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Introduction 

Recently, the terahertz (THz) wave with frequencies from 0.3 to 3 THz have shown exciting 

possibilities in the area of non-invasive inspection and imaging for their transparency to non- 

polarized materials and spectral fingerprints of organic- and bio-macromolecules [1]. Compared 

with X-rays and millimeter waves, THz waves are non-ionizing and have a high spatial 

resolution. Hence, they can be effectively used for imaging concealed objects, material 

identification, and biomedical diagnosis [2]. Such a wide scope of the THz technology highly 

necessitates the development of low-cost, high sensitive, room-temperature THz detectors. 

Photonic detectors operated in the THz range are inevitably affected by the small energy of the 

photon resulting in an additional cryogenic cooling system [3]. The recently developed 

semiconductor based quantum well photodetector [4], antenna-coupled silicon dot 

photodetector [5], and patch antenna-coupled quantum well photodetector [6] for THz 

detection shows a noise equivalent power (NEP) less than 1 pW/Hz1/2 at low temperatures. 

Cooling requirements of photon detectors are the main obstacle for extensive usage. The 

possible choices of room-temperature THz detectors are microelectromechanical system 

(MEMS)-based resonators, electronic detectors or receivers such as the Schottky barrier diode 

(SBD), FET, etc., and thermal detectors such as the bolometer. Recently, GaAs based MEMS 

thermistors utilizing the thermo-mechanical transduction scheme were fabricated for the 

detection of THz radiation. The temperature change in the MEMS resonator was observed as a 

resonance frequency shift and realized the NEP of about 90 pW/Hz1/2 and the operation 

bandwidth of several kHz simultaneously [7]. In SBD, the electric field of the incoming 

radiation received by an antenna is rectified by the difference between the forward and reverse 

flow of the current. This in turn generates a dc signal for the corresponding input power. In the 

case of FET, the detection of radiation results from the rectified alternating current (AC) 

induced by the transistor channel’s nonlinear properties. The photo response that appears 

between the source and drain is in the form of a direct current/voltage and is proportional to the 

radiation power. SBD has been used for room-temperature THz detection [8], and its evolution 

in planar design has widened the usage [9]. Furthermore, the integration with CMOS 
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technology realized the arrayed detectors for imaging [10]. Recently, the distributed self-mixing 

in the FET channel emerged as a mechanism of rectification at frequencies above its cutoff 

frequency [11–13], and the implementation in the CMOS platform has been studied intensively 

[14–18]. However, the performance of SBD and FET degrades rapidly with frequency [13], and 

thermal detectors, whose performance is relatively independent of frequency, become attractive 

at higher frequency if the temperature sensing scheme and thermal isolation structure are 

properly improved to attain higher performance [19]. The phenomenal thermal detector 

changes its material properties as a result of the temperature rise caused by the input radiation 

[20,21]. For a longer wavelength (λ) such as in the THz regions, due to the diffraction limits in 

focusing, the size of the absorber should be large in proportion to λ [20]. The realization of a 

large absorber and sensor with reduced thermal conductance and low heat capacity is quite 

difficult. To address this issue, the antenna-coupled bolometer is introduced to detect THz 

radiation at low frequencies. The antenna-coupled microbolometer has been extensively studied 

from the past three decades [22], in which the radiation signal is received by an antenna and 

converted to heat by the heater. 

The temperature sensor is the most important element of the bolometer, and many 

varieties of sensors are available, such as resistor (thermistor), pn-junction diode, FET, 

thermocouple, etc. A wide variety of thermistor (resistor) materials such as vanadium oxide 

(VOx) [23–26], metal [27–29], and semiconductors [30–33] were used in conventional absorber 

type bolometers. For this kind of temperature sensor, the temperature coefficient of resistance is 

a vital parameter. Amorphous silicon (a-Si) [33] and VOx are the most commonly used 

temperature sensing materials, since they have a high temperature coefficient of resistance 

(TCR). However, a-Si based temperature sensor requires process optimization when integrated 

with a read-out circuit due to its sensitivity to the processing conditions during and after the 

deposition, and VOx is not a standard material for CMOS integration, though it has a moderate 

TCR and resistivity. Other metals such as titanium and platinum are realized as a temperature 

sensor, since it has a low thermal conductivity and resistant to oxidation, respectively. On the 

other hand, the single crystal or polycrystalline Si has been studied extensively since it is 

compatible with CMOS integration. Recently, the pn-junction diode based thermal sensor has 

been investigated for infrared detection [34–36]. Similarly, thermocouple detectors [37] have 

been investigated to sense infrared radiation, the performance mainly depends on the Seebeck 

coefficient of the temperature sensing material. Metal-oxide-semiconductor field-effect 

transistor (MOSFET) bolometers, in which the threshold voltage shift by the temperature is 

utilized as a temperature sensing scheme, and the amplification function of the MOSFET results 

in a large output, i.e., a large responsivity (Rv), have also been studied [19,38,39]. 

In the current work, our main focus is to compare the performance of various SOI-based 

temperature sensors (n/p-channel MOSFET, undoped/p- body doped pn-junction diode, n+/p+ 

single crystalline silicon, and n+ polycrystalline silicon resistor) in a 1-THz antenna-coupled 

bolometer design [40]. Thermal detectors, including bolometers, are fundamentally limited by 

the temperature fluctuation noise [20,41] as will be discussed later, and NEP in the order of 100 

pW/Hz1/2 is desirable for active imaging applications [42]. Furthermore, a high responsivity to 

THz radiation is beneficial since it relaxes the requirement of a low-noise amplifier in the 

readout circuit. In the current work, the figure of merits including Rv, NEP, and  were 

evaluated and compared. To the best of our knowledge, this is the first report to make a 

comparison among different sensors under the common constraints of the SOI CMOS design 

rule. 
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Structure of Antenna-Coupled Bolometers 

The main subject of this research is to evaluate and compare various temperature sensors 

in the 1-THz antenna-coupled bolometer design [40], where a half-wave gold dipole antenna is 

assumed. The common heater design is assumed with its both ends connected to the antenna 

rods. In such a design, the sensor/heater is placed at the center, and the length of this part 

should be sufficiently smaller than the total length of the antenna, i.e., 50 µm, for 1 THz. Due to 

the presence of the substrate with a high dielectric constant, the antenna length is shortened 

from the half wavelength in the free space. In the assumed design, an antenna with a 

width-length ratio of 0.1 is placed on a silicon substrate with the dielectric constant of 11.67, the 

optimum heater resistance is found to be 40 Ω [43], whereas the resistance of the gold antenna 

rod limited by the skin effect is 0.99 Ω at 1 THz and almost negligible. However, in the present 

work, the available resistance 836 Ω of the polysilicon heater is away from the optimum value, 

resulting in one third of the optimum absorption efficiency, and therefore only the 

heater/sensor component has been characterized for partial optimization. 

Bolometers without an antenna of the present work were fabricated by the standard Si 

CMOS technology instead of the complex non-standard lift-off process used in our previously 

reported works [44,45]. The key advantages of the Si CMOS technology are good 

reproducibility and universalities of the results. For the purpose of evaluating the temperature 

sensor in an antenna-coupled design, the novel high performance antenna-coupled metallic 

microbolometer structure on a high-resistivity Si substrate for sensing at around 1 THz was 

adopted. This limits an integrated sensor/heater area to be 15 × 15 µm. The minimum feature 

size of 0.6 µm is used in the present CMOS fabrication technology. Based on the measurement 

results of the fabricated device, the performance of the assumed device was estimated under the 

constraints of the antenna-coupled design at 1 THz and the 0.6-m design rule. The structures 

of the assumed devices with its dimensions are shown in Figure 1, where a half-wave gold 

dipole antenna is directly coupled at both ends of the heater. The dimension of polycrystalline 

heater is commonly set for all the bolometers. An insulation layer stacked between an 

integrated sensor/heater is located at the center of an antenna, and it is suspended above the 

cavity in the Si substrate. The temperature sensor is electrically separated, but thermally 

connected with the heater. Figure 1a,b represents the assumed design of n/p-channel MOSFET 

and undoped/p- body doped pn-junction diode bolometers, respectively. In MOSFET and diode 

bolometers, an additional lead with the length of 5 µm is connected on each side of its gate 

electrode, and it is extended towards the antenna. The gate electrode together with the lead 

serves as a heater. The thickness of the gate oxide, gate polysilicon, SOI, and buried oxide (BOX) 

are 7, 130, 100, and 200 nm, respectively. Figure 1c,d demonstrates the assumed structure of 

resistive bolometers with a n+/p+ single crystalline silicon thermistor and n+ polysilicon 

thermistor, respectively. 

Table 1 represents the dimensions of the fabricated and assumed device structure. The 

anode/cathode width of the diode is assumed to be 5 µm. Similarly, the heater is assumed for 

the resistor with the width of 1 µm and length of 15 µm. Polycrystalline silicon is intended to be 

used as a heater material for all the bolometers. The single crystalline silicon was used to 

fabricate the source/drain and anode/cathode of FET and pn-junction diode, respectively. Three 

different kinds of Si materials such as n+/ p+ single-crystal Si and n+ polycrystalline Si were used 

to fabricate the temperature sensing part of the resistive bolometer. 
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Figure 1. The structure of assumed antenna-coupled bolometers and its dimensions. (a) P or 

n-channel MOSFET bolometer, (b) pn-junction diode bolometer, (c) p+ or n+ single crystalline 

silicon resistive bolometer, and (d) n+ polycrystalline silicon resistive bolometer. 

Table 1. Assumed device parameters and dimensions. 

Parameter  

Fabricated Device 

Dimension 

(µm)  

Assumed Device 

Dimension 

(µm)  

Heater length of MOSFET and diode 15  15 

Heater width (gate length) of MOSFET and 

diode  
1  1 

Channel width of MOSFET 5  5 

Width of pn-junction diode  50 5 

Thermistor length of resistive bolometer 100 15 

Thermistor width of resistive bolometer 1 0.6 

Heater length of resistive bolometer 100 15 

Heater width of resistive bolometer 1 1 

Antenna width (Want)  × 5.2 

× The half-wave gold dipole antenna was not fabricated. 

Estimation Procedure of Performance Metrics 

Performance metrics such as Rv, NEP, and  of the bolometers are evaluated from the 

electrical response and noise measurements. The constant-current (CC) load (Ib) of 10 µA was 

connected to all the devices for a fair comparison among them. This section explains the 

procedure used to estimate various performance metrics. 
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Estimation Procedure of Rv 

Figure 2 represents the electrical circuit for Rv estimation. Rv is the measure of output 

voltage at the temperature sensor for the corresponding applied sinusoidal input power (Pin) at 

the heater under constant Ib [46]. The structure and dimensions of MOSFET and diode 

bolometers are assumed to be the same, a similar measnuremental technique and modeling was 

used to calculate Rv. The temperature dependence of output voltage (Vout/T) was measured 

using a low-temperature prober Nagase Techno-Engineering Grail 21-205-6-LV-R and the 

Semiconductor Parameter analyzer Agilent 4156C on the fabricated devices. However, for diode 

bolometers the conversion has to be done on the measured results due to the variations in the 

device dimension. The conversion on measurement results were performed by considering the 

proportionality of the current to the aspect ratio (W/L). Temperature dependence of the heater 

input power (T/Pin) was determined by implementing analytical modeling [47]. The 

parameters required for analytical modeling were extracted from the measured electrical 

characteristics. The measured and calculated electrical and thermal parameters are shown in 

Table 2. Parameters used in the analytical model are electrical resistance (re), thermal resistance 

(rt), and TCR () of the polysilicon heater stacked with an SiO2 insulation layer, and thermal 

conductance of the source/drain or anode/cathode lead (Cc). 

 

Figure 2. Equivalent circuit for responsivity (Rv) estimation. 

Table 2. Measured and calculated electrical/thermal parameters. re, rt, and ct are the par unit 

length assuming thermistor and heater dimensions shown in Table 1. 

Material 

Measured electrical and thermal 
parameters 

Calculated electrical and thermal 
parameters 

Electrical 
resistance 

(Ω) 

Thermal  
conductivity  

k (W/mK) 

TCR 
(K-1) 

Electrical 
resistance 
re (Ω/m) 

Thermal 
resistance 
rt (K/Wm) 

Thermal 
capacitance 
ct  (J/Km) 

Polysilicon 
(Heater) // 

SiO2  
8.36 x 102 

21.6 (poly 
Si) 

1.38 (SiO2) 

1.11 x 
10-3 

5.57 × 107 2.66 × 1011 1.31 × 10-6 

n+ single 
crystalline 

silicon 
2.63x 103 53.2 

1.57 x 
10-3 

1.75 × 108 3.13 × 1011 9.96 × 10-5 

p+ single 
crystalline 

silicon 
1.02 x 104 53.2 

9.83 x 
10-4 

6.83 × 108 3.13 × 1011 9.96 × 10-5 

Polysilicon 
(Thermistor) 

1.44 x 103 21.6 
1.15 x 

10-3 
9.62 × 107 5.92 × 1011 1.29 × 10-7 
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The heater resistance was obtained from the current-voltage characteristics at room 

temperature. Thermal resistance can be evaluated from the slope of linear relationship between 

electrical resistance and square of the current. With TCR obtained from the measurement at 

different temperatures, thermal resistance can be extracted explicitly [48]. If there is a branch of 

thermal conduction [47], such as source/drain leads, the thermal conductance Cc can be obtained 

as a fitting parameter to reproduce the results from the samples with different dimensions. 

Reported values of specific heat, 1.6 × 106 J/Km3 [49] for SiO2 and 1.66 × 106 J/Km3 [50] for Si, 

were used to estimate the thermal capacitance and the response time () of the bolometers. 

Finally, Rv is evaluated from the temperature dependence of output voltage and input 

power as Rv = (Vout/T) × (T/Pin). The temperature rise of FET bolometer is observed as a 

change in the gate threshold voltage (Vgth/T). The amplification factors (gm Ro) are then 

multiplied with (Vgth/T) to get the final output response, where gm is the transconductance 

calculated from the drain current-gate voltage characteristics at 10 µA, and Ro is the output 

resistance obtained from the drain current-drain voltage characteristics at the drain voltage of 1 

V. Similarly, in the diode bolometers, the change in the forward bias voltage (Vf /T) was 

measured as a function of temperature. 

Electrothermal simulation was carried out using the SPICE circuit simulator to evaluate the 

Rv of resistive bolometers [51] due to the lack of the fabricated device. Figure 3a represents a 

unit circuit of heater/thermistor with length L, TCR (α), re, rt, and ct. The entire circuit is 

depicted in Figure 3b in which the heater/sensor is stacked parallel. A bias current of 10 µA is 

applied to the temperature sensor. Temperature sensor parameters were extracted from the 

electrical measurements performed on the fabricated structure. Conversion from the fabricated 

device to the assumed device (length = 15 µm and width = 0.6 µm) was done by assuming the 

identical resistivity between them. The transient analysis was performed with a sinusoidal 

input under the CC bias of 10 µA in the SPICE circuit simulator for converting the temperature 

amplitude to the temperature sensor output voltage. 

 

Figure 3. (a) Unit and (b) entire circuits of resistive bolometers for electrothermal simulation 

[51]. 
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Estimation Procedure of Noise Equivalent Power (NEP) and Thermal Response Time () 

An important performance metric of thermal detectors is its NEP, which is defined as the 

input power that gives a signal-to-noise ratio of one for the output noise per unit bandwidth. 

Figure 4 represents the measurement setup for estimating voltage noise. The device being tested 

is mounted in the Nagase Techno-Engineering Grail 21-205-6-LV-R room temperature prober. 

The Agilent 35670A FFT dynamic signal analyzer has been used to measure the power spectral 

density of output voltage noise over a frequency range of 1 to 100 kHz together with the DL 

Instruments model 1201 low-noise voltage preamplifier with a gain of 100 and input-referred 

noise of less than 15 nV / Hz1/2 at 10 Hz. The input from the bolometer and the output of the 

amplifier were AC coupled to prevent overdriving the input of the spectrum analyzer due to 

the DC offset induced by Ib. 

 

Figure 4. Circuit for noise measurement. 

For the estimation of Rv we considered the CC load instead of the resistor load. However, 

for the noise measurement, the metal-film resistor RL is connected as the load because the 

available CC load is noisy. The constant bias current of 10 µA was maintained by assuming the 

same current density for both fabricated and assumed bolometers. Since the dimensions of the 

measured and assumed bolometers are different and the loads are different, the output noise 

voltages of the measured bolometers are converted by the procedures explained elsewhere. 

NEP is calculated from the estimated voltage noise (Vn) at 10 Hz divided by Rv. NEP in terms of 

W/Hz1/2 is expressed as: 

 
(1) 

The bolometer response time or thermal time constant () is generally expressed as the heat 

capacity (C) divided by thermal conductance (G). The measured cutoff frequency (fc) can be 

directly related to the . The Rv of n-channel MOSFET was measured from the identical test 

structures by applying an amplitude-modulated input signal with the carrier frequency of 5 

MHz and various modulation frequency (fm) to the heater to realize the flat response of the 

measurement system with respect to fm up to 100 kHz. The fundamental or second-harmonic 

output voltage (fm or 2fm) was recorded using a lock-in amplifier because the temperature rise is 

proportional to the square of the temporal amplitude of the modulated signal. The  of the 

p-channel MOSFET and diode bolometers was obtained only by the compensation of the 

electrothermal feedback effect, which will be discussed later, since MOSFET and diode 

bolometers have the same structure except for the doping conditions. An electro thermal 

simulation based on the extracted parameters was carried out to evaluate the fc of resistive 

bolometers. 
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Results and Discussion 

As explained in Section 3, all the characterization was performed under the CC bias of 10 

µA. The temperature rise in the bolometer due to the bias current crucially affects the 

performance metrics such as Rv and  due to the Joule self-heating through the positive TCR. 

According to [20], the effective thermal conductance Ge modified by this electrothermal 

feedback (ETF) effect can be expressed for resistive bolometers with a constant-current load as: 

Ge=Go{1(T1To) }, (2) 

where T1 and To are the bolometer and ambient temperatures, respectively. For a positive TCR 

(), as in the case of metallic resistors, the positive feedback results in the smaller Ge and 

enhanced responsivity Rv. The second term (T1–To) shows the extent of the effect. 

As for the diode and MOSFET bolometers, effective TCR () can be defined respectively as: 

 = (Vf /T) /Vf (3) 

And 

 = (Vgth/T)  (gm Ro)/Vd, (4) 

where Vf and Vd are the forward bias (anode) and drain voltages during operation, respectively. 

Table 3 summarizes the extent of the ETF effect. Since the threshold voltage Vgth of 

MOSFET and Vf of diode has negative temperature coefficients, the negative feedback, i.e., 

reduction of the Rv and increase in the , arises. It can be seen that the n- and p-channel 

MOSFET bolometers are affected appreciably, and others are not. Note that this effect is 

automatically included in the electrothermal simulation for resistive bolometers, but the effect 

on MOSFET and diode bolometers is compensated after the estimation of the Rv. 

The Rv of MOSFET and diode bolometers before compensation of the ETF effect is 

estimated from the electrical measurement and analytical modeling. The gate threshold voltage 

shift and forward bias voltage shift take place as a result of the applied heater input power to 

MOSFET and diode bolometers, respectively. In the present MOSFET and diode bolometers, the 

input signal is applied to the heater (gate) and the resultant output signal is measured at the 

drain/anode under a constant bias current of 10 µA. Temperature dependence of the heater 

input power (T/Pin = 1.43 × 105 K/W) was evaluated by implementing analytical modeling. 

Since the common heater is assumed, the same value is used for the diode bolometer. Figure 

5a,b represents the Id-Vg and Id-Vd characteristics of the MOSFET bolometer, respectively. 

Transconductance (gm) and output conductance (go) required to calculate the amplification 

factor of MOSFET bolometers are extracted at 10 µA of the drain current (or bias current) and at 

1 V of the drain voltage, respectively. The resultant amplification factors are 122 and 20.8 for the 

n and p-channel MOSFET, respectively. Temperature dependence of the gate threshold voltage 

(Vgth/T) and forward bias voltage (Vf /T) of MOSFET and diode bolometers are shown in 

Figure 6a,b, respectively. The T/Pin and Vgth/T together with the amplification factor gives 

the Rv of MOSFET bolometer. Similarly, the T/Pin and Vf /T was used to compute the Rv of 

diode bolometer. The Rv of resistive bolometers were simulated based on the electrothermal 

circuit. Figure 7 presents the comparison of Rv for the studied bolometers. The highest Rv was 

attained by the n-channel MOSFET bolometer, which is three orders of magnitude higher than 

those of the resistive bolometers. 
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Table 3. Extent of the electrothermal feedback (ETF) effect. The temperature coefficient of 

resistances (TCRs) for MOSFETs and diodes are effective values. 

Bolometers  T1To (K) TCR (K–1) (T1To) (%) 

N-channel MOSFET  2.86 −6.18 × 10
–2

 −17.6 

P-channel MOSFET  2.86 −1.71 × 10
–2

 −4.9 

Diode (without body doping)  2.53 −1.22 × 10
–3

 −0.31 

Diode (with p-body doping)  2.53 −1.19 × 10
–3

 −0.30 

Resistive (n+ single crystalline Si)  4.74 × 10
–2

  1.57 × 10
–3

 ~ 0 

Resistive (p+ single crystalline Si)  1.85 × 10
–1

 9.83 × 10
–4

 ~ 0 

Resistive (polycrystalline Si)  3.32 × 10
–2

 1.15 × 10
–3

 ~ 0 

 

Figure 5. (a) Extraction of the transconductance (gm) from drain current vs. gate voltage 

characteristics; (b) extraction of the output conductance (g0) from drain current vs. drain voltage 

characteristics. As an example, characteristics of the n-channel MOSFET with L = 1 m and W = 

5 m are shown. Vd = 1.00 V for (a), and Vg = 1.09 V for (b). 

a) 

b) 
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Figure 6. (a) Temperature dependence of the gate threshold voltage (MOSFET bolometer), and 

(b) temperature dependence of the forward bias voltage (diode bolometer). 

The NEPs limited by the temperature fluctuation noise (thermal Johnson-Nyquist noise), 

and background fluctuation noise (photon noise) can be estimated as follows [20]: 

NEPTF= (4kBT2G) 1/2, (5) 

And 

NEPBF = (16AekBT5)1/2, (6) 

where kB, T, G, Ae, and  are the Boltzman constant, temperature, thermal conductance, effective 

area of detector, and Stefan-Boltzman constant, respectively. Since the Gs for the present 

MOSFET/diode bolometer, the n+/p+ single crystalline, and n+ poly crystalline resistive 

bolometers are 3.5, 5.5, and 4.3 µW/K, the NEPTFs at 300 K are 4.2, 5.2, and 4.6 pW/Hz1/2, 

respectively. If we assume the bolometers coupled with a half-wave dipole antenna [52] Ae ~ 

0.132, then NEPBF is calculated to be 0.6 pW/Hz1/2 at 300 K for the 1-THz operation. Since these 

NEPs are not dominant in the present bolometers, we will focus on the noises of the 

temperature sensors. 

109

106

 

Figure 7. Estimated output voltage response of various bolometers for the heater input power. 

The ETF effect is not included in the lines for MOSFET and diode bolometers. 
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The voltage noise power spectral density (PSDs) of various bolometers are shown in Figure 

8. Since the noise of MOSFETs shows a flicker or Lorenzian noise-like 1/f n increase at low 

frequencies, noise levels at 10 Hz (near the corner frequency) are chosen to evaluate the NEP. 

This frequency is covered by the measurements with stop frequencies of 12.5 and 200 Hz, and 

the number of data points of 400. Although the equivalent noise band widths [53] are 47 and 

750 mHz, respectively, the same PSDs are obtained at 10 Hz, indicating that the NEPs are not 

affected by the 1/f n behavior as long as the band width for the noise measurement is narrow. 

Spikes in the noise spectrum are due to the environmental noise. The baseline white noise is the 

thermal noise for MOSFETs and resistive thermistors, and shot noise for diodes. In the 

low-frequency region, the excess 1/f n noise is superimposed. The roll-off at a high frequency is 

caused by the limited band width of the measurement system. 

 

Figure 8. Voltage noise power spectral density (PSD) of investigated bolometers. 

Table 4 summarizes Rv, NEP, and , in which the ETF effect is included. The noise 

equivalent temperature difference (NETD) is also calculated for the ease of comparison with 

other temperature sensors. Compared to the values in Figure 7, the Rv of MOSFET bolometers, 

especially the n-channel MOSFET, gets degraded due to the ETF effect. Nevertheless, the 

n-channel MOSFET bolometer, which exhibits six times higher voltage gain compared to the 

p-channel one, shows the largest Rv of 5.16 kV/W due to the large amplifying function. The 

p-channel MOSFET bolometer attains the smallest NEP as the result of the superior trade-off 

between Rv and noise. This can be explained by its low input-referred noise related to the 

buried-channel operation as a result of n-type channel doping with the n+ polysilicon gate. The 

resistive bolometers show that the noise voltage is smaller than those of other bolometers, but 

the NEP is worse due to the poor Rv. Resistive bolometers with the n+/p+ single crystalline 

silicon thermistor have the smallest  of 2.34 µs. Generally, the s obtained in this study are 

short, promising the operation band width of more than several kHz. For imaging applications, 

in which the ordinary frame rate is ~60 fps, there is a room for the improvement of Rv by 

mitigating the response speed. The NETD as small as 23.1 µK/Hz1/2 is attained by the p-channel 

MOSFET, which results in the resolution figure-of-merit of 5.3 fJ·K2 comparable to 2.3 fJ·K2 by 

the state-of-the-art temperature sensor [54]. 
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Table 4. Performance comparison among the studied bolometers. The ETF effect is considered 

in Rv, noise equivalent power (NEP), and , but is not in the noise equivalent temperature 

difference (NETD) based on the assumption of isothermal measurement. 

Bolometers  

Voltage Noise  

at 10 Hz 

(V/Hz
1/2) 

Responsivity 

Rv 

(V/W) 

NEP 

(W/Hz
1/2) 

Response Time 

 (s) 

NETD 

(K/Hz
1/2) 

N-channel MOSFET  1.27 × 10
–6

 5.16 k  2.45 × 10
–10

 13.8 2.88 × 10
–5

 

P-channel MOSFET  2.79 × 10
–7

 1.64 k  1.70 × 10
–10

 15.9 2.31 × 10
–5

 

Diode (without body doping)  2.08 × 10
–7

 109 1.99 × 10
–9

 16.7 2.83 × 10
–4

 

Diode (with p- doping)  2.27 × 10
–7

 106 2.15 × 10
–9

 16.7 3.05 × 10
–4

 

Resistive (n
+
 single-Si) 2.70 × 10

–8
 5.27  5.12 × 10

–9
 2.34 9.23 × 10

–4
 

Resistive (p
+
 single-Si) 7.72 × 10

–8
 12.8  6.01 × 10

–9
 2.34 1.07 × 10

–3
 

Resistive (n+ poly-Si)  1.78 × 10
–8

 2.69  6.59 × 10
–9

 3.07 1.52 × 10
–3

 

Conclusions 

In this work, the main intension is to evaluate the performance of different Si-based 

temperature sensors integrated in antenna-coupled bolometers. To the best of our knowledge, 

this is the first report to make a fair comparison among different sensors under the common 

constraints of the silicon-on-insulator (SOI) CMOS design rule. The performances in terms of Rv, 

NEP, and  were evaluated for various temperature sensors such as MOSFETs (n- and 

p-channel), pn-junction diodes (with and without body doping), and resistors with different 

materials (n+ and p+ single-crystal Si, and n+ polycrystalline Si) for a 1-THz antenna-coupled 

bolometer. The ETF effect due to the bias current affected the performance of MOSFET 

bolometers appreciably. Even though, the n-channel MOSFET showed the largest Rv of 5.16 

kV/W. The high Rv was mainly due to the signal amplifying function of the MOSFET. In 

addition, as the general characteristics of thin (~ 100 nm) SOI material, the reduced thermal 

conductance due to the enhanced phonon scattering could also contribute to the larger 

temperature rise, higher Rv, and smaller NEP [48,55]. As the result of better compatibility 

between low noise and high Rv, the p-channel MOSFET bolometer showed the smallest NEP of 

170 pW/Hz1/2 at 10 Hz. Currently, the contribution of the thermal Johnson-Nyquist noise and 

the photon noise is not dominant, but would become an issue if we consider the passive 

imaging, in which NEP less than a few pW/Hz1/2 is required. The smallest thermal response 

time  of 2.34 µs was attained by the n+/p+ resistive bolometers, whereas the n-channel MOSFET 

has the  of 13.8 µs. For imaging applications, still there is a room for improvement in Rv by 

sacrificing the  to the level of ordinary video frame rate. Considering the overall performance, 

i.e., high Rv (high output voltage), moderate NEP, and , it can be concluded that the n-channel 

MOSFET at the center of an antenna can be a promising detector for the electromagnetic waves 

around 1 THz, which is useful for transparent imaging and material identification. 
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