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Abstract : Antenna-coupled microbolometers to detect terahertz wave were fabricated and
their characteristics were evaluated at room temperature. The microbolometer consists of an
integrated heater-thermistor and half-wave dipole antenna designed for 1 THz. The width of
the Ti thermistor is made as narrow as 0.1 um by electron beam lithography, and meander
shape with longer effective length of thermistor is adopted to realize higher electrical
resistance and to improve responsivity. The electrical responsivity for meander shape was
255 V/W, which was more than four times higher than that for the straight one. The electro-
thermal circuit simulation was carried for better understanding of the observed results.
Optical characterization of the bolometer with half-wave dipole antenna in the frequency
range from 0.955 to 1.065 THz suggested that the Ti microbolometer was a promising device
for detecting the electromagnetic waves in 1-THz frequency region.

Keywords: Far infrared (FIR), Terahertz (THz), Microbolometer, Electron beam lithography,
Electro-thermal simulation.

Introduction

Detectors for far infrared (FIR) to terahertz (THz) waves are broadly classified into photon detectors
and thermal detectors, both of them have generated a great deal of research interested over the last two decades™
*_ Photon detectors are fast, more sensitive, and commercialized for military and space science applications but
require cooling systems to reduce the dark current. On the other hand thermal detectors, represented by a
microbolometer, have ability to work at room temperature. Moreover, uncooled FIR-THz detectors are low-
cost, portability and more reliable, and have found many applications in areas such as surveillance, firefighting,
night vision, military, etct. However, uncooled bolometers have disadvantages, such as low detectivity due to
thermal noise, response time, self-heating under constant bias®, and susceptibility of the sensor material to the
fabrication process®. Performance of such a microbolometer is mainly determined by (i) temperature coefficient
of resistance (TCR) of the thermistor (ii) thermal isolation in the integrated structure of the heater and
thermistor’™.
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Microbolometer detectors measure the temperature change caused by absorbing electromagnetic waves
as thermal energy. The size of the detector should be A/n,, where A is the wavelength of electromagnetic
radiation (i.e. 300 um for 1 THz) and n. is the effective refractive index. The effective refractive index is

defined by n, = /(1 +¢")/2, where &' is relative dielectric constant of the substrate’®'*. The size of the
detector would be 119 pm for Si substrate ¢ = 11.699 and it is difficult to fabricate such a large size of
absorption/thermistor film suspended above the air gap and to reduce the thermal capacitance and conductance.

Our group has recently proposed a novel structure for the THz microbolometer by adopting an antenna-
coupled type'®*. The Au dipole antenna is made on the insulation layer of SiO, formed on a high-resistivity Si
substrate. The heater of a resistor is placed at the center of the dipole antenna and the thermistor together with
an insulation layer between them is stacked. The electric lines are connected to the thermistor to flow bolometer
current and the take the signal out from the thermistor. Only the bolometer cell comprising of the heater, the
insulation layer and the thermistor is suspended above the air gap holed in the substrate.

In order to evaluate the possibility antenna-coupled microbolometer detector, the 1-THz half-wave
dipole antenna has the resonant antenna length of 52 um on Si substrate and an integrated heater-thermistor,
nominal length of the integrated heater-thermistor has to be reduced to about 10 um (which is sufficiently
shorter than the dipole-antenna length) in order to place in at the center of antenna, is fabricated, and its
operation is analyzed.

We have verified scaling trend for integrated thermistor and heater before analyzing the properties of
antenna-coupled microbolometer. The length dependences of the electrical responsivity and the cutoff
frequency (f.) of integrated thermistor and heater reveal that the former gets degraded and the latter improved as
the length is reduced if the width and thickness of the heater-thermistor are kept the same'®**. To predict the
responsivity and response speed, scaling trend is explicitly described in Table 1. The factor 6 is used to
represent the physical dimensions of heater and thermistor, and the change in parameters such as voltage,
current, electrical and thermal resistances, and thermal capacitance is considered under constant-voltage
condition. The overall effect of these parameters is reflected in the responsivity and the cutoff frequency. The
cutoff frequency improve by length down scaling, but the responsivity is reduced by the same length reduction
factor. To verify the scaling trend experimentally, the integrated thermistor and heater with different lengths
were fabricated. The length dependence of electrical responsivity (R,) and cutoff frequency (f.) of integrated
thermistor and heater is shown in Fig. 1. As it is obvious from the figure as predicted by the scaling trend,
responsivity decreases with decreasing length. At 11 um, the expected responsivity is ~110 V/W. But this
length we have to choose as mentioned above, the nominal length ~ 10 um (for integrated thermistor and
heater) may be utilized for our antenna coupled devices.

Table 1. Scaling trend for microbolometer under constant-voltage condition

Parameters Scaling factor |  Remarks
Heater and / thermistor length )
Heater and thermistor width, thickness 1,1
Voltage (V), Current (1), Input Power (P;,) 1,87 87

Electrical and thermal resistance (R, and Ry) )
Thermal Capacitance (Cy) )
Temperature rise (AT) 1 oc Piy X Ry
Output Voltage (Vou) 1 o | X Rg X AT
Responsivity S oc VoulPin)
5

N

Cutoff frequency oc 1(R; x Cy)

This degradation can be alleviated by more complex layout pattern of the thermistor, such as a meander
shape, with longer effective length. As the result, electrical responsivity enhances, than that of the straight one.
We have fabricated both straight and meander shape thermistors and compared their responsivities which will
be discussed later.

In this paper, we describe a structure of a microbolometer coupled with a half-wave antenna on a Si
substrate and observed electrical responsivity and cutoff frequency and compared it with the simulated results.
The half-wave antenna characteristics are also verified from angle dependence of optical THz measurement.
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Fig. 1. Length dependence of responsivity (R,) and cutoff frequency (f.). Open square and circular
symbols represent the R, and f. respectively while the closed square and circular symbols show the
expected R, and f. respectively. Thickness and width of thermistor are 46 and 0.1 um, respectively, and
those of heater are 96 and 1.24 um, respectively.

Microbolometer’s structure

The microbolometer consists of gold (Au) antenna, titanium (Ti) heater, silicon dioxide (SiOy)
interlayer and Ti thermistor on thermally oxidized silicon (Si) substrate. The schematic diagram and scanning
electron microscopic (SEM) pattern of the fabricated antenna-coupled microbolometer is illustrated in Fig. 2(a)
and 2(b) respectively. The schematic diagram is used to give more insight of the integrated heater and
thermistor part of the fabricated antenna-coupled microbolometer.
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Fig.2.Antenna-coupled Tim icrobolometer. (a) Schematic diagram of the integrated thermistor/
interlayer/heater are at the center of the half-wave dipole antenna, (b) SEM image of microbolometer
fabricated by electron beam lithography. Here I+, I+" and V¢, V1" are current and voltage terminals
respectively for thermistor, whereas I, 14" and V', V' are similar terminals for heater.

The structure of the THz antenna-coupled microbolometer is as follows: A Au-metal antenna split at its
center to two parts is made on a SiO, insulation layer formed on a high-resistivity Si substrate. A heater of a
resistor is placed at the center of the antenna and directly connected to the antenna, a thermistor is electrically
separated but thermally combined to the heater, and both of them are suspended on a cavity dug on a Si
substrate.

Fabrication process

The process steps of microbolometer are discussed elsewhere'®. The fabrication steps are as follows.
The thermistor on thermally oxidized (TO) Si substrate was formed by lift off of electron beam evaporated Ti
thin film pattern by electron beam lithography and as illustrated in Fig. 3 (a). The interlayer SiO, was deposited
by electron cyclotron resonance (ECR) sputtering. The contact hole in ECR sputtered SiO, was created by CHF;
reactive-ion etching (RIE) as shown in Fig. 3 (b). After that, heater was fabricated by lift off of patterned
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evaporated Ti thin film as shown in Fig. 3 (c). The Au Antenna and electrical pads were fabricated by lift off of
the patterned Ti/Au thin film as it is obvious in Fig. 3 (d). The deep-cavity for thermal isolation was formed by
CHF; RIE and SF¢ plasma etching as shown in Fig. 3 (e). The scanning electron microscopy (SEM) image of
meander shape thermistor pattern is shown in Fig. 3 (f), since the optical microscopy pattern resolution is not
sufficient for 100 nm width thermistor. The Ti is selected considering its low thermal conductivity. The
thermistor and heater are electrically separated by SiO, interlayer for independent optimization. The width of
the Ti thermistor is made as narrow as 0.1 pum to attain high responsivity.

The fabricated antenna-coupled Ti microbolometer is shown is Fig. 2(b). As it is obvious from the
figure, the available length for integrated thermistor and heater is ~10 um. The heater and thermistor length
should be ~ 10 um. However this length can also be utilized for complex patterns, like meander shape
thermistor pattern which is shown in the schematic diagram.

B
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Fig. 3. The fabrication steps of Ti microbolometer (a) thermistor pattern, (b) contact hole in SiO,
interlayer, (c) heater integrated on thermistor, (d) Au-antenna and electrical pads, (e) cavity for thermal
isolation of integrated thermistor and heater and (f) SEM image of meander shape thermistor.

Electro-thermal simulation

To establish the correlation of the observed Ti microbolometer’s responsivity, electro-thermal (E-T)
circuit simulation was carried out using SPICE circuit simulator. The unit circuit representing heater/thermistor
line with length AL, thermal resistance r;, thermal capacitance c,, electrical resistance r,, and its temperature
coefficient « is shown in Fig. 4(a), and the entire circuit is depicted in Fig. 4(b). Transient analysis was
performed with sinusoidal input to V;, using SPICE circuit simulator, and the responsivity was calculated from
the thermistor output with respect to heater input power for bias current 100 pA.
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Fig. 4. Electro-thermal (E-T) circuit for simulation (a) unit circuit, and (b) entire circuit for integrated
thermistor and heater for meander shape thermistor.
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Results and discussion

After the device fabrication, the basic parameters were measured/calculated and listed in Table 2.
Thickness of the heater/thermistor and antenna was measured by stylus profilometer, and width and lengths
were designed values. Resistance and TCR were obtained by DC IV measurement at 240-300 K, and the values
for 300 K are listed. Form the table it is clear that resistivity and TCR has width dependence. The detailed
analysis of width dependence is out of the scope for the present report.

Table 2. Device parameters and their properties

Parameters Heater (Ti) | Thermistor (Ti) | Antenna (Ti/Au)
Thickness (nm) 96 46 20/200
Width (um) 1.24 0.1 5.2
Length (um) 11 19.72 52
Resistivity (Q.m) | "1.97 x10°| 250 x 10° ¥418x 10°®
Temp. coef. (K?) | 1.25x 1073 4.14 x 10
Si02™ thickness 208
(hm)
SiO, " thickness 87
(nm)
Cavity depth (um) 3.2

*Bulk Ti resistivity = 4.78 x 107 Q.m
*Bulk Au resistivity = 2.27 x 10% Q.m

Thermal resistance of the heater and thermistor line was evaluated based on the phenomenon that the
electrical resistance of the thermistor increases with increasing DC current. The increase of the normalized
resistance as function of square of the current is shown in Fig. 5 for both (a) independent thermistor and (b)
integrated thermistor. The normalized resistance linearly increases with the square of the current. For an
isolated wire, the resistance change was observed and discussed analytically by Zhang et al**. The experimental
data was fitted by using Zhang et al. approach and determined the average temperature rise, which is also
shown in Fig. 5 for both (a) and (b) type thermistor. Input fitting parameters for the simulation are thermal
resistance per unit length of the heater (r), thermal capacitance(c,), electrical resistance per unit length (r) and
temperature coefficient of resistance (), which are 6.73 x 10™ K/(Wm), 1.34 x 10° J/JKm, 1.50 x 10" Q/m , and
1.253 x 107, respectively for heater. Similarly for thermistor they are 3.76 x 10" K/(Wm), 9.99 x 10 J/Km,
6.68 x 10° Q/m , and 4.14 x 10 respectively. The experimentally obtained thermal conductances are 1.20
W/(mK) for SiO, and 5.78 1.20 W/(mK) for Ti, however the reported values are 1.32 W/(mK) for SiO, and 21.9
W/(mK) for Ti*®"". The extracted value of thermal conductance of Ti is approximately ~4 times lower than the
reported values in the literature. The resistivity is ~ 4 times higher than the bulk value of Ti (as shown in Table
2). From Wiedemann-Franz law, it is expected that lower value of thermal conductance for heater Ti will show
higher value of resistivity, that is what we have observed. Using the above parameters the E-T circuit simulation
was carried out to estimate the responsivity and cutoff frequency for the microlometer.
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Fig. 5. Dependence of AR/R, on 1° for independent thermistor (a) and integrated thermistor/heater (b) for
50 pm length.



Hiroshi Inokawa et a//Int.). ChemTech Res.2014-2015,7(2),pp 1019-1026. 1024

The responsivity of the fabricated microbolometers is measured by applying AC electrical power up to
2 uW at 100 Hz. Thermistor output was detected by lock-in amplifier under the bias current of 100 pA.
Thermistor output voltage with respect to the heater input power is shown in Fig. 6 (a) for straight and meander
shape thermistors. The observed responsivity values are 57 and 255 V/W for straight and meander shapes,
respectively.

For straight shape thermistor, the simulated responsivity is very high as compared to experimental one.
The expected experimental responsivity (as shown in Fig. 1) is ~110 V/W but we did not get the expected
experimental value. It may have happened due to partial isolation of the integrated thermistor/heater from the Si
substrate. The present etching depth for isolation in Si is 3.2 um (see Table 2), which seems to be not sufficient
for perfect isolation.

For meander shape thermistor, the experimentally observed responsivity is lower than the simulated
one. One of the reasons may be the use of the fixed value of TCR in simulation. We have used TCR value at
300 K, however in reality the average temperature rise is ~50 K (e.g. as shown in Fig. 5), and actual TCR is
lower. The other possibility may be due to the bias current of the thermistor. Since extra heat produced during
microbolometer operation, which was not taken in to account while estimating the values of thermal resistance
for both thermistor and heater from the individual 1-V measurements. During the I-V measurement either
thermistor or heater was used at a time but during microbolometer operation, both thermistor with 100 pA
current and heater with 2 uW power produce heat, which has been ignored in the extraction of input parameters
for E-T simulation.

s e R=201vwW |~ 'F
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S: Meander <—\_ 255 = o ¥,
= 400 e ‘H‘\
3 2 3 ‘T’,
E 2 E . 1
23 200 s 04F Expt. Simul. ‘11'
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0 [
27 b e—— ey
0 PLeate, (W) z 10° 10° 10°
(a) in (M (b) Frequency (Hz)

Fig. 6. The experimental and simulated results of Ti microbolometer (a) Thermistor output versus heater
input power for straight and meander shape thermistor at 100 Hz, and (b) frequency response of Ti
microbolometer for straight and meander shape thermistor at 2 uW input power. The symbol shows the
experimental result, while dashed and dotted lines show simulated result.

In order to determine the cut-off frequency of our fabricated detector, the frequency response
measurement are performed for both type of thermistors. To compare them, normalized frequency response are
plotted for both thermistors as shown in Fig. 6(b). The simulated frequency responses are also shown to
compare with the experimental one. This also validates of extracted thermal capacitances for our device
dimension. The frequency response of both straight and meander shape matches very well with the simulated
one as illustrated in Fig. 6(a) and 6(b). The slight different between experimentally observed frequency
response to the simulated one may be due to frequency response characteristics of the V/I converter which we
have used during measurement to when we apply input power to the heater.

The THz responsivity is measured by using electromagnetic radiation emitted from a 1 THz source with
three-stage Schottky-barrier amplitude-multiplier chains multiplying by 72 times the microwave from a
synthesizer'®. The THz response distributing on the full frequency range from 0.955 THz to 1.065 THz of the
1THz-source and the response cutoff frequency of 7 kHz, which are consistent with the results of the
electromagnetic, thermodynamic and E-T circuit simulations of the antenna-coupled detector as discussed
above in Fig. 6. The thermistor response of the THz antenna-coupled bolometer is dependent on the direction of
the polarization of the THz radiation, which demonstrate the detention of the radiation by the dipole antenna
and illustrated in Fig. 7.
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Fig. 7. Thermistor signal of the room temperature THz antenna-coupled microbolometer responding to
the 1 THz radiation as a function of the polarization angle of the radiation. The polarization angles of 0
and 90 degrees are on the E-plane and the H-plane, respectively. [Ref. 18]

The measured highest responsivity is 90 V/W at 1.012 THz and the corresponding noise-equivalent
power (NEP) is 4.6 x 10™° W/Hz"? suggesting that Ti microbolometer is a promising device for detecting the
electromagnetic waves around 1 THz frequency region.

Conclusion

An antenna-coupled Ti microbolometer was designed and fabricated using electron beam lithography.
The responsivity of the straight and meander shape of the Ti thermistor with 0.1 pm width are compared. The
use of meander shape enhances the responsivity compared to straight one. The experimental results were also
assessed by E-T circuit simulation and compared. The lower value of experimental responsivity compared to
simulated result may be due to the fixed value of TCR used for simulation or incomplete thermal isolation in the
fabricated bolometer. The polarization angle dependence of the optical measurement validates the
characteristics of half-wave dipole antenna.
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