306 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 6, NO. 2, MARCH 2016

Design and Demonstration of 820-GHz Array Using
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Abstract—An 820-GHz 8 X 8 diode-connected NMOS transistor
active imaging array with an on-chip pixel selection circuit was
demonstrated in a 130-nm CMOS technology. The noise perfor-
mance of this architecture is comparable to the state-of-the-art
MOSFET and Schottky diode detector arrays. The imaging array
consists of a row and column selector, an array of diode-connected
NMOS transistor passive pixels, an analog multiplexer, and a low-
noise amplifier bank. At 823 GHz, it achieves 2.56 kV/W of mea-
sured mean responsivity with a standard deviation of 18% and
36.2 pW/Hzl/ 2 of measured mean noise equivalent power (NEP)
at 1-MHz modulation frequency with a standard deviation of 67%.
The mean responsivity is greater than ~ 2 kV/W between 815 to
835 GHz. The minimum NEP of 12.6 pW/Hzl/2 is the lowest for
CMOS based detectors at ~ 1 THz. The 8 X 8 imaging array oc-
cupies 2.0 X 1.7 mm? and consumes 9.6 mW of power. Reducing
device sizes to support the increase of operating frequency is ex-
pected to increase the variability and mitigation approaches will
be required. The measured access time for the pixel is ~ 40 nS.
The number of elements that can be connected in a row is deter-
mined by the modulation frequency and can be more than 1000 ele-
ments while supporting a frame rate greater than 1000 per second.
Lastly, the expressions of responsivity and NEP including 1 /f noise
that can be used for the detector optimization are derived and
presented.

Index Terms—CMOS, diode-connected transistor detector,
imaging, lens-less, NEP, on-chip antenna, responsivity, submil-
limeter-wave detector, terahertz.

I. INTRODUCTION

UB-MILLIMETER wave (300 GHz ~ 3 THz) detec-

tion using complementary metal-oxide—semiconductor
(CMOS) and SiGe BiCMOS technologies has recently gained
interests for its higher resolution compared to millimeter-wave
(mm-wave) imaging and the non-ionizing nature that should
make its use safer compared with X-ray imaging [1], [2].
Submillimeter waves can potentially be used for imaging
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concealed objects, imaging through packages, authentication,
material inspection, and others [3]-[6]. The progress resulting
from these efforts using silicon as well as other semiconductor
technologies has extended the upper frequency limit of elec-
tronics, and made portable and fully integrated submm-wave
systems no longer an impossibility. As a matter of fact, a fully
integrated 280-GHz 4 x 4 Schottky barrier diode imaging array
with noise equivalent power (NEP) of 29 pW/Hzl/ 2 in 130-nm
CMOS [7], [8] and a 1-k pixel MOS transistor based imaging
array with NEP of 100 pW/Hz/? in 65-nm CMOS [9] have
been demonstrated. NEP, a critical figure of merit is defined as
the minimum signal power that results a unity signal-to-noise
ratio (SNR) within a 1-Hz bandwidth [10]. Additionally, a
860-GHz SBD detector with NEP of 42 pW/Hz/? [7], [8] has
been demonstrated and noting the small difference between
the NEP performance for a stand-alone detector and those in
the 280-GHz array [7], an NEP of ~ 50 pW/Hzl/2 has been
suggested for 860-GHz SBD imaging arrays [8].

Almost all of the previous detector research, except the
four fully functional imaging arrays operating at 280 GHz[§8],
700-1100 GHz [9], 200-1000 GHz [11], [12] focused on pixel
characterization. Because of this, many of the presented arrays
lacked the ability to address an individual pixel [14]-[18].
Most MOSFET detectors and imaging arrays reported [11],
[12], [14]-[17], [19] have high impedance at the baseband
frequency and have utilized an active pixel scheme, as opposed
to a passive pixel scheme [7], [8],[20]. To drive a line with a
large number of pixels attached, an amplifier is integrated into
a pixel. Without such amplifiers, an imager is more suscep-
tible to noise pick up, and requires a longer delay for image
formation. However, if the pixel amplifier is not properly de-
signed, then the imager NEP can be dominated by the amplifier
noise[14]-[17].

The sub-millimeter wave MOSFET detectors traditionally
have zero drain-to-source dc bias voltage and current which
makes 1/f noise in the absence of RF input signal zero. In [11],
[12], the source node is physically grounded. This requires AC
coupling between the detector and amplifier using a capacitor
with value of ~ 3 pF which has an impedance of ~ 50 k2 at
1 MHz. In [15], the detector formed with a width to length ratio
of 3 is biased in the deep subthreshold region with Vpg =0V,
and the resistance is high. In [9], the total resistance of detector
can be lower than 10 k€2 and it should be possible to realize an
imaging array without an in-pixel amplifier, though the authors
chose to include an in-pixel amplifier.
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Fig. 1. Shown is the 8 x 8 array for active terahertz imaging in 130-nm CMOS technology.

A forward biased SBD detector has a relatively low dynamic
resistance (~ 1.0 k€2) and it can drive a large number of pixels
without an in-pixel amplifier [7], [8]. It was shown that the
output noise of SBD detectors is dominated by 1/f noise with
a corner frequency of ~ 4 MHz [18]. This issue however can
be bypassed using an amplitude modulation frequency of THz
signals close to or above the 1/f noise corner frequency and in-
cluding low noise amplifiers with a sufficiently large bandwidth.
As a result, a larger area and higher power consumption are
necessary for the amplifiers [7], [8]. Low impedance detectors
similar to SBD detectors can also be realized using diode-con-
nected NMOS transistors. These detectors then can be arrayed
like the SBD detectors using a passive pixel with highly op-
timized amplifiers outside a pixel. This paper reports an 8 x 8
diode-connected room-temperature NMOS transistor imaging
array operating at 820 GHz [13] that achieves comparable NEP
as that expected for the Schottky diode-based 840-GHz imaging
arrays [8], which is more than 2 x lower than that of the best
for NMOS-based imaging arrays [9]. In addition to more de-
tails of imaging array in [ 13], this paper presents the design con-
siderations and additional measurement results including tran-
sient and noise characteristics. Section II describes the 8 x 8
imaging array. In Section III, detailed pixel design and respon-
sivity and noise analyses are presented. Section IV describes
the transient behavior and scalability to a larger array, while
Section V presents the measurement results. A compact lens-
less submm-wave active imaging is demonstrated in Section VI.
Finally, the paper is concluded in Section VII.

II. IMAGING ARRAY ARCHITECTURE

The passive pixel array architecture used for this work is
shown in Fig. 1. It is the same as that in [7], [8] except for the

fact that the SBDs are replaced by diode-connected NMOS tran-
sistors. It consists of a column of current mirrors, an 8 x 8 pixel
array, analog multiplexers, amplifier banks, and column/row de-
coders. The reference current (Ief) provided from off-chip is
duplicated and delivered to each of the rows (Ip,,i5) via a cur-
rent mirror. Each row of bus lines delivers both the bias cur-
rent to pixels and the rectified signal (Vgig) to the amplifier
bank. (The bank is the same as that for the 280-GHz SBD array
[71, [8].) Two analog multiplexers (AM-I and AM-II) enable
on-chip configurability for routing the detected signal(s) to the
output through the amplifier(s). AM-I multiplexes the outputs
of diodes to the inputs of amplifiers. AM-II can be configured
so that the imaging array can be used in two operating modes:
high-speed parallel mode and low-noise serial mode. In parallel
mode, AM-I ties two pixel rows together such that Outpl~4
(Fig. 1) in parallel for a higher throughput. In serial mode, each
of the pixels can be selected one by one. The rectified diode
output signal is routed to all four amplifiers and the amplifier
outputs are tied together. In serial mode, since the noise is in-
creased by a square root of number of amplifiers while the signal
is increased linearly with the number of amplifiers, the SNR at
the output is increased [8].

III. PIXEL DESIGN

Fig. 2 illustrates the pixel design. Each pixel consists of
an NMOS switch, a patch antenna, a diode-connected NMOS
transistor, and a double stub matching network. The radiated
signal is collected by an on-chip patch antenna and delivered to
a diode-connected transistor via a double stub GCPW matching
network. An on-chip metal capacitor Cj; (~ 200 fF) shorts the
RF signal to ground but not the rectified signal (Vsig). The
matching scheme is the same as that in [7], [8] and [13]. The
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Fig. 2. Schematic of single detector pixel. Each of the pixel (a) has a column
selector and (b) a diode-connected transistor and (c¢) an on-chip patch antenna.
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Fig. 3. Equivalent circuit model of diode-connected NMOS transistor.

NMOS column selector (M;) controls the distribution of bias
current (Ipi,s) and the rectified signal.

A. Diode-Connected MOS Transistor Design

For the simulation of this design, the digital transistor model
with a gate resistor, R, added in series is used because the tran-
sistor width required for the detector is smaller than the min-
imum allowed for RF transistors in the 130-nm CMOS process
technology. R, is estimated by scaling the gate resistance simu-
lated using the RF transistor model that includes the non-quasi-
static (nqs) effects. The process used for this work supports
BSIM3 transistor models. An equivalent small signal model in-
cluding the gate resistance is shown in Fig. 3.

The current responsivity is

Ai P A
Pin Ptotal P]

) (y
= Ndiode-Tip = 'ﬂdiode'f—() (1)

27D (v)

R, =

where P; / Piotal is the RF power-transfer efficiency or power
degradation factor, 9giodef (v') is the I-V characteristic, and
f?(v) and f1(v) are the second and first derivatives of f(v)

with respective to voltage [8], [10], [18]. P; is the power
delivered to the junction and P;.t,) is the power incident to the
detector. 74iode can be simulated using the small-signal model
in Fig. 3 [21].

In the subthreshold region, drain current is exponentially de-
pendent on gate voltage, and drain current is

w vas — Vra VDS
Ips = —1I;- —_— (1= - 2
ps = 71 exp( "V ) ( exp( Ve >> )

where I; = g- X - Dy, - 1y - exp{ka/Vr), vas = tps = Vas +
vgs [22]. Dy, is the diffusion constant, n,, is the equilibrium
electron concentration in the p-type body underneath the gate
oxide, n is the gate coupling coefficient/ideality factor, Vr is
the thermal voltage, X is the thickness of region in which the
current flows, and k, is the ratio between the thermal voltage
and gate coupling coefficient [22]. Since the dc gate to source
voltage, Vg is at least 3 times larger than the thermal voltage,
Vr at the operating point, the second exponential term can be
ignored. Therefore, from (2) the intrinsic current responsivity in
the subthreshold is

f(Q) (v) 1

B = o5 m (v)  2nVr

)

The voltage responsivity R, is defined as the ratio between the
output voltage and input power

R, ==V = 2 R
-Pi Ptotal P] /
=Tdiode * o
£ (0 1
—MNdiode * —— -9 — iode * 77 - 4
Ndiod 2@ (v)]2 Tdiod Tos €]

Fig. 4(a) plots the simulated power degradation factor based on
the small-signal model of diode-connected transistor in Fig. 3.
The model parameters were extracted from the dc operating
point simulation. The current responsivity simulated (harmonic
balance) using the transistor model from the foundry is plotted
in Fig. 4(b). The current responsivity computed by multiplying
the simulated power degradation factor [F; / Piotal , from
Fig. 4(a)] multiplied and calculated Ai/P; = 1/(2nV 1) is also
plotted in Fig. 4(b). The two plots are within 20%, suggesting
that the simple expression for Ai/P;, neglecting the nonlinear
effects of capacitances is useful up to 1 THz. This is due to the
fact that dc current cannot flow through capacitors and means
that, if the power degradation factor can be computed, than an
expression for the current responsivity with a similar accuracy
as the simulation should be possible.

Unfortunately, the small-signal model in Fig. 3 is too compli-
cated for hand analyses due to R, which is mostly due to the
nonquasistatic effect. The circuit model is modified to that in
Fig. 5 to make it more amenable for hand analyses. R is incor-
porated into R; in series with Cg,. Fig. 6 compares the power
degradation factors simulated using the two circuit models. Up
to 1 THz, the differences are less than 20%, which suggests that
the simplification is acceptable. For the circuit model in Fig. 5,
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Cgq is shorted and v is computed using a simple voltage di-
vider between the impedance of Cgs and R;.
The power degradation factor ngioqe is then
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Fig. 6. (a) Comparison of power degradation factors based on the small-signal
models in Figs. 3 and 5. The solid line is based on the small-signal model in
Fig. 3 and the dotted line is based on the small-signal model in Fig. 5. (b) Per-
centage difference between the two plots in (a).

The drain—current noise power spectral density (PSD) of a tran-
sistor [10], [23] is

2 2kpT  Kj Oy 17 a2
Af o Rj Smod Cox +Cy W-L- ng
_ 2kpT C2, gt 5

2. et 6
Rj (Cox+0d)4 (kBT)2 a I/V'L'fmod ()

where Ky is a device specific flicker noise constant, Ciy, is the
inversion capacitance, Cox is the oxide capacitance, Cy is the
depletion capacitance, IN,; is the equivalent density of oxide
traps per unit area, k g is the Boltzmann's constant, T is temper-
ature in °K, and f,0q is the amplitude modulation frequency
of illuminating sub-millimeter wave signal. The inversion
capacitance at subthreshold, C,, is approximately equal to
Qinv/(kBT/q), therefore, Ciy,y is exponentially dependent on
the gate to source voltage [23] and proportional to gy, .

NEP is the ratio between the output noise current and the
current responsivity. When the shot noise is dominant, NEP is

[8], [18]

iz :
ar _ n(2kgT)*”
Rio - Ndiode ¢ - R;/z * Ndiode

~ n(2kpT)*” 14 <ﬁ>2 @)
g- RY? R; \ fB1

NEP =

R, is ~ (1/5gm) [24].
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Simulated NEP using the digital transistor model from the
foundry augmented to include R, is plotted in Fig. 7. Amplitude
modulation frequency is 1 MHz for an 840-GHz submm-wave
signal. The finger width is chosen to be 1 pm, and the number
of fingers is increased from one to five, resulting in a total tran-
sistor width range of 1 to 5 um. It shows that a larger transistor
and higher diode dynamic resistance, R; are preferred because
a smaller transistor requires larger diode voltage to lower R;
which causes deviation from the ideal exponential behavior,
which reduces ;o and increases NEP. For BSIM3 models, R;
is bias independent and NEP is proportional to g, due to the
exponential dependence on Vg for both C;,,,, on gy, If R, is
proportional 1/gy, [24], then NEP in (8) should be proportional
to gfn.

The diode dynamic resistance R; forms a low-pass filter in
combination with the input capacitance of on-chip amplifier and
pixels connected to a row, which limits the detector bandwidth
and increases the time required to form an image. For the ~ 1 pF
input capacitance of on-chip amplifier [8], the optimum R; is
~ 4k to keep the diode-connected transistors to operate in
or close to the sub-threshold region while supporting settling
time of 50 ns (3¢) corresponding to a 10-MHz bandwidth in
serial mode. The on-chip amplifier with a simulated bandwidth
of 10 MHz that can work with a modulation frequency up to the
flicker noise corner frequency of diode connected transistor (~
10 MHz) should be able to also support this imaging bandwidth.

Simulated voltage responsivity at 840 GHz and voltage noise
PSD using the augmented foundry model are plotted versus
transistor width in Fig. 8(a). The diode dynamic resistance, R
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Fig. 8. (a) Simulated voltage responsivity (left axis) at 840 GHz and simulated
1/1 noise PSD at 1 MHz (right axis) versus transistor width when R; = 4 k(2.
(b) Simulated NEP at 840 GHz and 1-MHz modulation frequency.

is 4 k€2. As the transistor width is increased, the voltage re-
sponsivity decreases due to a reduction of power degradation
factor, 7qiode. The factor decreases because Cye increases with
the width which in turn increases the (R, /R;) - (fin/ fB1)” term
in the denominator of (5). On the other hand, as the transistor
width is increased, because the transistor operates deeper in
the subthreshold region, the g,,, /I ratio increases and requires
smaller drain current for given R;. 1/f noise decreases because
the gate area is increased and Ciy, /(Cox + Cy) is decreased.
The simulated drain voltage noise at 1 MHz versus transistor
width when R; is once again 4 k{2 is also shown in Fig. 8(a).
Fig. 8(b) shows the corresponding simulated NEP at 840 GHz
versus the transistor width. When the transistor width is ~ 3 pym,
the NEP is near the minimum. Additionally, the matching net-
work required for transistors with a larger width exhibit larger
loss. For these, a width of 3.0 um is chosen for the detector
design.

B. On-Chip Antenna Design

The on-chip antenna is the same as that in [7], [8]. It is formed
using the top aluminum layer (~ 1 pum thick) with the ground
plane formed by stagger shunting metal 1 and metal 2 layers
(Fig. 9). The width and length of each patch antenna are 83 pm,
and the thickness of dielectric layer between the patch antenna
and ground plane is ~ 8 pm. The HFSS [25] simulated peak
antenna gain and directivity are 5.8 dB and 7 dBi, respectively,
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cluding the on-chip amplifier gain (left axis) and measured continuous wave
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NEP at 1-MHz modulation frequency of imaging array versus input frequency.

and the radiation efficiency is 74%. The simulated — 10-dB input
match bandwidth is 22 GHz. A ground wall is made by stacking

D
X X

X

X
X
X
X
X

XNXKKKX

Fig. 11. Layout of a diode-connected transistor pixel. Gate and drain are tied
using a Metal 3 (M3) connection and source and body are tied to ground using
a Metal 1 (M1) connection. Double sided contacts for polysilicon gate reduce
the gate resistance.
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Fig. 12. System timing diagram simulated including post-layout extracted par-
asitics. When the least significnat bit of column decoder goes to low from high
(solid line), the voltage on the data line of selected row (solid line with dia-
monds) increases from 0.35 V to 0.43 V. To create this output change in simu-
lation, a pixel formed using a diode connected Slow Slow (SS) NMOS transistor
is accessed following a read operation of a pixel formed using a diode connected
Typical Typical (TT) NMOS transistor. The total delay for driving the data line
including the on-chip amplifier input capacitance is ~ 16 nS.

five layers (Metal 1 — Metal 5) of metal and connecting it to
the ground to isolate the bias and rectified signals. The pixel
pitch is designed to be a half of the wavelength in free space Ay
(~ 170 pm) to mitigate the diffraction effects [26].

C. Pixel Design and Layout

Fig. 10(a) and (b) shows the simulated responsivity and
NEP of a pixel including the on-chip amplifier gain. Respon-
sivity is simulated by harmonic balance simulation and NEP
is simulated using the noise and harmonic balance simulation
in ADS. The detector is tuned at 840 GHz. The loss of an-
tenna and matching network reduces responsivity by 45% and
therefore, it increases NEP by 82%. Each pixel including its
interconnect capacitance adds approximately 35 fF to the data
bus line. For the array with eight imaging elements with an
on-chip amplifier and bias circuitry, the capacitance associated
with the array is 600 fF (8 x35 fF 4300 fF from bias circuitry),
while the total capacitance including that for the amplifier is
1.4 pF (0.8-pF input capacitance of on-chip amplifier +600-fF
pixel capacitance).
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A layout of diode-connected transistor is shown in Fig. 11. It
consists of three fingers (1 um each) and a p* guard ring. Also,
to reduce the drain-to-body interconnect parasitic capacitance,
the space from drain (Metal 3) to Metal 1 substrate connection
is made to be greater than 1 pm. Also, the distance between
n*t diffusion and pT body tie is set at 0.9 um. The gate and
drain are tied using a Metal-3 line ~ 5.75 pm away from the
gate and then stacked up to the top metal (Metal 8). Double side
polysilicon gate contacts are utilized to reduce the polysilicon
gate resistance.

IV. TRANSIENT BEHAVIOR OF IMAGING ARRAY

Fig. 12 shows the timing diagram for accessing an element.
The delay from the column decoder to the output of the on-chip
amplifier (in Fig. 1) is estimated using post-layout extraction
and simulations. To create an output change in simulation,
a pixel formed using a diode connected Slow Slow (SS)
NMOS transistor is accessed following a read operation of a
pixel formed using a diode connected Typical Typical (TT)
transistor. The column decoder consists of three-input NOR
gates followed by buffers (a chain of four inverters). Analog
multiplexers I and II (in Fig. 1) consist of NMOS switches with
an on-resistance of 15 ). The simulated delay associated with
driving the data line and input capacitance of on-chip amplifier
is ~ 16 ns (~ 7) for R; of 4 k(1 in serial mode (in Fig. 1) with
a capacitive load of ~ 4.0 pF (4 x 0.8-pF input capacitance of
on-chip amplifier +8 x 35-fF pixel capacitance +300 fF from
bias circuitry). Reducing R; to ~ 1k{} will allow increasing
the number of elements in a row to ~ 426 elements while
maintaining the 10-MHz modulation frequency in the parallel
mode (in Fig. 1). The corresponding capacitive load is ~ 16 pF
(0.8-pF input capacitance of on-chip amplifier +426 x 35 fF
pixel capacitance +300-fF from bias circuitry). It will take
~ 20 ps to read from the entire array or a frame rate of ~50 000
frames per second should be possible. Compared with the
active pixel, when the number of pixels per row is increased to
426, the fill factor, the ratio between the pixel area including
the ground plane to total area to ~ 96% for this passive pixel
architecture.
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Fig. 14. (a) Microphotograph of 8 x 8 imaging array. (b) Photograph of
imaging array on a printed circuit board.
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V. MEASUREMENT RESULTS

The measured output RMS voltage of imaging array is [8],
[27] related to the responsivity by

= Vs
Ap PewGr

Amr2

R, = )

where Vs is the output voltage from a lock-in amplifier at a
specified modulation frequency, P, is the radiated power of the
continuous wave from a transmitter, G is the transmitter horn
antenna gain (25 dB), Ag is the pixel aperture size (physical
area of a single pixel), and r is the distance from the transmitter
antenna to the imaging array.



KIM et al.: DESIGN AND DEMONSTRATION OF 820-GHz ARRAY USING DIODE-CONNECTED NMOS TRANSISTORS 313

Aluminum Shielding Cage

Signal Analyzer

Agilent
89410

v,=0.8V/Hz"2
Gain=60dB

(@
100p
< 10p4
N
=
2
a
7
o
[}
7}
‘s 100N
=
10n T T
1k 10k 100k 1M
Frequency (Hz)

)

100k ™

1k 10k
Frequency (Hz)

©

Fig. 16. (a) Noise measurement setup. (b) Measured output noise of 64- pixels.
(c) NEP of 64-pixels in an imaging array.

The measurement setup is illustrated in Fig. 13 [8].
Fig. 14(a) and (b) shows a die photograph of the imaging
integrated circuit and a photograph of the imaging array
mounted on a printed circuit board with a biasing circuitry.
An 11.17-12.05-GHz signal from an Agilent E8257D is fed
into a VDI amplifier-multiplier-chain (AMC x 24) followed
by a frequency tripler to generate a signal at 804—-867 GHz.
The signal is then radiated using a horn antenna. The output
power of frequency multiplier is measured using an Erickson
PM4 power meter while sweeping the frequency. The PCB
containing the imaging array is directly mounted and aligned
to the horn antenna at a distance ranging from 15 to 45 mm. An
SR844 lock-in amplifier provides a TTL signal up to 1 MHz
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Fig. 17. Measured variation of NEP at 823 GHz and 1-MHz modulation fre-
quency among 64 pixels of an imaging array.

for modulation of the RF signal while simultaneously locking
the detector output signal. The responsivity versus frequency
plot for the sample with the median responsivity at 823 GHz
is shown in Fig. 10(a). The responsivity was measured at a
distance between the source and imager of 45 mm to mitigate
the standing wave effect. The responsivity peaks at 823 GHz,
and the median responsivity at 823 GHz is ~ 2.6 kV/W in-
cluding the 13.5-dB gain of on-chip amplifier. The measured
maximum responsivity is ~ 3.5 kV/W at 823 GHz. The max-
imum responsivity of detector by itself is 720 V/W at 823 GHz.
Fig. 10(a) also shows the measured CW power from the source
and the median responsivity.

Fig. 15 shows the distribution of responsivity at 823 GHz
for the 64 pixels of an imaging array. The mean responsivity is
2.56 kV/W and with a standard deviation of 0.47 kV/W. The
output noise of each pixel of an imaging array is measured using
an EG&G 5184 external low-noise amplifier (input referred
noise of 0.8 nV/Hz'/? and 60-dB gain) and a vector signal
analyzer (Agilent 89410A) shown in Fig. 16(a). At 1-MHz
modulation frequency, the output noise is dominated by flicker
noise as shown in Fig. 16(b). The noise varies by an order of
magnitude among the pixels. The flicker noise corner frequency
is ~ 6 MHz. The measured median NEP (median noise power
spectral density/median responsivity) at 1-MHz modulation
frequency versus frequency is also shown in Fig. 10(b). The
NEP is minimized around 820 GHz. The mean NEP of array
is 36 pW/Hzl/ 2 The standard deviation of the NEP for the 64
pixels is 24 pW/Hzl/ % and the distribution is shown in Fig. 17.

The measured peak responsivity frequency is ~ 20 GHz
lower than that of simulations. This corresponds to an around
2% shift of the peak frequency from the simulations. This is
surprising especially in light of the fact the models in the CMOS
process used for this work are rated for designs up to ~ 10 GHz.
This difference can easily be explained by wafer-to-wafer and
run-to-run variations of dielectric layer thicknesses as well as
the parasitic capacitances of matching elements and NMOS
transistors. The measured peak responsivity is ~ 2x lower.
The parasitics of transistors in Fig. 3 determine the power
degradation factor. The modeling uncertainty of these parasitics
in combination with the dielectric layer thickness variations
which affect the impedance matching and antenna performance



314 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 6, NO. 2, MARCH 2016

Simulation

.y
Measurement ‘l\.‘.
N

responsivity (kV/W)

1 10 40
Current (pA)
(@)

200

100

NEP (pW/Hz"?)

Simulation

10 T
1 10 40

Current(pA)
®

Fig. 18. (a) Simulated and measured responsivity of imaging element with the
maximum responsivity at 823 GHz and 1-MHz modulation frequency versus
pixel current. (b) Simulated and measured NEP of imaging element with the
maximum responsivity at 823 GHz and 1-MHz modulation frequency versus
pixel current.

820-GHz
Source

Stepping
Motor

MSP430

Lock-in
Amplifier

e
(LabVIEW)

Fig. 19. THz lens-less active imaging setup.

may explain the ~ 2x lower measured responsivity. This in
turn will explain the ~ 2x higher measured NEP.

Fig. 18(a) and (b) plot the simulated and measured respon-
sivity and NEP at 823 GHz versus the diode current of the pixel
with the maximum responsivity, respectively. Because of the
comparison using the data for the sample with the maximum
responsivity, the difference between the measurements and
simulations are smaller than in Fig. 10. The simulated peak
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Fig. 20. (a) System delay measurement setup and (b) measured on-chip am-
plifier output waveform (dotted line) when the LSB of the column decoder is
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Fig. 21. Images from the lens-less imaging setup.

responsivity is within 40% of the measurements while the sim-
ulated minimum NEP is almost the same as that of measured.
An operating frequency of 823 GHz was chosen because it
is the frequency at which the responsivity is the highest and
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TABLE I
PERFORMANCE COMPARISON OF THZ DETECTORS
. Minimum NEP Chopping Pixel
References Technology Array size Max Rv [V/W] [PWAZ] Frequency Multiplexing
Un-cooled Bolometer
t 200-nm
[30] CMOS ASIC 320%240 12.6M, 2.5 THz 6.4,2.5THz - -
Active imaging in room temperature
15] 250-nm bulk 3x5 80k, 0.6 THz 300, 0.6 THz 30 kHz No
*115k, 0.86 THz 12000, 0.86 THz -
9] 65-nm bulk 32x32 Yes
**140k, 0.86 THz 100, 0.86 THz 5KHz
"16] 65-nm bulk 3x5 800, 1 THz 66,1 THz 1 kHz No
11 130-nm bulk 3x4 2.53k, 0.3 THz - 400 Hz -
§[18] 2x2 250,0.28 THz 33,0.28 THz No
SBD in Yes
i3] 130-nm bulk 4x4 336,0.28 THz 29,0.28 THz 1 MHz (dual mode)
single pixel 273, 0.86 THz 42,0.86 THz No
T _ '3.46k,0.823 THz ~ "12.6,0.823 THz Yes
This work 130-nm bulk 88 256k 0823 THz 362,083 THz ' MHZ  (qual mode)

Terahertz detector rectification is analyzed based on *distributed resistive self-mixing and ‘diode non-linear I-V relationship.

iSilicon lens integrated to the chip.

*Video mode and **Non-video mode includes 5-dB off-chip VGA.
‘Maximum responsivity (including on-chip amplifier). "Minimum NEP.
“Mean responsivity. ~“Mean NEP.

Unlike the previously reported NMOS sub-millimeter wave detectors, because the diode connected transistors are biased, the detector has 1/f noise even when RF
input is zero. Because of this, the modulation frequency for this system is near 1 MHz instead of 1kHz to 100 kHz of the other MOS detectors.

NEP is the lowest. The measured responsivity peaks at 10-zA
bias current. The corresponding responsivity and NEP are 3.46
kV/W and 21.2 pW/Hzl/ 2, respectively. From the same pixel,
the measured minimum NEP occurs at 12-pA bias current. The
noise PSD at a modulation frequency of 1 MHz is 69 nV/Hz'/?,
which corresponds to the minimum NEP of 20.2 pW/Hzl/ 2
The minimum NEP at 10-yA bias current among all the pixels
is 12.6 pW/HZl/ % This is the lowest measured NEP for a THz
detector fabricated in CMOS. The 8 x 8 imaging array occupies
2.0 x 1.7 mm? and the power consumption is 9.6 mW.

VI. THz IMAGING

The imaging array was used in an imaging set up that does
not require an external mirror or a lens to form images [8].
The setup in Fig. 19 consists of a THz radiation source, an
imaging array chip on a PCB, a lock-in amplifier discussed in
Section I1I, and an MSP430 board [28] for controlling the pixel
selection. The entire system is controlled using LabVIEW [29].
Fig. 20(a) shows the setup for measuring the delay from the
MSP430 board to an Agilent MSO6032A oscilloscope. While
the column decoder output is changed from 001 to 000 (dashed
line shows the waveform of least significant bit from the
MSP430 board), the output voltage of the on-chip amplifier is
measured using the oscilloscope. An external 1-nF capacitance
shunt with a 40-Q} resistor is added at the output of the on-chip
amplifier to prevent oscillation in the serial mode. The input
impedance of the oscilloscope is 1 Mf2. The system delay is
defined at the 50% point of the input and output waveforms in
Fig. 20(b). The measured system delay is ~ 40 nS. Noting the
simulated delay through the on-chip amplifier of ~ 15 nS and
the delay associated with driving the decoder from the MSP430

board, this result is consistent with the 16-nS simulated delay
from the decoder to the input of the on-chip amplifier.

In the current setup, the scanning time is limited by the me-
chanical stepping motors and communication latency between
LabVIEW and the lock-in amplifier. Fig. 21(b) and (d) show
823-GHz images of a chocolate with an intentionally melted
region and an identification card, respectively formed by the
imaging array. The transmitted power was 200 W, and the
spacing between the transmitter and object and that between
the object and imaging array was 15 mm, while the lock-in am-
plifier integration time was 10 mS. In Fig. 21(b), the shape of
chocolate in the package and melted region (white colored) are
evident. In Fig. 21(d), a metal coil in the card is easily seen.
Additionally, scotch tape strips used to mount the card are also
seen. The image SNR (ratio between the brightest and darkest
areas) is 70 dB.

VII. CONCLUSION

An 820-GHz 8 x 8 imaging array utilizing a diode-connected
NMOS transistor detector has been demonstrated in a 130-nm
CMOS process. By utilizing a passive pixel scheme with four
low noise amplifiers, this imaging array achieved a measured
peak responsivity of 3.46 kV/W and the associated NEP at
1-MHz modulation frequency of 21.2 pW/Hzl/ 2. The mean re-
sponsivity is 2.56 kV/W with a standard deviation of 18%. The
mean NEP at 1-MHz modulation frequency is 36.2 pW/Hzl/ 2
with a standard deviation of 67%. The minimum NEP at 1-MHz
modulation frequency including the noise from the on-chip
amplifier is 12.6 pW/Hzl/ % which is the lowest measured
among all THz detectors fabricated in a CMOS process. The
performance of state-of-the-art CMOS active imaging arrays
are compared in Table I. The NEP of imaging array in this
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work is competitive to that of the best NMOS and Schottky
diode detectors fabricated in CMOS. Compared to a bolometer
array fabricated using a post CMOS fabrication process [30],
the NEP is around 5 x higher. This work has also shown that
the responsivity and NEP significantly vary. As the detector
operating frequency is increased, it is inevitable that the device
size will decrease. This of course is expected to increase the
variability and approaches to reduce the variations will be
required. As a matter of fact, the variability may turn out to
be the factor that determines the viability of a device for THz
detection. The measured mean responsivity and mean NEP
are within a factor of two of simulated. Given the simplistic
non-quasi-static model used for the simulation compared to
the models in [13] and [31], the discrepancies are surprisingly
small and are perhaps reasons for hope of reliably simulating
detectors operating near THz.
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