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Abstract A CMOS terahertz (THz) detector implemented in a 180-nm standard CMOS process is proposed,
and room-temperature detection of 0.94-THz radiation is demonstrated. The detector consists of an integrated
on-chip patch antenna and a source-feeding NMOS transistor as the rectifying element. To improve the power
transfer efficiency between the patch antenna and NMOS transistor, a novel short-stub matching network is
proposed. An open quarter-wavelength microstrip transmission line connecting gate is proposed to eliminate
the influence of the bonding wire and pad on the antenna-transistor impedance matching. Illuminated by a 0.94-
THz BWO source, the measured voltage responsivity (Rv) and noise equivalent power (NEP) of the detector
are 31 V/W and 1.1 nW/Hz'/2, respectively.
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1 Introduction

The terahertz (THz) frequency range (0.3-3 THz) has received a considerable amount attention in recent
years. There are many application areas of THz waves such as security check [1-3], nondestructive
inspection [4], biology [5], radio astronomy [6], and communication [7]. Due to the capability of THz
radiation to penetrate materials such as plastic, wood and paper sheets, the THz imaging technique
is a promising alternative to currently non-invasive imaging such as X-ray or millimeter-wave imaging.
Compared to X-ray imaging, THz imaging is safe for biological tissues owing to the low photon energy of
THz radiation. Compared to millimeter-wave imaging, THz imaging can achieve a much higher resolution
because of its relatively short wave length. The lack of low-cost and intensively integrated detectors
was once a major obstacle to building low-cost, small volume and high frame-rate THz imaging systems.
Most of the THz imaging systems today apply lock-in measurement techniques through mechanical raster
scanning to acquire images with very slow frame rates, which are bulky and complicated. Therefore, a fully
integrated THz image sensor will be a very intelligent approach to realizing high frame-rate THz cameras
in the future. Owing to the advantages of low cost, high yield, and easy integration, CMOS technology is
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becoming an alternative to other technologies such as bolometers [8], photoconductive detectors [9], and
high electron mobility transistors (HEMT) [10,11]. THz detectors using field-effect transistors (FET) are
based on the plasma wave theory proposed by Dyakonov and Shur [12,13], which allows the detection
of THz radiations far beyond the characteristic frequency (fr) of FET devices. The first silicon FET
detector was demonstrated by Knap et al. [14]. Furthermore, a CMOS-based multi-pixel THz detector
array with an integrated silicon lens was reported by Hadi and Sherry et al. in 2011 [15]. The array
could sense radiation with frequencies ranging from 0.6 to 1 THz. A 1k-pixel THz video camera chip
was presented in 2012 [16]. In addition, detectors can also be implemented by adopting a Schottky-diode
with the CMOS process, and a 130-nm digital CMOS implementation was presented in [17, 18], which
functioned well under the illumination of 280 GHz radiation.

Although CMOS-based THz detectors and imaging arrays are rapidly being developed, there is still
much progress to be made in improving the detector performance. CMOS THz detectors are mainly
composed of an on-chip antenna and NMOS transistors. Many efforts have been made in designing high-
performance on-chip antennae. However, matching networks between antenna and NMOS transistors
also play an important role. Antenna-transistor impedance mismatching will significantly decrease the
THz power that transistors receive, drastically lowering the detectors output magnitude. The design of
matching networks is difficult due to the inaccurate physical model of FETs at THz frequencies.

This paper proposes a CMOS THz detector, which consists of an integrated on-chip patch antenna and
an NMOS transistor. A novel matching network inserted between the antenna and NMOS transistor, as
well as its design method, is presented. Considering the influence of the bonding wire and pad on antenna-
transistor impedance matching, an open quarter-wavelength microstrip transmission line is proposed to
eliminate this influence. The detector is implemented in a 180-nm standard CMOS process and achieves
a voltage responsivity (R, ) of 31 V/W and a noise equivalent power (NEP) of 1.1 nW/Hz'/? at 0.94 THz
at room temperature. The paper proceeds as follows: Section 2 presents a theoretical analysis of THz
power detection, Section 3 presents the detailed design of the proposed THz detector, Section 4 shows
the measurement results and analysis, and Section 5 concludes this paper.

2 Theoretical analysis

This section presents a theoretical analysis of THz power detection. A schematic used for the analysis
is shown in Figure 1. A THz signal U, coswt is coupled to the source of a non-biased NMOS transistor.
As THz frequencies are much higher than the cut-off frequency of the transistor, the THz signal will
be attenuated significantly. We assume that the amplitude of the THz signal is zero at the drain. The
boundary condition at the drain is subject to Vp = 0; therefore, the drain-source voltage is

Vps(t) = —U, coswt, (1)

and the gate-source voltage is
Vas(t) = Vo — U, cos wi. (2)

The device is operated in the triode region. The drain current ipg(t) is
ins(t) = gps(t)Vos(t), (3)

where gps(t) is channel conductance. For strong inversion, gpg(t) can be written as [19]

905(1) = 1 Cox - (Vass(1) — Vi) — 5Vos 1), @

where W and L are the width and length of the channel, respectively, u, is the electron mobility, Cy is
the oxide capacitance per unit area and V;j, is the threshold voltage. Combining (1)—(4), we get

W W W
— (Vin — V&)U, coswt + ,unC’OX—Ug €08 2wt + pinCox —U?

L 4L 4L (5)

iDS (t) = HUn COX
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Figure 1 (Color online) Source-coupled NMOS transistor Figure 2 Architecture of the proposed source-driven de-
for THz detection. tector.

There is a direct current (dc) term unC’OX%Ug exiting between the drain and source. As the drain of

the transistor is open, the drain voltage will decrease, which also makes the dc decrease (similar to a
capacitor discharge). Assuming the dc is zero when the drain voltage is Vpy, the drain-source voltage can
be changed to
Vps(t)2 = Vb — Uy, coswi. (6)
Combining (2)—(4) and (6), we get
W
L

%%
(Vin — Vg + Vpt)U, coswt + unCOX—U,f cos 2wt

ips(t)2 = punCo 1L

w
L

As the dc between the drain and source is zero when drain voltage is Vpg, we get

1 1
+ 11 Cox |:ZU3 - §V1§t + (VG - VYth)VDt

1 1
0= ZU(f - §V§t + (Vo — Vin) Voo, (8)

1
Vot = (Vo — Van) — \/(VG —Vin)? + §U3- 9)
When (VG — Vch) >> U,

Uz
Vbt = (Vo — Vin) — (Vo — Vin) [1 + e = Vth)] o)
Uz
AV — Van)
This result is identical to that obtained with plasma wave theory [13], which shows that the drain dc
voltage depends on the incident THz radiation power proportionally.
The above analyses indicate that the source-coupled non-biased FET can detect THz radiation far
beyond its cut-off frequency, and the FET output is a dc voltage signal which depends on the incident

THz radiation power proportionally.

3 Design of CMOS THz detector

The architecture of the proposed THz detector is shown in Figure 2. The detector consists of an on-chip
patch antenna and a source-feeding NMOS transistor. The THz wave is received by the antenna and
then coupled to the transistor. The gate of the transistor is biased to a dc potential of V. A matching
network MN is designed to improve the power transfer efficiency between the antenna and transistor. An
open quarter-wavelength microstrip transmission line TL is proposed to eliminate the influence of the
gate bias supply line on the antenna-transistor impedance matching. In addition, the MN provides a dc
ground for the source. The channel length and width of the transistor are 0.35 wm and 1 pm, respectively.
Compared to the gate-driven configuration proposed in [20], the source-driven detector herein can achieve
broadband operation without any additional tuning elements [18].
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Figure 3 (a) Top and (b) cross-sectional views of the patch antenna.
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Figure 4 (Color online) Impedance of the patch antenna versus frequency.

3.1 Patch antenna

The detector has an integrated half-wavelength patch antenna, the structure of which is shown in Figure 3.
The patch is formed by the top metal layer in the process, the length and width of which are L =
76 um and W = 110 pm, respectively. The bottom metal layer is utilized to form the ground plane,
which eliminates the back lobe and prevents substrate waves from the bulk [20]. The thickness of the
dielectric insulator between the patch and ground is 3.58 um. The antenna performance is simulated
with the 3-D electromagnetic solver package HFSS. The impedance of the antenna versus frequency at
the feeding point is shown in Figure 4. The simulated resonant frequency and resonant impedance are
1 THz and 92 €, respectively.

3.2 Matching network

To improve power transfer efficiency, we propose a short-stub matching network MN inserted between the
antenna and transistor utilizing microstrip transmission lines. The structure of MN is shown in Figure 5.
It consists of two transmission lines L1 and Lo. MN is implemented in the top metal layer using the
bottom metal layer as the ground plane. Because the transistor requires a dc path, we ground the end of
L, to provide a dc ground for the source. Compared to [18] which requires an extra bias line connecting
the antenna to provide an NMOS gate-source bias, the proposed MN does not require an extra bias line
through the antenna, mitigating the system-level complexity for future array implementation.

To design MN, the simulated or measured input impedance Z,, of the transistor should be known.
We use the Synopsys TCAD simulator to extract Z,, [21]. Figure 6 shows the simulated 2-D NMOS
transistor. The different colors represent different ion doping concentrations. All processing steps such
as etching, deposition, ion implantation, thermal annealing, and oxidation were considered. Synopsys
TCAD can perform the ac analysis simulation for NMOS [21], which can be used to deduce Z,,. We
extracted Z,, at 1 THz using the transistor. Figure 7 shows Z,, as a function of V. Both the real
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Figure 7 (Color online) Input impedance of the NMOS Figure 8 (Color online) Simulated impedance of the an-
transistor as a function of gate bias voltage. tenna with MN versus frequency.

and imaginary parts of the input impedance change slowly with increasing V. We choose Z,,, = (118—
j280)  as the impedance for the MN design. With the impedances of the antenna and NMOS transistor
obtained, MN can be designed properly.

The matching coefficient M¢, defined as the ratio of the accepted power by the NMOS transistor and
incident power from the antenna, can characterize whether satisfactory matching is achieved. Mathemat-

ically,
M = Pice _ Re(Z) / 1
Pine | Zm + Zan)? ) 4Re(Znn)
= 4Re(Zm)Re(ZmN) /| Zm + Zun|? (11)

where Zyx is the impedance of the antenna together with MN. If there is no MN, M¢ = 0.35.

As the antenna resonant impedance is 92 €0, the characteristic impedance of MN can be selected as
92 € so that it can match the antenna port well. Characteristic impedance determines the width of
transmission lines. The simulated width is 1.98 pm. The optimal lengths of L; and Lo are 32.5 um and
7.42 um, respectively. The distance between Lo and the antenna is 5.22 pm. Conjugate matching between
the antenna and FET can be achieved using MN, which is the condition of maximum power transfer.
Figure 8 shows the simulated impedance of the antenna with MN versus frequency. The impedance is
Zun = (129+4j280) © at 1 THz and the calculated Mc = 0.99. This indicates that the antenna-transistor
impedance matching is achieved well at this frequency. The simulated peak directivity and gain of the
antenna with MN at 1 THz are 6.9 dBi and 3.0 dBi, respectively, for a radiation efficiency of 40.9%. The
effective area Aqg of this patch antenna is 0.035 mm?, which can be calculated using [22]

)\2

Aeg = D— 12
eff A’ ( )
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Figure 10 (Color online) Simulated impedance of TL as a function of frequency.

where D is the directivity of the antenna and A is the electromagnetic wavelength.
3.3 Open quarter-wavelength microstrip transmission line

The gate of the transistor should be biased to a constant potential; it was normally biased directly by an
off-chip voltage supply through the bonding wire and pad, as shown in Figure 9(a). For THz frequencies,
the pad and bonding wire should be considered transmission lines. The equivalent model is shown in
Figure 9(b). As a result of this, the pad and bonding wire will influence the antenna-transistor impedance
matching. We propose an open quarter-wavelength microstrip transmission line TL (33 pmx 1.98 pum)
to eliminate this influence. One end of TL is connected to the gate and the other is floating. Thus, it
forms an ac ground at the corresponding THz frequency [23] and has no impact on the dc bias. TL is
also implemented in the top metal layer, and the bottom metal layer is utilized to form the ground plane.
Figure 10 shows its simulated impedance. Both the real and imaginary parts are close to 0 2 around
1 THz. This result indicates that the gate forms an ac ground at 1 THz so that the influence of the
bonding wire and pad is eliminated.

4 Measurement results and discussion

4.1 Measurement results

The detector is fabricated using a 180-nm CMOS process. Figure 11(a) shows its die photo. The proposed
detector is displayed on the left, which is characterized using the lock-in technique. Figure 11(b) illustrates
the measurement setup. A mechanical chopper with a frequency of 377 Hz modulates a BWO source,
and at the same time, generates a TTL signal as the reference signal for the lock-in amplifier. The THz
radiation is collimated and refocused into the detector by two parabolic mirrors. The output signal of
the detector is amplified by a 40-dB low noise amplifier (LNA). The lock-in amplifier is used to capture
the amplified signal.
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Figure 11 (Color online) (a) Die photo of CMOS THz detector and (b) measurement setup for characterizing the detector.
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We must point out that the resonant frequency of this antenna is designed at 1 THz [24], while the
BWO source used for testing emits a very low power at this frequency. Therefore, we selected a test
frequency of 0.94 THz. At 0.94 THz, the simulated peak directivity and gain of the antenna with MN
are 6.93 dBi and —0.26 dBi, respectively, for the antenna efficiency of 21.9%. The effective area A.g is
0.035 mm? according to (12).

Figure 12 shows the measured output voltage of the detector with a 40-dB gain. The peak voltage is
214 uV when Vg is 0.69 V. The voltage responsivity R, is defined as the ratio between the output voltage
of the detector and the power incident on the antenna. Because the THz radiation is modulated by a
square wave with a 50% duty cycle, the measured voltage by the lock-in amplifier is the root-mean-square
(rms) value of the fundamental frequency component [17]. Based on Fourier analysis,

%Uout %Uout
RV

_ _ , 13
GinaPn  GunaJinAer (13)

where Uyt is the measured output voltage, Gpna is the gain of LNA and Ji, is the THz radiation power
density incident on the antenna.

The values of Ji, and Grna are 4.4 uW/mm? and 40 dB, respectively. According to (13), R, versus
V& is calculated and plotted in Figure 13. The peak R, is 31 V/W when Vg is 0.69 V.

NEP is defined as the input power that results in a signal-to-noise ratio of 1 in a 1-Hz bandwidth [17].
Mathematically, it is the ratio between the output noise voltage spectral density and the detector R,. The
NEP under different gate-bias conditions at a 377-Hz modulation frequency is also plotted in Figure 13.
The minimum NEP is 1.1 nW/Hz/? when Vg is 1.08 V. When Vg is 0.69 V, NEP is 4.8 nW/Hz!/2.

4.2 Discussion

As mentioned above, the detector is designed at 1 THz whereas the measurement frequency is 0.94 THz.
Based on the simulation results, the electromagnetic performance of the antenna (with matching network)
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Table 1 Summary of detector performance and comparison with prior work

Freq. (THz) Technology Ry (V/W) NEP (nW/Hz!/2) Optics Ref.
0.94 180-nm CMOS 31 1.1 — This work
0.28 130-nm CMOSB (SBD) 250 0.033 - [17]
0.60 250-nm CMOS 50k 0.4 - [25]F
0.65 250-nm CMOS 80k 0.3 - [20]F
0.6-1 65-nm CMOS 800@1 THz 0.066@1 THz Si lens [15]
0.65 65-nm SOI CMOS 1.1k 0.05 Si lens [26]

0.7-1.1 65-nm CMOS 140k @0.86 THz 0.1@0.86 THz Si lens [16]*
0.2-30 Golay Cell 0.1k-45k 0.2-0.4 - [27]

Note: T with amplifier.

at 1 THz is better than that at 0.94 THz. Besides, the antenna and transistor achieved a much better
impedance matching at 1 THz. Therefore, we conclude that this detector would reach a much higher R,
and lower NEP at 1 THz than at 0.94 THz.

5 Conclusion

This paper proposes and implements a THz detector in a 180-nm standard CMOS process. The detector
consists of an on-chip patch antenna and an NMOS transistor. A novel short-stub matching network
is proposed to improve the power transfer efficiency. A design method adopting tools from TCAD is
presented. An open quarter-wavelength microstrip transmission line is proposed to eliminate the influence
of the gate bias supply line. Measurement results show that the detector achieves a voltage responsivity of
31 V/W and an NEP of 1.1 nVV/Hzl/2 at room temperature. It is implied that the proposed detector can
be further used in a multi-pixel array for THz imaging. The performance of the detector is summarized
and compared to that of other published THz detectors in Table 1.

Acknowledgements This work was supported by National Key Research and Development Program of China
(Grant No. 2016YFA0202202), National Natural Science Foundation of China (Grant Nos. 61474108, 61331003),
Beijing Natural Science Foundation (Grant No. 4152051), and Chinese Academy of Sciences. The authors are
grateful to Prof. H. Qin and Dr. J. D. Sun of Suzhou Institute of Nano-tech and Nano-bionics, Chinese Academy

of Sciences, for the measurement support.

Conflict of interest The authors declare that they have no conflict of interest.

References

1 Federici J F, Schulkin B, Huang F, et al. THz imaging and sensing for security applications explosives, weapons and
drugs. Semicond Sci Tech, 2005, 20: S266

2 Liu H B, Zhong H, Karpowicz N, et al. Terahertz spectroscopy and imaging for defense and security applications.
Proc IEEE, 2007, 95: 1514-1527

3 Cooper K B, Dengler R J, Llombart N, et al. THz imaging radar for standoff personnel screening. IEEE Trans THz
Sci Tech, 2011, 1: 169-182

4 Kawase K, Shibuya T, Hayashi S, et al. THz imaging techniques for nondestructive inspections. CR Phys, 2010, 11:
510-518

5 Ajito K, Ueno Y. THz chemical imaging for biological applications. IEEE Trans THz Sci Tech, 2011, 1: 293-300

6 de Maagt P, Bolivar P H, Mann C. Terahertz science, engineering and systems-from space to earth applications.
Encyclopedia RF Microw Eng, 2005, in press. doi: 10.1002/0471654507.eme518

7 Yang Y, Mandehgar M, Grischkowsky D R. Broadband THz pulse transmission through the atmosphere. IEEE Trans
THz Sci Tech, 2011, 1: 264-273

8 Kroug M, Cherednichenko S, Merkel H, et al. NbN hot electron bolometric mixers for terahertz receivers. IEEE Trans
Appl Supercon, 2001, 11: 962-965

9 Wang J Q, Richards P L, Beeman J W, et al. Stressed photoconductive detector for far-infrared space applications.
Appl Optics, 1987, 26: 4767-4771

10 Li J Q, Shur M S. Terahertz detection by high-electron-mobility transistor: enhancement by drain bias. Appl Phys
Lett, 2001, 78: 2587-2588



11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

LiuZ Y, et al. Sci China Inf Sci  August 2017 Vol. 60 082401:9

Sun J D, Sun Y F, Wu D M, et al. High-responsivity, low-noise, room-temperature, self-mixing terahertz detector
realized using floating antennas on a GaN-based field-effect transistor. Appl Phys Lett, 2012, 100: 013506

Dyakonov M, Shur M. Shallow water analogy for a ballistic field effect transistor: new mechanism of plasma wave
generation by dc current. Phys Rev Lett, 1993, 71: 2465

Dyakonov M, Shur M. Detection, mixing, and frequency multiplication of terahertz radiation by two-dimensional
electronic fluid. IEEE Trans Electron Dev, 1996, 43: 380-387

Knap W, Teppe F, Meziani Y, et al. Plasma wave detection of sub-terahertz and terahertz radiation by silicon
field-effect transistors. Appl Phys Lett, 2004, 85: 675-677

Al Hadi R, Sherry H, Grzyb J, et al. A broadband 0.6 to 1 THz CMOS imaging detector with an integrated lens. In:
Proceedings of IEEE MTT-S International Microwave Symposium Digest (MTT), Baltimore, 2011. 14

Al Hadi R, Sherry H, Grzyb J, et al. A 1 k-pixel video camera for 0.7-1.1 terahertz imaging applications in 65-nm
CMOS. IEEE J Solid-St Cire, 2012, 47: 2999-3012

Han R, Zhang Y, Coquillat D, et al. A 280-GHz Schottky diode detector in 130-nm digital CMOS. IEEE J Solid-St
Circ, 2011, 46: 2602-2612

Han R, Zhang Y, Kim Y, et al. 280 GHz and 860 GHz image sensors using Schottky-barrier diodes in 0.13 m digital
CMOS. In: Proceedings of IEEE International Solid-State Circuits Conference Digest of Technical Papers (ISSCC),
San Francisco, 2012. 254-256

Sze S M, Ng K K. Physics of Semiconductor Devices. Hoboken: John Wiley & Sons, 2006

Ojefors E, Pfeiffer U R, Lisauskas A, et al. A 0.65 THz focal-plane array in a quarter-micron CMOS process technology.
IEEE J Solid-St Circ, 2009, 44: 1968-1976

Sentaurus Device User Guide, Ver. D-2010.03, Synopsis Inc., Mountain View, CA, Mar. 2010

Kraus J D, Marhefka R J. Antenna for all Applications. Upper Saddle River: McGraw Hill, 2002

Pozar D M. Microwave Engineering. Hoboken: John Wiley & Sons, 2009

Liu Z Y, Liu L Y, Wu N J. Design of 1-THz field effect transistor detectors in 180-nm standard CMOS process. In:
Proceedings of ISPDI 5th International Symposium on Photoelectronic Detection and Imaging, Beijing, 2013. 89091E
Pfeiffer U R, Ojefors E. A 600-GHz CMOS focal-plane array for terahertz imaging applications. In: Proceedings of
the 34th European Solid-State Circuits Conference, Edinburgh, 2008. 110-113

Ojefors E, Baktash N, Zhao Y, et al. Terahertz imaging detectors in a 65-nm CMOS SOI technology. In: Proceedings
of European Solid-State Circuits Conference, Sevilla, 2010. 486-489

OAD-7 Golay Detector Operating Manual, QMC Instruments Ltd., Cardiff, U.K., Jan. 4, 2005



	Introduction
	Theoretical analysis
	Design of CMOS THz detector
	Patch antenna
	Matching network
	Open quarter-wavelength microstrip transmission line

	Measurement results and discussion
	Measurement results
	Discussion

	Conclusion

