two-probe
measurement consists of a blackbody IR source (Model IR-
2106 from Infrared Systems Development Corporation), for
illuminating the sample, Keithley 4200 SCS Parameter
Analyzer as Source Measuring Unit (SMU) and Probe
Station (Model Summit 11000M from Cascade Microtech)
for probing the sample. During I-V measurement the IR
source temperature was varied uniformly from 25 [J to 55 [J
in 5 [J step, and the respective I-V plot is shown in Fig. 4(c).
All the curves for different temperature are perfectly linear
and they are passing through the origin, which signifies that
the film as-well-as contact point is perfectly ohmic in nature
and it is behaving like a two-terminal resistor, obeying
ohm’s law. There is a gradual increase in the slope of the
linear I-V curves as the temperature is increased uniformly,
which illustrates thin film is semiconducting in nature. It is
this characteristic which makes LSMO an ideal material for
bolometer application.

The switching characteristics of the Thin film
Thermistor was investigated using a series circuit consisting
of the fabricated thermistor and a fixed resistor, which are
approximately equal in resistance, and biased the circuit
with a 1 V DC using an SMU, the circuit schematic for
analyzing the switching characteristics is shown in figure
5(b). Fig. 4(d) shows the switching response when we
illuminated the thin film sample with an IR lamp (150 W)
by cyclically turning it on and off for 30 seconds with 50%
on-off duty cycle. The periodical rise and fall of thin film
resistance was captured using 16-channel AB4001 data
acquisition system. Thermistor resistance starts falling very
fast when illuminated with IR and it tends to increase when
not exposed. But, we noted reduction in the peak value of
resistance of the fabricated Thermistor in the subsequent off
period during on-off cycle, due to high thermal capacitance
of the substrate. As the experiment was performed in
an open type environment with the thin film sample at
normal atmospheric pressure condition, the effect
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of stray noise due to various nearby electrical equipment

and electromagnetic interfaces (EMI) could have
caused those jitter in the switching response.
IRrigs
H“r‘:ﬁ Gold Pad
-:.'Z%iso.\(([;ﬁ
@ S substrate
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Fig. 5. (a) Schematic view of two-probe being used during -V
measurement, and (b) schematic view of the series circuit used for
analyzing the switching response and optical responsivity.

Finally, we determined the responsivity of the LSMO
film, which is used as one of the figure of merit to compare
the performance with existing IR sensors. Responsivity is
measured to determine the IR sensitivity, which primarily
signifies the ability of the film to convert an incoming
radiation into an electrical signal. As responsivity could be
either voltage responsivity or current responsivity, it
depends on whether we are measuring the voltage change or
current during optoelectrical measurements. Here we used
the same series circuit that was used for investigating the
switching behaviour, for determining the voltage
responsivity. The voltage responsivity is calculated by
measuring the voltage change (AV) across the thin film due
to the incident IR radiation and dividing it by the incident IR
power, under fixed DC bias current.

AV I, XAR (1)
" P,xA P,xA

Where AV= Vg — Vqa signifies change in output voltage
when exposed with IR source, Vir signifies the voltage
developed during IR exposure, Vqak signifies the voltage in
absence of any IR source. The incident power density of IR
source (W/cm?) is Piy, the sensing area of the sample (cm?) is
A, the DC bias current is I, and finally the change in
resistance caused by IR exposure is denoted by AR.The
maximum responsivity obtained was 21085.6 V W', which
is very much higher than the values reported elsewhere
previously [15] [20-26], when the bias current, change of
resistance, incident IR power density and area are 6.4 pA,
1.5 KQ, 29.328 mW cm™and 16 x 10°® cm?, respectively.

Fundamentally, the power density from IR source is
related to its temperature by Plank’s radiation law and the
IR source temperature is dependent on the IR wavelength by
Wein’s displacement law. In Fig. 6 we have shown two
graphs, the graph on the left side illustrates the dependency
of responsivity on IR wavelength and the graph on the right
side illustrates the dependency of IR source temperature on
IR wavelength. The voltage responsivity was calculated for
blackbody IR temperature range from 30 °C to 140 °C, at a
fixed bias of 6.4 pA. Fig. 6 shows the variation of
responsivity with IR wavelength, having a maximum value
of 21085.6 V/W at 8.57 um. It is to be noted that the
respective IR wavelength of the temperature used during I-V
measurement lies in the long wavelength IR range, as per
the Wein’s displacement law. Table I below clearly
summarizes the superiority of LSMO thin film as IR
sensitivity material with regards to TCR % and responsivity.
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Fig. 6. Dependency of voltage responsivity as well as temperature on IR
wavelength.

IV. CONCLUSION

In conclusion, we have illustrated the fabrication of a thin
film thermistor followed by its material and IR-based
optoelectrical characterization, to explore its suitability as an
IR sensor. LSMO film deposited by a PLD process on STO
buffered SiO,/Si substrate, shows very good crystallinity and
r.m.s surface roughness below 5 nm, as confirmed by XRD
and AFM analysis respectively. TCR % of +4%K! indicates
LSMO films are highly sensitive and the reported result is
much better than many results reported elsewhere.
Temperature dependent I-V measurement shows linear
curves passing through the origin with gradually increasing
slopes as the temperature is varied uniformly in steps, which
confirms the semiconducting nature of the LSMO film.
Measured thin film resistance was in the range of 6 kQ to 7
kQ at room temperature, which reiterates the low noise
nature of LSMO as IR sensing material. Good switching
response and very high optical responsivity of~21085 V/W
reaffirms that the fabricated LSMO thin film thermistor will
be a better choice for the high speed thermal camera and it
will be very much suitable for very long range thermal
imaging application respectively, due to its higher sensitivity.
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TABLE I. COMPARISON OF TCR AND RESPONSIVITY OF DIFFERENT IR SENSING MATERIAL

IR sensing material Absolute TCR% (% K1) Responsivity (V/W) Ref
Titanium 0.2 1.5 [20]
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Poly SiGe -2.0 47,800 [22]
Carbon Nanotubes (IsoNanotubes-S) -2.1 138 [23]
Vanadium Oxide (VOy) -2.49 72000 [24]
Single-walled carbon nanotubes -2.94 230 [25]
Vanadium-Tungsten alloy Oxide (VWOy) -2.98 5000 [26]
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