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a b s t r a c t

We report on non-resonant (broadband) and resonant detection of terahertz radiation using strained-Si
modulation doped field effect transistors. The devices were excited at room temperature by two types of
terahertz sources (an electronic source based on frequency multipliers at 0.292 THz and a pulsed para-
metric laser at 1.5 THz). In both cases, a non-resonant response with maxima around the threshold volt-
age was observed. Shubnikov-de Haas and photoresponse measurements were performed
simultaneously and showed a phase-shift of p/2 in good agreement with the theory, which demonstrates
that the observed response is related to the plasma waves oscillation in the channel. The non-resonant
features were used to demonstrate the capabilities of such devices in terahertz imaging. We also cooled
our device down to 4.2 K to increase the quality factor and resonant detection was observed by using a
tunable source of terahertz radiation.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, terahertz (THz) technology is increasingly attracting
interest due to its potential in many different applications like
medical diagnostics, product quality control, and security screen-
ing. Terahertz rays are located in the spectral region 0.1–10 THz
(�3 mm–30 lm, 3–300 cm�1) between the microwave and the
infrared portion of the electromagnetic spectrum [1]. An excellent
review, highlighting the importance of terahertz radiation in differ-
ent types of applications from astronomy to spectroscopy, can be
found in [2] and references therein. The attractive features of
THz radiation for applications are the following: (i) they can pene-
trate cloths and most packaging materials such as paper or plastics,
(ii) many substances have ‘‘fingerprint’’ spectra in the THz range,
and (iii) due to its low photon energy (about one million times less
than X-rays), THz radiation is non-ionizing and therefore not dan-
gerous for human beings. These properties make THz systems a
promising tool for different types of applications wherever detec-
tion and identification of hidden threats is the task and when hu-
man beings are to be scanned.

In early 1990s, Dyakonov and Shur [3] theoretically demon-
strated the possibility of using sub-micron field effect transistors
as detectors of terahertz radiation by means of the oscillations of
ll rights reserved.
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plasma waves in their channel. Those devices present many advan-
tages: low cost, small size, room temperature operation, and tun-
ing of the resonant frequency by the electron density (i.e., the
gate voltage). Experimental investigations have been conducted
on different types of transistors, demonstrating their capabilities
for detection of terahertz radiation. Resonant detection using
GaAs/AlGaAs FETs2 was reported by Knap et al. [4] at 8 K. Later, they
reported non-resonant detection [5] at room temperature. Knap
et al. [6] demonstrated, in 2004, room temperature non-resonant
detection by using silicon FETs where responsivity lower than
200 V/W and a Noise Equivalent Power (NEP) of around 1 pW/Hz1/

2 [7,8] were estimated. Terahertz imaging based on CMOS technol-
ogy has been reported by different groups [9,10]. Recently, a respon-
sitivity of 80 kV/W and a NEP of 300 pW/Hz1/2 as well as imaging at
0.65 THz were reported using an array of Si-MOSFET processed by
0.25 lm CMOS technology [11].

The paper is organized as follows: In Section 2, the strained-sil-
icon modulation doped field effect transistors (MODFET), used in
the experiments, are described. In Section 3, non-resonant detec-
tion is reported for different gate length devices and using different
sources of terahertz radiation. Simultaneously performed Shubni-
kov-de-Haas and response measurements under magnetic field
show that the observed response is explained as due to the oscilla-
tions of the plasma waves in the channel. Section 4 is dedicated to
the performance of these devices when used as sensors in a
2 FET: Field Effect Transistor.

http://dx.doi.org/10.1016/j.sse.2013.01.030
mailto:js@usal.es
http://dx.doi.org/10.1016/j.sse.2013.01.030
http://www.sciencedirect.com/science/journal/00381101
http://www.elsevier.com/locate/sse


1

1.2

u.
]

Vds = 0.5 V

Vds = 1.5 V

L = 250 nm
f = 1.5 THz

Vds = 0.5 V

Vds = 1.5 V

114 Y.M. Meziani et al. / Solid-State Electronics 83 (2013) 113–117
terahertz imaging system. In the last section (Section 5), we show
some signature of a resonant detection from our device where the
resonant frequency shifts accordingly to the Dyakonov–Shur
theory.
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Fig. 2. Photoresponse vs gate bias for a device with Lg = 250 nm excited at 1.5 THz
and under source-to-drain bias of 0.5 V and 1.5 V.
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2. Strained-silicon MODFET

The epistructure of the MODFETs used in this work was grown
by molecular beam epitaxy (MBE) on a thick relaxed SiGe virtual
substrate grown by low-energy plasma-enhanced chemical vapor
deposition (LEPECVD) over a p-doped conventional Si wafer. The fi-
nal Ge molar concentration in the virtual substrate was xGe = 0.45.
The device had a 8 nm tensile strained (in terms of biaxial defor-
mation) Si channel, sandwiched between two heavily doped SiGe
electron supply layers to generate a high carrier density in the
strained-Si quantum well [12]. The ohmic contacts were not self-
aligned. Two transistors with different gate lengths (50 nm and
250 nm) were used in measurements. The gate width and the
source-to-drain length were 30 lm and 1 lm, respectively. The left
part of Fig. 1a shows the epistructure as well as the energy band
diagram of the MODFET calculated using MEDICI™ [12]. The right
part shows a SEM image of a transistor where drain, gate, and
source pads are highlighted. This double-doped MODFET exhibits
a large off-current and cannot be switched off within a practical
gate voltage range.
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Fig. 3. Measured photoresponse signal of the device as function of the gate voltage
at room temperature. The curve shows a maximum near to the threshold voltage of
the MODFET.
3. Non-resonant response

Fig. 2 shows the photoresponse signal for a device with
Lg = 250 nm and for two different fixed drain-to-source voltages
(Vds = 0.5, 1.5 V). The device was excited at room temperature by
a terahertz wave parametric oscillator (TPO) pulsed laser at
1.5 THz [13]. The TPO can emit quasi-monochromatic Terahertz-
waves over a wide tunable frequency range from 0.4 THz to
2.8 THz with a narrow line-width lower than 100 MHz, via optical
rectification. The output power of the laser was 6 nJ/pulse for the
range 1.3–1.6 THz and a repetition rate of 500 Hz. The incoming
radiation intensity was modulated by a mechanical chopper at
1.29 kHz and coupled to the device via the metallization pads.
The induced photoresponse signal was measured by using a lock-
in amplifier technique. More description of the experimental setup
can be found in [7]. The signal intensity increases with the drain
current as predicted by the theory [14,15], showing a maximum
around the threshold voltage. The responsivity was estimated to
be 25 V/J/Pulse at Vds = 1.5 V.

Fig. 3 shows the photoresponse signal obtained for a small de-
vice with Lg = 50 nm when excited by an electronic source based
on frequency multipliers at 0.292 THz with power around 5 mW.
Fig. 1. Left: Epistructure of the MODFET as well as the energy band diagram [12]. Rig
Since the power is higher and the device is smaller than in the pre-
vious experiment, the photoresponse is more pronounced and a
clear maximum is observed around Vth = �0.84 V. A maximum of
the signal is clearly observed around the threshold voltage for both
cases (Figs. 2 and 3), even if the excitation frequency was different.
This behavior has been reported earlier and explained as non-res-
onant detection due to a low value of the quality factor (Q = xs < 1)
[6,12], that is, a low mobility in the device’s channel. In the present
ht: SEM image of a transistor where drain, gate, and source pads are highlighted.
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case, the device shows higher channel mobility (�1355 cm2/V s) as
compared to the conventional Si-MOSFET (�200 cm2/V s) and the
quality factor was estimated around 1.2 at f = 1.5 THz and around
0.27 at f = 0.292 THz. Those values are higher than in pure silicon
FETs; however, no resonance is observed probably due to the
low-efficiency coupling of the incoming radiation. Rumyantsev
et al. [12] obtained a maximum value of the photoresponse signal
when the beam was focused away from the transistor on similar
devices. This has been presented as a proof of the low coupling
of the incident terahertz radiation to the device’s channel. Depen-
dence of the photoresponse on the polarization of the incoming
radiation was reported recently by Meziani et al. [16] where a
maximum response was observed when the light was polarized
along the channel. Terahertz photon helicity sensitive photore-
sponse has been reported recently in similar devices [17] and
was explained as due to the interferences of the plasma oscillations
in the channel.

Dyakonov et al. [18] demonstrated theoretically a phase-shift of
p/2 between Shubnikov-de-Haas oscillations and photoresponse
oscillations under high magnetic field intensity. The photoresponse
(DU) is given by:

DU ¼ 1
4

U2
a

U0
f ðbÞ � @c

@n
n
c

gðbÞ
� �

ð1Þ

where Ua is the amplitude of the modulation of the gate-to-source
voltage due to the external radiation, U0 is the dc value of the
gate–source voltage, n the electron concentration in the channel
and b = xc/x (xc and x are the cyclotron resonance and the incom-
ing radiation frequency respectively). The dependence of the photo-
response on the magnetic field and the radiation frequency is
described by the functions f(b) and g(b):

f ðbÞ ¼ 1þ 1þ F2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ F2

p ð2Þ

gðbÞ ¼ 1þ F
2

1þ 1þ F2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ F2
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 !

ð3Þ

F ¼ 1þ a2 � b2

1þ a2 þ b2 and a ¼ ðxsÞ�1 ð4Þ

The c factor is an oscillating function of the magnetic field and
the electron concentration that can be correlated with the Shubni-
kov-de-Haas oscillations. The first term in Eq. (1) is related to the
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

0.2

0.4

0.6

0.8

1

1.2

Ph
ot

or
es

po
ns

e 
[m

V]

2

2.2

2.4

2.6

2.8

3

3.2

3.4

R Sd
H

 [K
]

B-1  [T -1 ]

= 0.360 THz
Vg = 0.3 V

Fig. 4. Shubnikov-de-Haas oscillations (right axis) and photoresponse oscillations
(left axis) as a function of magnetic field. The device was excited at low temperature
(4 K) by BWO at 360 GHz and for a fixed gate bias (Vg = 0.3 V).
contribution of the cyclotron resonance. The second term is
responsible for the oscillations and is proportional to @c=@n, or,
to @c=@B, thus resulting in a p/2 phase-shift, which we observe
experimentally. Fig. 4 shows the Shubnikov-de-Haas oscillations
(right axis) and the photoresponse oscillations (left axis) obtained
at Vg = 0.3 V and under 360 GHz excitation from a Backward Wave
Oscillator (BWO). A clear shift of around p/2 is observed that re-
lates the response to the oscillation of the plasma waves in the
channel. This gives strong evidence in favor of the detection mech-
anism proposed in Ref. [18].
4. Terahertz imaging

The observed non-resonant response shows a relatively high
signal to noise ratio (Fig. 3) and a low noise equivalent power
(�1 pW/Hz1/2), which allows the use of this device as a sensor
for applications like terahertz imaging. Fig. 5 describes schemati-
cally the terahertz imaging system used. An electronic source
based on frequency multipliers diode was used as a source of ter-
ahertz radiation at f = 0.292 THz. The radiation is collimated and
focused by off-axis parabolic mirrors. Visible red LED in combina-
tion with an indium tin oxide (ITO) mirror3 is used for the align-
ment of the Terahertz beam. The incident THz light is
mechanically chopped at 333 Hz, and the photo-induced drain-to-
source voltage DU is measured using a lock-in technique. All mea-
surements were done at room temperature and under atmospheric
pressure. Computer for image capture controls both the XY stage
of the sample and the lock-in amplifier. More information about
the terahertz imaging system setup can be found in [9].

The gate bias (Vg) was fixed at a value close to the threshold
voltage to obtain optimum signal for imaging and high values of
the signal to noise ratio. Fig. 6 shows both visible (up) and tera-
hertz image (down) of a plastic box with a hidden mirror. The res-
olution of the image is 125 � 333 pixels and was obtained using
the Si/SiGe MODFET with Lg = 250 nm as the terahertz sensor.
The shapes of the mirror and box are easily identified in the image.
The inner part shows less absorption because the material is semi-
transparent to terahertz radiation. Figs. 7 and 8 show respectively
the terahertz images of a VISA card with a resolution of 153 � 333
pixels obtained using the same transistor and a cigarette box with
a resolution of 133 � 333 pixels obtained using the Si/SiGe MOD-
FET with Lg = 50 nm. In the case of the cigarette box, most of the
terahertz radiation is absorbed by the inner cover of the package
made of aluminum. However, we can clearly distinguish three cig-
arettes present inside the box. For the VISA card image, the plastic
part shows higher intensity of the signal and the chip (covered by
the copper contacts) as well as the numbers and the dove holo-
gram (lower-left part) absorbed most of the light. In this image,
the rear part of the card (signature panel) is also visible. Those
images demonstrate the capability of Si/SiGe MOSFETs to build
compact terahertz imaging systems and their potential role in
other terahertz applications. Those systems are inexpensive, com-
pact, operate at room temperature and can be monolithically inte-
grated along with Si-circuitry.
5. Resonant detection

Fig. 9a shows the photoresponse signal as a function of gate bias
for a device with a gate length of 250 nm under BWO excitation at
two frequencies 323 and 360 GHz. The measurements were per-
formed at 4 K where high mobility and a high quality factor of
the plasma oscillation are obtained. A clear shift of the peak re-
sponse to higher gate voltages with excitation frequency was ob-
3 Transparent for the red LED radiation and highly reflective for the Terahertz beam



Fig. 5. Schematic description of the experimental setup of the imaging system.

Fig. 6. Visible (up) and terahertz image (down) of a plastic box with a hidden
mirror inside obtained using Si/SiGe MODFET with Lg = 250 nm.

Fig. 7. Terahertz image of a VISA card obtained using Si/SiGe MODFET with
Lg = 250 nm.

Fig. 8. Terahertz image of a cigarette box where tree cigarettes are present in the
box obtained using Si/SiGe MODFET with Lg = 50 nm.
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served. The square and diamond symbols in Fig. 9b mark the max-
imum of signals at 323 and 360 GHz, respectively, that have been
obtained experimentally. According to the Dyakonov–Shur theory
[19], the resonance frequency can be tuned by the gate bias and
is given by:

F0 ¼
1

4Lg

ffiffiffiffiffiffiffiffi
eU0

m�

r
ð5Þ

where U0 = Ug�Uth, Ug is the gate-to-channel voltage, and Uth is the
threshold voltage at which the channel is completely depleted, Lg is
the gate length, and m� is the effective mass of electrons. Note that
Eq. (5) is valid under the gradual channel approximation. The reso-
nant frequency as a function of the voltage swing is plotted for
Lg = 230 nm (Fig. 9b) for which a better fit is obtained. The displace-
ment toward higher gate voltages is in good agreement within the
Dyakonov–Shur theoretical prediction.
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Fig. 9. (a) Photoresponse vs gate bias at two frequencies of the incoming radiation
(323 and 360 GHz). (b) Resonance frequency vs swing voltage for Lg = 230 nm gate
lengths.
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6. Conclusion

We reported on resonant and non-resonant detection of tera-
hertz radiation using strained-silicon modulation doped field effect
transistors of two different gate lengths. The terahertz response
was related to the oscillations of the plasma waves in the channel.
Additionally, we have demonstrated the capabilities of these de-
vices in terahertz imaging, this opens the way to design and use
Si/SiGe devices in different applications in terahertz technology.
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