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Abstract: Plasma waves in semiconductor gated 2-D systems can be used to efficiently detect Terahertz
(THz) electromagnetic radiation. This work reports on the response of a strained-Si Modulation-doped
Field-Effect Transistor (MODFET) under front and back sub-THz illumination. The response of the
MODFEET has been characterized using a two-tones solid-state continuous wave source at 0.15 and
0.30 THz. The DC drain-to-source voltage of 500-nm gate length transistors transducing the sub-THz
radiation (photovoltaic mode) exhibited a non-resonant response in agreement with literature results.
Two configurations of the illumination were investigated: (i) front side illumination in which the
transistor was shined on its top side, and (ii) back illumination side where the device received the
sub-THz radiation on its bottom side, i.e., on the Si substrate. Under excitation at 0.15 THz clear
evidence of the coupling of terahertz radiation by the bonding wires was found, this coupling leads
to a stronger response under front illumination than under back illumination. When the radiation
is shifted to 0.3 THz, as a result of a lesser efficient coupling of the EM radiation through the
bonding wires, the response under front illumination was considerably weakened while it was
strengthened under back illumination. Electromagnetic simulations explained this behavior as the
magnitude of the induced electric field in the channel of the MODFET was considerably stronger
under back illumination.
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1. Introduction

Over the last two decades, the progress in new semiconductor materials and devices has fostered
the research of room-temperature Terahertz (THz) detectors [1]. The portion of the electromagnetic
(EM) spectrum located between the infrared region and the RF/microwaves one is commonly known
as the Terahertz or submillimeter region and THz radiation is also referred as T-rays. The broad range
of potential applications of THz radiation has fueled the research on THz sources and detectors to the
point that these new devices start to be exploited in real-world applications which will be brought to
market [2,3].

Accordingly, different emerging applications based on THz science developments have been
investigated so far [4]. An extensive list of different fields that may potentially benefit from new
THz sensing devices and techniques includes astronomy [5], spectroscopy (many chemicals can
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have distinctive spectroscopic fingerprints in the THz range) [6,7], telecommunications (systems
operating in the submillimeter range have a bandwidth inherently higher than those working in
microwaves: for instance, THz systems will be able to meet the needs of upcoming 5-10 Gb/s data
rates in point-to-point wireless short-range communications [8,9]), security screening (THz beams can
be used to detect hidden objects in clothing, envelopes and materials used in packaging, additionally,
some hidden substances such as plastic explosives can be detected using their Terahertz fingerprint) [10],
metrology [11], etc.

At the beginning of the nineties, Dyakonov and Shur [12,13] presented a ground-breaking work
that proposed and demonstrated the ability of sub-micron FETs (Field-Effect Transistors) to detect
terahertz radiation. The detection was based on the nonlinear properties of the two-dimensional (2D)
electron plasma in the channel of FETs. While the proposal of Dyakonov and Shur was a theoretical
work, in the course of the following years the detection of sub-terahertz radiation based on plasma
waves was also experimentally demonstrated using different types of FETs such as silicon MOSFETs
(Metal-Oxide-Semiconductor Field-Effect Transistor) [14], strained-Si MODFETs (Modulation-Doped
Field-Effect Transistor) [15], GaN FETs [16], and graphene FETs [17].

Terahertz detectors based on the properties of the 2D electron plasmas in FET channels perform
direct detection of the incoming THz radiation using a frequency down-conversion technique. In direct
detection, the power of THz signals impinging on the FET top-surface is converted into dc current or
voltage levels via a non-linear mechanism [12,13]: for instance, in an open-drain field-effect transistor
under THz light a DC voltage will set up between its source and drain contacts as a non-linear response
to the THz excitation (phovoltaic mode). Dimensions and doping-profiles of short gate FETs can be
designed to tailor the frequency response of the plasma channel plasma within the terahertz range.
A non-linear voltage tuning of the value of this frequency can be performed through the gate-to-source
bias voltage. By combining plasma-wave detectors and new continuous-wave (CW) solid-state THz
sources [18], innovative THz systems will eventually be developed and brought to market, which will
benefit from the well-known properties associated with solid-state sources: scalability, reliability,
and compactness.

The present paper reports on the use of field-effect transistors (FETs) based on the SiGe/Si/SiGe
double-heterojunction as sub-THz plasma-waves detectors. A Il-gate Si/Sip;Gep3 MODFET was used
as a photovoltaic mode direct detector of CW sub-THz radiation. A key advantage of plasma-waves
THz detectors based on the Si/SiGe material system when compared to the ones fabricated using
III-V materials, is that the first ones can be integrated on the same chip with CMOS (Complementary
Metal-Oxide-Semiconductor) circuits, since both CMOS and Si/SiGe MODFETs can share the same Si
wafer. And, thus, monolithic integration of a Si/SiGe THz detector and the necessary CMOS readout
circuitry on a single chip may be feasible.

The paper is organized as follows: Section 2 is devoted to materials and Methods, the Si/SiGe
MODFEFET transistor is presented and its geometry and epilayer description are detailed, finally,
a description of the set up used in the THz characterization is given. Section 3 presents the experimental
and simulation results of an analysis of the device response under CW excitation at 0.15 and 0.30 THz.
The study focuses on the differences of the photovoltaic response when the device receives front
(the one commonly used) and back THz illumination. 3D FDTD (Finite-difference time-domain)
simulations are performed to explain the results obtained in measurements at 0.3 THz.

2. Device and Experimental Setup

In this section, the strained-Si MODFETs proposed as THz detectors are presented along with the
techniques and the experimental setup used in measurements.

2.1. Si/SiGe MODFET

To fabricate THz detectors based on plasma oscillations high-mobility short channels FETs must
be used [12,13]. The double heterojunction SiGe/Si/SiGe allows the fabrication of extremely thin layers
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of strained silicon (specifically under biaxial tensile strain) sandwiched between unstrained (relaxed)
SiGe layers. Figure 1 shows the vertical lay-out of the n-channel strained-Si MODEFET [19].

Both the double heterojunction and the strain of the intermediate pure-silicon layer contribute
synergistically to improve the performance of FET devices that are based on the 5i/SiGe material system
as compared to conventional MOSFETs. On the one hand, the conduction band offsets at the Si/SiGe
interface provide confinement (the conduction band offset of the heterojunction Si/Sig 70Gey 39 is about
180 meV) for electrons in the silicon layer enabling the use of this layer as the 2D channel of n-channel
FET transistors by effectively blocking vertical carrier transport and, therefore, limiting the gate current
of the transistor, on the other hand, biaxial tensile strain leads to high values of the electron mobility in
the 2D channel. The latter is achieved by simultaneously lowering the electron conductivity mass and
the electron scattering rate in the transistor channel as compared to bulk Si MOSFETs. Strain of the
silicon channel modifies the six-fold degeneracy of the minimum of the conduction band of bulk silicon,
under biaxial tensile strain the two valleys with their long axis perpendicular to the hetero-interface
become the minimum of the conduction band and channel electrons will essentially occupy these
two valleys which reduces the electron conductivity mass [20,21]. The electron scattering rate in the
strained Si channel is reduced as compared to the one in conventional unstrained channels, this is
achieved both through the referred lift-off of the valley degeneracy that lowers the probability of
intervalley scattering for the electrons in strained-Si channel and by the doping modulation in the
structure that allows to replace the intense carrier scattering by ionized impurities in the channel of
MOSFETs by the less active remote impurity scattering by the dopants in the supply layer. All the
above factors contribute to build up high-mobility electron plasmas in the channel of strained-Si FETs
that is a key parameter to detect THz radiation.
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Figure 1. Left: Schematic cross section of the transistor under study. Front and back illumination
configurations are highlighted by showing the respective incident THz beams in each configuration.
Right: Vertical distribution of the energy band diagram under the gate at equilibrium showing the
Fermi level. The double-deck supply (two unstrained n** Siy ;Gep 3 highly doped layers) sandwiching
the 12 nm-thick strained silicon layer (region of thickness w highlighted in dark grey and surrounded
by two nominally undoped spacer layers) generates a double quantum well inside de channel [15,19].

The fabrication of the transistor was detailed in [19]. Its horizontal layout is schematically given
in Figure 1. The separation between the ohmic contacts of source and drain is Lsy = 2 um. The Schottky
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gate electrode had a width of 60 um and its length (L) was 500 nm. Unlike in conventional FETs the
gate electrode of the transistor is not equidistant from source and drain as an asymmetrical position of
the Schottky-gate improves THz detection by plasma waves [19].

2.2. Terahertz Characterisation Setup

The schematic of the free-space setup used to measure the response of the transistor under
sub-THz radiation is given in Figure 2. It was already described in [19]. A commercial solid-state
sub-THz two-tones source was employed. The emitted power by the source at its lowest frequency
(0.15 THz) was of 3 mW, while at 0.3 THz the power was 6 mW. A calibrated pyroelectric detector was
used to characterize the source prior to measurements.
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Figure 2. (a) Schematic description of the experimental setup: a solid-state sub-THz source by RPG
(RPG-Radiometer Physics GmbH, Meckenheim, Germany) (shown in the bottom left corner) generates
two output frequencies 0.15 and 0.3 THz; (b) Detail of the schematic of the FET detector mounted on a
x-y stage with both configurations and where the THz rays polarization is highlighted.

The transistor was first wire-bounded using 25 pm-diameter pure gold wires on a DIP14 (dual in
line package) as shown in Figure 3. The photovoltaic mode response of the transistor was measured
using the locking technique (a Stanford Research SR830 (Stanford Research Systems, Sunnyvale, CA,
USA) lock-in amplifier was used) with chopping frequency at 298 Hz. Measurements were done at
room temperature.

Source

Source

Figure 3. Left: The device under study, framed in a red rectangle for ease of viewing, glued and
mounted on a DIP14 and wire-bounded to it. Right: Detailed view of the I'l-gate transistor.
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3. Results and Discussion

This section is essentially devoted to present and discuss an experimental study of the sub-THz
response of strained-Si MODEFETs under front and back illumination conditions. It is found that
at 0.3 THz the response of the transistor has almost no influence of the bonding wires and, at this
frequency, in contrast with the response under radiation of 0.15 THz, back illumination produces a
stronger response than front illumination (the one conventionally used).

3.1. Electrical Characterization

Before wire-bonding the MODFETs were characterized on-wafer using Cascade Summit 11000B-AP
probe station and an Agilent B1500A Semiconductor Device Parameter Analyzer (Agilent Technologies,
Inc, Santa Clara, CA, USA). The transfer and output characteristics of the transistors are presented
in Figure 4a,b, respectively. As previously reported [22,23], transistors under study are normally-on
devices, i.e., a negative value of Vs < 0 is necessary to cut-off the channel [19]. The value of the
extracted threshold voltage was Vy, = —0.85 V. The transfer characteristics show that when the drain
voltage is moderately raised from 20 mV to 200 mV the current is greatly enhanced due to the high
current throughput of the double deck electron channel. The high electron mobility in the channel
induces high sensitivities of plasma waves Si/SiGe MODFETs THz sensors.

-0 Vds=20mV -O- Vds=200mV -O- Vgs=-0.2V - Vgs=-0.4V -x Vgs=-0.6V

-1.00 -0.80 -0.60 -0.40 -0.20 0.00 0.00 0.20 0.40 0.60 0.80

Gate Voltage (V) Vg (V)
(a) (b)

Figure 4. (a) Transfer characteristics of the transistors under study for two values of V (the drain-to-source
voltage). (b) Measured output characteristics for three values of Vs (the gate-to-source voltage).

3.2. Terahertz Measurements

To investigate the coupling of the incoming terahertz radiation with the channel, two types of
measurements were performed: (i) front illumination where the radiation excited the device from the
top side and (ii) back illumination where the transistor was excited from the bottom side (the substrate
side) (see Figures 1a and 2b). It was experimentally observed that the bonding wires could play an
important role to couple the incoming terahertz radiations to the channel [24,25]. This effect should be
lowered if the device is excited at its back side.

Figure 5 shows the measured photoresponse under CW excitation at 0.15 THz (Figure 5a) and
at 0.3 THz (Figure 5b) for both configurations: front and back illumination. The maximum of the
device response in the photovoltaic mode was obtained when the gate electrode of MODFET was
biased at Vg5 ~ —0.85 V (i.e., the device was operating at the onset of the subthreshold region) for both
frequencies and configurations setups (front and back illumination).

The detector response follows the well-known behaviour of a non-resonant (broadband) in
agreement with a low value of quality factor (Q = wt < 1) [26] where w is the angular frequency
and T the relaxation time. For the front illumination configuration, the photoresponse decreases by a
factor of 2 (from ~400 pV to 200 1V) when the frequency rises from 0.15 THz to 0.3 THz. In contrast,
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an increase by a factor of 2 is obtained under back illumination when the frequency of the source is
doubled from 0.15 to 0.3 THz.
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Figure 5. Photoresponse signal vs. gate voltage under excitation of (a) 0.15 THz and (b) 0.3THz and for
both front and back illumination configurations.

A numerical model of the transistor was built in the electromagnetic solver software package
CST™ Microwave Studio. 3D simulations solving the Maxwell equations using the Time Domain
Solver were performed assuming that a plane wave with a frequency of 0.3 THz propagates along the
Z axis with normal incidence on the top side or on the bottom side of the transistor, i.e., front and back
illumination respectively. The electric field magnitude of the incoming wave was assumed to be 1 V/m;
the electric field was defined as parallel to the transistor’s channel. In Figure 6 the distribution of the
normalized internal electric field (E;) induced by the impinging 0.3 THz beam along the transistor
channel is given in dB as:

E,(dB) = ZOIoglo(é], (1)
m

where the magnitude of the electric field in the right-hand side of equation is expressed in V/m.
The magnitude of the induced electric field under back illumination (Figure 6b) is significantly higher
than the one obtained under front illumination (Figure 6b) in good agreement with measurements
(Figure 5b). This better coupling of the incoming power radiation to the channel is attributed to the low
reflexion of the beam and transparency of the silicon substrate to THz radiation. Therefore, in silicon
substrate devices, back illumination can significantly enhance the THz photoresponse of the detector.
This is an interesting aspect from the technological standpoint because, as pointed out in Section 1,
the silicon substrate in Si/SiGe MODFETs also provides the added advantage of CMOS compatibility.

To further investigate the above behaviour and the coupling of the terahertz radiation with the
electron channel, the device was rotated in the plane perpendicular to the terahertz beam and the
photoresponse signal was systematically determined for each angular position of the device. As above
discussed, the maximum of the intensity of the response was obtained when the bias of MODFET gate
was kept close to the value of the threshold voltage of the device for each angle.

Figure 7 gives the maximum values of the measured photoresponse signal under excitation at
0.15 THz (Figure 7a) and 0.3 THz (Figure 7b) for both configurations of the illumination (front and back).
In the case of back illumination, the photoresponse signal is enhanced by a factor of two when the
excitation frequency is shifted from 0.15 THz to 0.3 THz. This is mainly due to the power of the source
(6 mW at 0.3 THz and 3 W at 0.15 THz). For the front illumination configuration and under excitation
at 0.15 THz, four lobes were observed at ~ 30°, 120°, 190°, and 310° (blue cross marks in Figure 7a).
However, for back illumination only two lobes were observed along with a lower intensity of the
signal (red circles in Figure 7a). This lower intensity found in measurements under back illumination
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points toward a substantial contribution of the bonding wires to the coupling of the incoming terahertz
to the channel [25]. Accordingly, under excitation at 0.15 THz, the response measured under front
illumination exceeds the one obtained under back illumination for any orientation of the THz beam;
this can be explained as follows: for back illumination both the electron channel and the electrodes’
metal pads screen the incoming EM radiation, the coupling through the bonding wires is blocked and
the overall photoresponse is considerably weakened. Since the four lobes are mainly determined by
the layout of the four bonding wires they are not observed in back illumination.

(@) | (b)

Figure 6. Spatial distribution of the module of the normalized induced electric field under front,
(a), and back, (b), illumination at 0.3 THz at the plane of the transistor channel (it is found in simulations
that the induced electric field is mainly developed in the channel of the FET). The maximum values
of the normalized electric field in the plotted plane are 18.47 dB and 29.58 dB for front and back
illumination, respectively. Black solid lines indicate the contour of the top side transistor electrodes
and are a guide to the eye.
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Figure 7. Photoresponse signal as a function of the rotation angle under excitation of (a) 0.15 THz and
(b) 0.3 THz and for both configurations front and back illumination.

For excitation at 0.3 THz measurements reveal that both device’s photoresponses under both front
and back illumination start to exhibit a similar dependence with respect to the THz beam orientation
(Figure 7b). This is in good agreement with the weakening of the ability of the bonding wires to act as
an antenna as the frequency of the THz increases [25], accordingly, since at 0.3 THz the influence of
the bonding wires is lowered, both responses under front and back illumination become qualitatively
similar. For the front illumination, we could observe a local maximum an important value of the
measured signal for the angles around the one obtained for 330° that could be attributed to a residual
coupling mediated by the bonding wires or the contacts pads. Nevertheless, this latter value is
quite reduced as compared to the one observed at the angle of 240°. Moreover, a clear asymmetry
of the photoresponse dependence can be observed for the angles 240° and 60° on Figure 7b under
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front illumination configuration. While it is true that ideally both values should be almost equal,
this asymmetric dependence could be a combined effect of a better coupling with the pads and/or the
gate fingers at the angle 240° and a slight misalignment between the device mounted on the rotational
axis in the plane perpendicular to the beam propagation and the THz beam during measurements.

4. Conclusions

In this work an experimental study of the response of a Il-gate S5i/SiGe MODFETs
(Modulation-Doped Field-Effect Transistor) under front and back sub-THz illumination was presented.
The response of the strained-Si MODFET was measured using a two-tones excitation (0.15 and 0.30 THz)
that were generated by a commercial solid-state continuous wave source. The DC drain-to-source voltage
of the transistor transducing the sub-THz radiation (photovoltaic mode) exhibited a non-resonant
response in agreement with previous results.

Two configurations of the illumination were investigated: (i) front side illumination in which
the transistor was shined on its top side, and (ii) back illumination side where the device received
the sub-THz radiation on its bottom side, i.e., on the Si substrate. Under excitation at 0.15 THz clear
evidence of the coupling of terahertz radiation by the bonding wires was found, this coupling leads
to a stronger response under front illumination than under back illumination. When the radiation is
shifted to 0.3 THz, as a result of a lesser efficient coupling of the EM radiation through the bonding
wires, the response under front illumination was considerably weakened while it was strengthened
under back illumination. Electromagnetic simulations explained this behavior as the magnitude of the
induced electric field in the channel of the MODFET was considerably stronger under back illumination.
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