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Abstract
Strained-Si modulation doped field effect transistors have been studied as detectors of 0.2 THz
and 1.6 THz electromagnetic radiation at room temperature. The difference in the gate voltage
dependences for 0.2 THz and 1.6 THz radiation and spatial pattern of the transistor response to
focused 1.6 THz radiation confirms that the mechanism of detection is linked to the excitations
of the two-dimensional electrons in the device channel.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

n-channel or p-channel field effect transistors (FETs) can be
used as fast room temperature detectors of THz radiation
[1, 2]. The mechanism of the detection is based on the
excitation of resonant or overdamped plasma waves in the
device channel [3]. One of the important device parameters
for optimizing the detection efficiency is the momentum
relaxation time and thus indirectly the mobility of the charged
carriers.

High mobility is offered by GaAs/AlGaAs [3–6],
InGaP/InGaAs/GaAs [7], InGaAs/AlInAs [8] and
AlGaN/GaN HEMTs [4], in which detection of THz
and sub-THz radiation has been measured. Si MOSFETs
have also been shown to function as THz detectors [11–13].
These FET-type detectors can operate at room temperature,
at high speed [1], and demonstrate a noise equivalent power
(NEP) comparable to other room temperature detectors of
terahertz radiation.

Si-based detectors, operating at room temperature, have
an advantage of compatibility with mainstream CMOS
technology, although the HEMT structures offer far higher
mobility. Higher mobility can also be obtained from strained-
Si technology. For instance, strained-Si modulation doped
FETs with a Schottky gate contact show high mobility

and high operation speeds [14]. This enhanced electron
mobility in the channel provides the potential to operate
a FET as a plasmonic FET detector in the resonant mode
with higher selectivity, higher responsivity and lower NEP.
In [15], the first investigation of THz detection by strained-
Si modulation doped FETs (MODFET) at low temperature
(18 K) was presented. In this paper, we report on the behavior
of a strained-Si MODFET as broadband detector at room
temperature and as a function of the drain current.

2. Device and experimental set-up

The epistructure of the MODFET was grown by molecular
beam epitaxy (MBE) on a thick relaxed SiGe virtual
substrate grown by low-energy plasma-enhanced chemical
vapor deposition (LEPECVD). The final Ge concentration in
the virtual substrate was xGe = 45%. The device had a 9 nm
tensile strained (in terms of biaxial deformation) Si channel
sandwiched between two heavily doped SiGe electron supply
layers to generate a high carrier density in the strained-Si
quantum well. The top of the device layers was capped with
a thin layer of Si, so as not to compromise the quality of the
Schottky gate. The ohmic contacts were not self-aligned. The
transistors measured had a gate length of Lg = 100 nm, gate
width W = 30 µm and source–drain distance of L = 1 µm.
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Figure 1. Left: schematic layer structure of the strained-Si modulation doped field effect transistors. Right: schematic energy band diagram
calculated using MEDICITM.

Figure 1 shows the device layers and a schematic of
the contacts together with the energy band diagram for
the structure in the un-biased state. The strain in the Si
layer caused formation of a quantum well for electrons and
confinement of the carriers. The carrier concentration in the
quantum well of ns = 4.6 × 1012 cm−2 and the mobility µ =
1355 cm2 V−1 s−1 were obtained by Hall measurements
at room temperature. The conduction band offset can be
estimated as �Ec = 0.6 × xGe = 270 meV. The other
effect of the strain is to split the conduction band degeneracy
causing a lowering in energy of the �2 bands. This has two
consequences. First, the phonon scattering rate decreases,
increasing the momentum relaxation time, and second, the
effective mass, with which the electrons travel in the �2
bands, decreases as well. The advantage of reduced phonon
scattering in strained-Si channels disappears with decreasing
temperatures (down to 100 K), when phonon scattering
becomes less important. However, the decrease in effective
mass remains important at lower temperatures [16]. The
increased momentum relaxation time in tensile strained Si
channels at room temperature promises to be advantageous
for room temperature THz detection.

The response measurements were performed at 200 GHz
using a 100 GHz Gunn diode and frequency doubler and
at 1.6 THz with a CO2 pumped FIR laser. The maximum
output power was ∼3 mW and ∼50 mW for the 200 GHz and
1.6 THz systems, respectively. The radiation was focused on
the transistor surface with a parabolic mirror. The sample
holder was placed in the focal plane, on a computer-controlled
nano-positioning stage.

No special coupling antennas were used in the experiment.
The radiation was thus most likely coupled to the device via

the metallization pads. The radiation intensity was modulated
by a mechanical chopper at 40–200 Hz. The source terminal
of the device was grounded. A controlled DC drain current, Id ,
was driven through the device using a Keithley Source Meter
2410. The gate bias was controlled by another Keithley Source
Meter 2410. The current and gate voltage dependence of the
response was measured using a voltage preamplifier (∼8 M�

input resistance) followed by a lock-in amplifier.

3. Measurements and discussion

Figure 2 shows the dc voltage induced on the drain (response)
by the sub-terahertz radiation of f = 0.2 THz at different drain
currents. As predicted by the theory [2, 17], the response
increases with drain current.

For a radiation power of ∼1 mV, the responsivity is R ≈
2 V W−1 at zero drain current and reaches a relatively
large value of approximately 55 V W−1 at Id = 1 µA. The
dimensions of the MODFET are smaller than the focus area of
the incoming radiation beam and smaller than half the radiation
wavelength, λ/2. Thus, only a fraction of the incoming
radiation can be coupled into the MODFET. A method to
increase responsivity is to combine several transistors in an
array. Taking the area of the focused beam equal to λ2/4 and
a transistor area of Atr = 1.4 × 10−4 cm2, we estimate that, for
a matrix of 6 × 6 transistors, a maximum responsivity might
be as high as R ≈ 2000 V W−1.

Figure 3 compares the normalized response of the
MODFET to 0.2 THz and 1.6 THz radiation at a current
Id = 0. The absolute value of the maximum response at
1.6 THz was ∼0.1 mV. For a power at the focal plane
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Figure 2. The dependence of the induced DC drain voltage on gate
bias for different imposed drain currents for 0.2 THz radiation.
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Figure 3. Response for 0.2 (circles) and 1.6 (triangles) THz
radiation at a current Id = 0A. Lines are calculations using the model
presented in [18]. The response is normalized to its maximum value.

of approximately 50 mW, the responsivity is R ≈ 2 ×
10−3 V W−1.

As seen from figure 3, the response curve for the
0.2 THz radiation is narrower. The lines in figure 3 are the
result of calculations as in [18],

�u ∝ 1

s2

sinh2 Q − sin2 Q

sinh2 Q + cos2 Q
, (1)

where
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is the plasma wave velocity, s0 =
√

ηkBT

m
, η is the ideality

factor. As seen, the theory describes the difference in the
shape for the response to different frequencies qualitatively.
The decrease of the response below threshold relates to the gate
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Figure 4. The responsivity pattern. f = 1.6 THz, Vgs = −0.2 V,
Ids = 0 A, P ≈ 50 mW. The beam is focused by a parabolic mirror.

leakage current [18] and to the increased internal resistance of
the detector caused by a large decrease of the electron density
in the channel in the below threshold regime [13].

Figure 4 presents the measured 2D image of the
transistor’s terahertz responsivity versus its displacement in
the focal plane of the incident beam. Polarization is parallel to
the gate stripe. Two maxima, positive and negative, are located
away from the transistor itself. The presence of a response
of different sign has been reported earlier [19] and has been
explained by the overdamped plasma wave excitations at the
source and drain, respectively.

As seen from figure 4, the maximum values of both
positive and negative signals occur when the beam focus is
away from the transistor. This is the evidence of inefficient
coupling of the THz radiation to the devices, and optimized
coupling might lead to a large increase in the responsivity.

The theory [18] predicts the device responsivity should
first increase with frequency and then saturate. In fact, the
experimental data clearly show a much smaller response at
1.6 THz than at 200 GHz. One of the reasons is that the
inductances of the bonding wires might effectively isolate the
source and gate making the device look nearly symmetrical at
high (1.6 THz) frequency and diminishing an asymmetry in
the boundary conditions for the plasma waves excited at source
and drain sides of the channel. That significantly reduces the
response in comparison to the case of 200 GHz. In addition,
the gate resistance, Rg, is enhanced by the skin effect. Skin
layer thickness and its resistance are estimated to be δ = 60–
70 nm and Rg = 50–100 � at f = 1.6 THz. The time constant
τ = RgCg is about one order of magnitude higher than the
period 1/2π f (where Cg is the gate capacitance and f =
1.6 THz). This leads to the response decrease as 1/ω2 or
1/ω3 for the frequencies higher than 1/τ when the skin layer
thickness is higher or smaller than the gate metal thickness,
respectively.

4. Conclusion

In conclusion, we demonstrated the detection of 0.2 THz and
1.6 THz radiation by the strained-Si modulation doped field
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effect transistors at room temperature. The difference of the
shape of the response versus gate voltage between 0.2 THz
and 1.6 THz is explained based on the model of overdamped
plasma waves in a 2D electron gas. The spatial variation of
the transistor response to focused 1.6 THz radiation confirms
the overdamped plasma waves mechanism of detection and
holds promise for the responsivity increase with an optimized
coupling structure.
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