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Abstract— We describe the design, fabrication and 

demonstration of a terahertz sensor array module, designed to 

operate over 250-350GHz.  The antenna coupled microbolometer 

was fabricated on a glass substrate with an integrated array of 

pixel switches and row multiplexing circuitry implemented with 

LTPS (Low Temperature PolySilicon) thin film transistors.  While 

other microbolometer arrays have been reported for the upper 

Terahertz bands, we focus on lower frequencies where adequate 

semiconductor sources are available potentially enabling 

important medical and security applications.   The devices were 

fabricated in a Gen 3.5 flat panel manufacturing facility 

implementing what we call Large Area MEMS Platform (LAMP) 

surface micromachining process, providing a path to low-cost 

manufacturing.   Individual pixels were defined on a 0.7mm pitch 

across an array of 128x128 pixels in this first demonstration. Since 

flat panel fabrication capabilities use large, single-shot reticle 

masks and large glass substrates, physically larger arrays can be 

manufactured without mask stitching.   An ROIC (readout 

integrated circuit) was demonstrated to support the THz sensor 

panel with 648 input channels, each providing an independent 

sigma delta ADC with excellent uniformity and 12 effective 

number of bits.  An early demonstration of the sensor array is 

described, imaging a metallic knife hidden in a cardboard 

envelope.   
Index Terms—Camera, Microbolometer, Terahertz, Large 

Pixels, Array 

I. INTRODUCTION 

maging across the terahertz spectrum has been shown to be 

exceptionally effective in a number of important 

applications [1-12].  The excellent reviews by Siegel [13] 

and Mittleman [14] sketch the impressively broad landscape of 

potential uses as well as the state of the art in the technology 

progress to date.  Ambitious systems have been demonstrated 

for applications such as concealed weapons screening [15-18], 

manufacturing quality inspections [19] and medical imaging 

[20-25].   Applications in the lower THz frequencies are 

especially intriguing such as the use of THz reflective imaging 

to distinguish diseased from normal tissue, such as the 

experiments performed by the Yonsei University group [26] 

who investigated its use in detecting and quantifying the 
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margins of glioblastoma tumors in mouse brains.  In that 

experiment, a single pixel detector was scanned to produce 

startling images that competed favorably with fluorescence 

imaging that relies on the use of expensive prodrugs such as 5-

ALA [27].  In the THz case, the difference in local water content 

provides the imaging contrast without reliance on externally 

injected chemicals.  While scanned images can be useful in 

pathology and research settings, a staring camera that can 

produce such images at video frame rates (30Hz) could become 

an important instrument in surgical and other environments to 

help make real time decisions.  In both medical imaging and 

security screening applications, the lower frequency region of 

the THz spectrum, namely in the neighborhood of 300GHz, is 

especially useful as the radiation is sensitive to water absorption 

and also allows for a degree of penetration into tissue for the 

medical application and through clothes for usage in security 

screening.    

Building a THz imaging camera requires an illumination 

source, a lens, and an imaging sensor array. Diode multipliers 

and III-V transistor based amplifiers have matured to enable a 

variety of commercial products that can source milliwatts of 

power in the neighborhood of 300GHz [28].  Low-loss lens 

materials such as high-density polyethylene (HDPE) are readily 

available and can be machined using CNC to the proper 

tolerances for good optical performance [29].  In this paper, we 

focus on the design and demonstration of a large sensor array 

that can be integrated with the aforementioned components to 

realize a complete, reflective imaging system.    

The long wavelength of 300GHz radiation poses a unique 

challenge, since the pixel pitch is proportional to the 

wavelength, and arrays that are designed for higher frequencies 

will be oversampling the image plane far above the required 

Nyquist rate while severely restricting the field of view.   A 

diffraction limited lens with circular aperture has a modulation 

transfer function (MTF) that is bandlimited to  1/(λF#)  where 

F# is the focal ratio given by the focal length divided by the lens 

diameter.  Nyquist sampling requires a minimum sampling 

Seung-Tak Ryu is with Korea Advanced Institute of Science and 

Technology in Daejon, South Korea.    

This material is based upon work partially supported by the U. S. National 
Science Foundation under Grant No. 2013992. Any opinions, findings, and 

conclusions or recommendations expressed in this material are those of the 

author(s) and do not necessarily reflect the views of the National Science 
Foundation. 

 

I 

mailto:john.hong@obsidiansensors.com


2 

T-TST-REG-11-2021-00174.R1 

frequency of twice that bandlimit, resulting in a pitch of (λF#)/2 

which is 0.7mm at 300GHz for F#=1.4.  A 128x128 array would 

therefore have an active area bounded by 90mm x 90mm which 

enables a large real time field of view that is otherwise 

unattainable in other technologies. In addition, the large pixels 

are designed for high sensitivity (minimum detectable power, 

MDP, less than 60 pW/pixel) yet maintain the speed required to 

operate at over 30 frames per second. For comparison, THz 

cameras summarized in Table 3 that have reported impressive 

performance metrics have either very few pixels or used pixel 

pitches that range from 25um to 50um [30-36, 41-42] which are 

at least an order of magnitude smaller than what is required for 

operation at 300GHz with a reasonable field of view. Proper 

scaling of pixels given the frequency of operation and the 

camera optics has been addressed in a recent survey of THz 

cameras by Oda [32].  A wide variety of sensor technologies are 

reviewed in that paper.   Some of the references are summarized 

in Table 1.    We report here our development and results of a 

THz antenna-coupled, uncooled microbolometer array, 

monolithically fabricated on a large glass substrate with its own 

readout integrated circuit (ROIC).  In what follows, we discuss 

the design aspects of the project along with demonstrations of 

the operation of the sensor array in a simple shadow casting 

experiment.  Fabrication challenges reduced the measured pixel 

sensitivity. We also describe in some detail, the design and 

demonstration of the ROIC built specifically for the system.   

    

II. SENSOR ARRAY PANEL 

A. Module Design 

The envisioned module starts with a sensor array panel to be 

implemented using a MEMS on Glass fabrication platform that 

integrates surface micromachined structures on top of display 

grade thin film transistor (TFT) electronics.  We successfully 

set up a fabrication process at a leading display production 

company using LTPS (low temperature polysilicon) 

provisioning the TFT function.   The process layer construction 

is shown schematically in Figure 1.  The MEMS layers are 

composed of metal/dielectrics/semiconductor materials 

commonly available in LCD TFT fabs and use a polyimide 

material for the sacrificial layer.   LTPS can be NMOS, PMOS 

or CMOS. 

 

 
Fig. 1. MEMS on LTPS Glass Layer Construction 

 

The LTPS transistor layer provisions a matrix of pixel 

switches that enable sequential row addressing scheme 

common to most display devices today.   The module 

architecture is illustrated in Figure 2, showing the sensor panel 

(with integrated row multiplexer) and the ROIC as two 

constituent components.   The sensing element is a 

microbolometer whose construction is described in more detail 

later.  Briefly, it is an antenna-coupled bolometer whose 

temperature dependent resistance is read out by applying a 

voltage bias and selecting the row to connect to a column read 

line.   The ROIC reads out the current in the column line and 

digitizes it.   As discussed earlier, the array geometry, namely 

the pixel pitch, is determined by the wavelength of operation, 

in most imaging systems.    For the nominal 300GHz operation, 

we choose a pitch of 0.7mm.   Herein is the key advantage of 

our design/fabrication approach.   The MEMS on glass 

fabrication process is built on a Gen 3.5 glass substrate which 

measures 620mm x 750mm.  Mask steppers built for the flat 

panel industry typically operate with a 6”x6” reticle so that 

arrays larger than 300x300 are possible without stitching, and 

each substrate can yield many devices whose individual size 

approaches that of a 200mm Si wafer.  The limitation of the 

200mm wafer size may be the reason why previous THz 

cameras operate with much smaller pitch (typically 30-50um) 

or have fewer pixels than our system.  To our knowledge, the 

largest pixels reported to date are a 31x31 array with 

240x240um2 pixels for operation at 270GHz [41] and the Tera-

4096 64x64 array with 1.5x1.5mm2 pixels [34]. The custom 

ROIC designed and fabricated for the THz application provides 

up to 648 input channels, each with a second order sigma delta 

analog to digital converter, along with clock generation and 

programmable FIR filter coefficients to optimize the conversion 

process.   The ROIC is bonded onto the glass panel using a 

standard chip on glass (COG) process commonly used in the 

display industry.  

 

 
Fig. 2. THz Sensing Array Module Architecture 

 

The device that we were able to fabricate is shown in Figure 

3, based on the design that will be discussed in the next section.   

In what follows, we give more detailed descriptions of the 

sensor panel design and the ROIC that was designed for the 

THz application and conclude with a simple demonstration of 

the module.   
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Fig. 3.  Actual Sensor Module 128x128 

 

B. Pixel Design 

The array design targeted a 0.7mm pitch, 128x128 pixel format, 

antenna coupled microbolometer construction.   As shown in 

Figure 4, the antenna elements are coupled capacitively through 

air gaps to the bolometric sensor which itself must be suspended 

above the substrate to provide adequate thermal isolation.   

Radiation enters the pixel through the substrate glass and 

induces currents in the crossed-dipole antenna elements. The 

dipoles have gaps at the center which force the current to couple 

capacitively to the Titanium Nitride load which is shaped as a 

cross that is separated from the antenna metal by a 3 um gap.  

The Titanium Nitride has a thickness and resistivity tailored to 

produce a real resistance of 500 ohms. This value which is close 

but not exactly equal to the free space wave impedance of 377 

Ohms, was optimized in COMSOL simulations to take into 

account the antenna design, capacitive coupling, glass substrate 

and placement within the large array. The losses in the resistive 

Titanium Nitride in turn heat up the attached amorphous silicon 

layer. Separating the bulk of the antenna from the heat sensing 

component allows the pixel to have a fast and sensitive thermal 

response. 

   Not shown in Figure 4b are the mechanical hinges that 

suspend the resistor above the antenna layer with the gap controlled 

by designing the appropriate sacrificial layer thicknesses.   A 

reflective mirror surface must be provided one quarter wavelength 

away from the antenna to maximize the coupling with the incident 

radiation. Although conventional bolometric structures not 

involving antennas are straightforward, with the absorber and 

sensor maximally filling each pixel area, the resulting thermal 

capacitance would be huge due to the large spatial scales involved 

and would thus result in an excessively slow response.    A properly 

designed antenna can project an effective fill factor for each pixel 

that approaches unity as demonstrated in the COMSOL 

simulations shown in Figure 6. The simulations utilize Floquet-

periodic boundary conditions on four sides of the unit cell to 

simulate an infinite 2-D array [37]  

We chose a crossed dipole antenna configuration to eliminate 

any dependence on the polarization of the incident radiation.   As 

shown in Figure 5, the 0.7mm pixel was divided into a 2x2 array 

of subpixels with each having an identical pair of crossed dipoles. 

The resistive loads are electrically connected in parallel, from a 

readout perspective. The antennas (tan color) are fabricated on 

the glass substrate while the blue structures are suspended over 

the antenna with the sensor capacitively coupled to the antenna.  

The blades of the dipole are broadened at the ends to widen the 

frequency response. 

 
Fig. 4.  Antenna Coupled Bolometer (a) close up of the 

capacitively coupled center resistor (b) cross section 

 

The initial antenna design consisted of one constituent crossed 

dipole as shown in Figure 6a where the dipole antenna is 

continuous with no gaps at the center.   The S11 reflection was 

calculated using COMSOL as a function of frequency, as shown in 

Figure 6b.  Note that the reflection of the antenna alone on the glass 

substrate (perfectly conducting dipoles shorted at the center hence 

without the capacitive gap) reaches its peak at a frequency of about 

220 GHz which is lower than the targeted design frequency. 

 
Fig. 5. Pixel Layout comprising a 2x2 array of subpixels 

 

With the inclusion of the capacitively-coupled component as 

needed in the actual pixel operation, the center frequency increases.  

This strong antenna resonance is capacitively coupled to the 

suspended resistive load as shown in Figure 7a. The simulations 

indicated that the capacitive overlap of the load, geometrically 

about 25% of the antenna length, is sufficient to provide over 90% 

of absorption by resistive losses for a bandwidth of over 30% as 

shown in Figure 7c-d. A quarter wave away from the glass surface, 

a high reflectance mirror creates a “quarter wave back short” to 

enhance absorption at the resistive load by constructing an antinode 

at that plane.  

Single pixel 
700 um 
(2 x 2 

subpixels)

Resistive sensor 
at center

Sensor
a-Si Resistor

Titanium Nitride 
Absorber Load



4 

T-TST-REG-11-2021-00174.R1 

 
Fig. 6. (a) Crossed dipole antenna on the glass substrate, (b) 

S11 and S21 from and through antenna plane 

 

TABLE 1 Design Parameters for THz Pixel Array 

 
 

To maximize the absorption at the desired band, the antenna 

length and shape, capacitive gap, resistive load, pixel pitch and 

quarter-wave mirror spacing need to be optimized simultaneously.  

These simulations (Figures 7c-d) show how the absorption 

spectrum varies with the capacitive gap and overlap area. The 

design is fairly tolerant to capacitive gap and area to achieve 

absorption exceeding 10 dB as shown in the figures below 

where the capacitive gap is varied from 2 um to 10 um, and the 

capacitive overlap area is varied from 10 to 35% of the antenna 

area. At the 35% capacitive overlap, the peak wavelength is 

detuned enough to be mismatched to the quarter wave cavity 

resonance resulting in slightly lower absorption. 

Since the peak absorption frequency depends on the 

capacitance of the suspended load as shown in Figure 7c-d, the 

length of the antenna on the glass must be tuned appropriately 

for a given choice of parameters. The design values in Table 1 

correspond to a peak absorption around 300 GHz. 

Due to the thermal isolation enabled by the long, thin, and 

narrow hinges , the resistive losses in the suspended load cause 

the temperature of the amorphous silicon sensor to rise. The 

temperature change causes the resistance of the amorphous 

silicon to change which is then detected by the Palomar ROIC 

through the LTPS switching backplane. Table 2 shows the 

thermomechanical design parameters of the pixel. 

 

 

 

 
Fig. 7. (a) Suspended resistive load capacitively coupled to the 

antenna below, (b) E-field visualization on the plane of the 

antenna on the glass substrate at resonance, (c) Reflection 

(S11) from the resistively loaded antenna showing tolerance to 

gap changes, (d) S11 tolerance with area changes. Peak 

absorption frequency decreases with increases in capacitive 

coupling. 

 

The hinges are designed with high tensile stress to pull the 

suspended structure flat like a rubber band in tension. It 

comprises a conductive middle layer sandwiched by an 

insulating dielectric to provide high tensile stress. The cross 

bracing reduces sensitivity to tilting. The heterogenous center 

stack of the resistive load and the silicon sensor built on top of 

the hinge layers will have different stresses which can cause the 

center of the suspended region to curl down slightly. 

Figure 8a shows the mechanical simulation of the structure 

that matches the 3D Laser Scanning Microscope (Olympus 

OLS4000) image of a fabricated device shown in Figure 8b.  

The stresses in the center layers cause the center of the pixel to 

rise above the plane of the sacrificial layer upon release.  This 

result comes from a single fabrication run that was not 

completely optimized, as evidenced from film stress that caused 

THz wave incoming 
through glass 
substrate

Port 1

Shorted Dipole Antenna 
on glass surface

(a)

Port 2

Floquet-periodic 
boundary conditions on 
four sides 

(b)

S-parameters of shorted Dipole Antenna

(a)                                            (b)

Gap = 2um
Gap = 5um 
Gap = 10 um

Overlap = 10%
Overlap = 20%
Overlap = 35%

(c)

(d)

Frequency (GHz)

S 1
1

(d
B

)
Frequency (GHz)

S 1
1

(d
B

)
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the center portion of the pixel to be touching down to the 

substrate, thereby causing the effective hinge length to be 

shorter than designed.  A thin dielectric with tensile stress 

deposited on the top will correct for this curling due to stress 

gradient. When the film properties are thus optimized, the 

thermal conductance should meet the design target of 1.4e-8 

W/K instead of much larger value of 1e-5 W/K that we estimate 

based on where the pixel makes contact with the substrate.  

With the ROIC dynamic range set to 40% of the bias current 

of each channel, the ADC has at least 12 bits of resolution. Thus 

the minimum detectable change of resistance is 
40

100
/212 =

100 𝑝𝑝𝑚. Given an amorphous silicon resistor with 

Temperature Coefficient of Resistance (TCR) of 2.5%/K, the 

minimum detectable temperature change is 
100 𝑝𝑝𝑚

0.025
= 4 𝑚𝐾. 

With the thermal isolation as designed in Table 1, the Minimum 

Detectable Power (MDP) is 1.4 × 10−8𝑊/𝐾 × 4𝑚𝐾 = 56 pW 

per pixel. Since the pixel is not fully suspended, the estimated 

thermal isolation is over 1e-5 W/K resulting in an MDP of 40-

100 nW.  

 

 
Fig. 8 (a) Mechanical simulation of the suspended structure, (b) 

3D Laser Scanning Microscope image of the fabricated device. 

III. SIGMA DELTA ROIC FOR THZ ARRAY 

The Obsidian THz image sensor requires a custom read-out 

system, capable of sensing small changes in pixel currents with 

sufficient precision and signal-to-noise ratio for the applications 

discussed above.  To this end, Obsidian has developed the 

Palomar custom Read-Out Integrated Circuit (ROIC) using a 

mixed-signal 180nm CMOS technology with HV capability. 

 

 
Fig. 9. Palomar ROIC Block Diagram 

 

The main functional blocks of the ROIC are illustrated in 

Figure 9.  The input from each array column is passed to a data 

path including a current-sensing analog-to-digital converter 

(comprised of a second-order sigma-delta modulator and 

programmable FIR filter), a data serializer and finally the 

digital output via a CPI interface.  A bias block provides all 

required internal bias and reference signals as well as the bias 

voltage for the sensor array; no external reference is required.  

An on-chip calibration block generates signals required for both 

self-test and in-situ chip calibration.  High voltage TFT drivers 

are also provided to control the on-glass TFT row select 

circuits. 

Figure 10  illustrates the panel bias drive and pixel sensing 

using the Palomar ROIC.  The panel bias voltage generator is 

designed such that the quiescent pixel current is IBIAS, and the 

difference between IBIAS and the actual pixel current in the 

presence of radiation incident on the sensor array is passed to 

the ADC. 

 

 
Fig. 10. Palomar panel drive and pixel drive sensing 

 

The chip is fully programmable and can accommodate 

different sensor panel sizes, frame rates, and system timing.  

The ADCs can be programmed to match different pixel modes 

and characteristics, with adjustable bias current and range, 

programmable over-sampling ratio (OSR) and filter 

coefficients.    

Achieving a high signal-to-noise ratio in the ADCs is critical.  

In order to do this, the Palomar chip design includes measures 

to suppress internal sources of noise (MOSFET 1/f noise, 

switching noise, power supply and reference voltage ripple 

etc.).  The success of these measures is demonstrated by the fact 

that the measured ADC SNR is determined primarily by 

thermal resistor noise at the ADC input. 

Figure 11 shows typical ADC equivalent number of bits 

(ENOB) measured for 3 randomly selected ICs from a wafer, 

calculated from the SNR according to IEEE Standard 1241-

2010, “IEEE Standard for Terminology and Test Methods for 

Analog-to-Digital Converters”, Section 9.4 [38].  The data are 

plotted as functions of the OSR, and for values above about 120, 

the results correspond to a fixed input referred noise that closely 

matches the calculated thermal noise arising from the panel and 

on-chip resistors connected to the ADC input.  The increase in 

ENOB for higher values of OSR simply arises from the reduced 

equivalent noise bandwidth as the conversion time increases 

with higher OSR.  With an OSR of around 240, an ENOB of 

about 11.5 is achieved; with an OSR of 1000, the ENOB 

increases to about 12.5. 
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Fig. 11. Palomar ADC ENOB (3 sample chips) 

 

 
Fig. 12. Palomar ADC SNR and temperature (OSR=240) 

 

Figure 12 shows the typical ADC SNR as a function of 

temperature, and it is clear that the ADC performance is 

maintained across a wide operating temperature range (-40oC to 

105oC).  The SNR values are slightly lower than those shown 

in Figure 12  due to some residual interference from the 

environmental test system.  Nevertheless, the expected small 

decrease in SNR due to increased thermal noise generated in the 

input resistors as temperature rises can be seen.  The modeled 

curve shown on the plot is simply based on the calculated 

thermal noise and matches the measured data well. 

 

TABLE 2 

SELECTED PALOMAR ROIC CHARACTERISTICS 

 
Characteristic Typical Value Comments 

Power < 1mW/channel Full chip power dissipation 

TFT drive 

signal swing  

-5V to +15V  

ADC ENOB >11 (OSR=240) 

>12 (OSR=1000) 

Limited by input resistor 

thermal noise 

ADC linearity INL% of full 

scale 

 

ADC non-

uniformity 
2% of full scale, 

uncorrected 

<0.1% of full scale, 

corrected 

Non-uniformity correction 

based on simple two-point 

method 

 

Table 2 summarizes some additional Palomar chip 

characteristics.  Of particular note are the low power per 

channel (<1mW, accounting for the power from all chip blocks 

including the digital sections, bias generation and TFT drivers) 

and the excellent uniformity. 

IV. DEMONSTRATION 

The system demonstration set up is illustrated in Figure 13 

with the electrical subsystem (pixel panel, ROIC and controller 

PCB) described in Figure 14.    A multiplier source nominally 

set at 300GHz was used, purchased from Virginia Diodes.   The 

waveguide horn output was directed to the THz array which was 

placed in an evacuated chamber with a 10mm thick THz 

window made with the transmissive material TPX 

(Polymethylpentene) [39, 40].  TPX absorption at 300GHz is 

known to be extremely low and we estimate that the loss 

through the window is less than 10% including the Fresnel 

reflection losses.    

 
 

 

 
Fig. 14. THz Electrical Subsystem 

 

A metallic knife was placed inside a cardboard envelope and 

the radiation transmitted through the envelope was captured by 

the THz array.   The metallic knife produced an occlusion 

shadow (and diffraction patterns around the blade), as evident 

in the video frames captured in Figure 15 (captured by a 

cellphone camera viewing the computer display). The circular 

arcs in the THz image are from interference fringes produced 

by the parallel surfaces of the window material.  Note that the 

diffraction patterns due to the knife edges are visible.   As 

mentioned earlier, the microbolometer structures in this device 

were partially collapsed due to the unbalanced stresses in the 

mechanical hinge layers.  The partial collapse in turn greatly 

increased the thermal conductance, decreasing the thermal 

transduction gain.  Using the estimated thermal conductance of 

the partially suspended pixels, the MDP is estimated to be 100 

nW as calculated previous. Lastly, as the Palomar chip was not 

ready at the time of the demonstration experiment, a set of 5 

ADCs (National Instruments PCIe-6363) on a PCB was used to 

readout the array.   With the sampling time set at 100usec, the 

array was read out at a frame rate of 3 Hz considerably lower 

 
Fig. 13. THz Demonstration System 
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than what is possible with the Palomar ASIC (each ADC was 

used to read out 26 columns with a dwell time of 100usec for 

each row leading to a total read time of 128 X 26 X 100usec = 

330msec).    

 

  
Fig. 15.  Demonstration example (upper photo shows the 

illumination direction, the envelope containing the knife, the 

TPX cover and the sensor array; lower photos show two 

frames from the 3fps video with the knife entering from the 

top portion of the image) 

 

TABLE 3 Comparisons of Staring THz Sensor Arrays 

 

 
 

NEP = Noise Equivalent Power 

MDP = Minimum Detectable Power 

 

 

 

 

V. SUMMARY 

A new terahertz imaging sensor array was described, using a 

unique MEMS on glass manufacturing technology.   The 

antenna-coupled microbolometer sensor module that was 

presented achieves a 128x128 pixel resolution at the Nyquist 

spatial sampling rate but can be scaled up to much higher 

resolutions that are called for in important medical and security 

applications.  Key components of the sensor module including 

the design and demonstration of the readout integrated circuit 

(ROIC) were described.   The design and build of complete 

camera systems including appropriate lenses will be reported in 

a future publication.    
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