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used as detectors of THz electromagnetic radiation at liquid helium temper-
atures. Application of high magnetic fields led to the Shubnikov-de Haas
oscillations of the detection signal. Measurements carried out with a si-
multaneous modulation of the intensity of the incident THz beam and the
transistor gate voltage showed that the detection signal is determined by the
electron plasma both in the gated and ungated parts of the transistor chan-
nel. This result is of importance for understanding the physical mechanism
of the detection in high electron mobility transistors and for development of
a proper theoretical description of this process.
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1. Introduction

Field effect transistors (FETS) are known to be detectors of THz electromag-
netic radiation both at liquid helium and room temperatures [1-5]. Illumination
of the transistor with THz radiation leads to the generation of a constant drain—
source voltage. This photovoltage is the detection signal, .S, which is usually
measured as a function of the gate voltage Ugg, drain current, or temperature.

The idea of using transistors as detectors of THz radiation was put forward by
Dyakonov and Shur [1] who showed that oscillations of the electron plasma in the
transistor channel can couple to the external radiation. The physical mechanism
of the detection is the rectification of plasma oscillations induced by the incident
radiation in the transistor channel. The rectification process is possible because
of the asymmetry of the channel (drain—gate vs. source-gate capacitances) and a
nonlinear character of plasma wave excitations.

The model of the plasma instability [1] and the detection [2] was developed
for a transistor with the gate covering the whole distance between the source and
the drain. It is the only model which has been used so far to interpret experimental
data, in spite of the fact that experiments were carried out on transistors with the
gate covering the whole source—drain distance (i.e., Si metal-oxide-semiconductor
FETSs) or on high electron mobility transistors (HEMTs) with the gate covering
only a small part of the channel. On the other hand, in the case of HEMTs, one
can expect a strong coupling of the plasma in the gated and ungated parts of the
channel. If it is so, the detection signal in HEMTs should be influenced by plasma
excitations in the ungated part of the channel, too.

The aim of the present experiment was to clarify the role of the gated and
ungated parts of the transistor channel in the detection of electromagnetic radi-
ation with HEMTs. To this end, we used HEMTs processed on GaAs/AlGaAs
and GaN/AlGaN heterostructures. Measurements were carried out at liquid he-
lium temperatures and high magnetic fields with a simultaneous modulation of
the incident THz light intensity and the gate voltage. This “double modulation”
technique and application of quantizing magnetic fields allowed us to show unam-
biguously that the detection signal is influenced both by the gated and ungated
plasma. This result is important for understanding of the physical mechanism of
detection by the electron plasma in HEMTs. It also indicates that the model of
detection traditionally used should be further developed to take into account the
coupling of the plasma in the gated and ungated parts of the transistor channel.

2. Experimental and results

Experiments were carried out at 4.4 K on HEMTs processed on a high quality
GaAs/AlGaAs and GaN/AlGaN heterostructures. In the case of GaAs FET, the
gate length and the source—drain distance was equal to 0.8 and 10 pum, respectively.
In the case of GaN FET, these numbers were 0.7 and 3 pum. Transistors were placed
in a superconducting coil and they were cooled with a helium exchange gas; the
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magnetic field (B) was perpendicular to the channel plane and was changed up
to 8 T. THz excitation was generated with a molecular (CH3OH) laser pumped
with a CO4 laser. We used three laser lines: 1.84, 2.52 and 3.11 THz. The THz
radiation was conducted to the sample by inox tubes and was neither intentionally
focalized nor polarized.

The laser beam was modulated with a mechanical chopper (frequency fr =
8 Hz) giving a 100% (on-off) modulation of the beam intensity with the duty cycle
1:1. The gate potential was simultaneously modulated with a frequency fo =
1 kHz and the gate polarization was Ugg +u cos(27 fgt), with w = 10 mV. The aim
of application of this double modulation technique was to measure the derivative
of the detection signal with respect to the gate voltage, i.e., the derivative of the
difference of the source—drain voltage measured with the THz light on and off.
To measure that derivative we used two lock-in amplifiers. A lock-in connected
between the source and the drain (L1) was referenced with fo and its integration
time constant was 10 ms. Since the laser beam was on and off during subsequent
intervals of 1/16 s, the L1 measured a derivative of the source—drain voltage (with
respect to the gate polarization) in each of these intervals. The output of L1
changed every 1/16 s and was directed to the lock-in L2, referenced with fr,
which thus measured the derivative dS/dUgs.

To check the consistency of the method applied, we also used the third
lock-in, L3, which was connected between the source and the drain and referenced
with the frequency fr; thus, L3 measured the detection signal S with a standard
lock-in technique. We verified that a numerical derivative of the signal S measured
with L3 as a function of Ugg was always proportional to the signal of L2 vs. Ugsg.

Examples of typical experimental data are shown in Fig. 1 and Fig. 2.

Figure 1 shows results for the GaAs/AlGaAs transistor. The thin line is the
transfer characteristics which allows us to determine the threshold voltage Uty to
be about —1 V and indicates a correct functioning of the transistor. The detection
signal S (measured with lock-in L3) at 2.52 THz is plotted with a thick line. It
shows a strong increase with the gate voltage approaching Ury, which is a typical
behavior of the detection signal observed in experiments. The inset to Fig. 1
shows how the measured signal depends on the magnetic field. Oscillations which
develop at B higher than about 1.5 T are periodic in B~! which indicates that
they are the Shubnikov—de Haas oscillations (SdHO). An interesting feature of the
oscillations is that their apparent period does not depend on the gate voltage, i.e.,
on the electron concentration in the gated part of the channel. Similar results were
obtained for other radiation frequencies used.

The data obtained for the GaN/AlGaN transistor is qualitatively the same as
that presented in Fig. 1 with the exception that SAHO develop at larger magnetic
field of about 5 T (due to the electron mobility smaller in GaN than in GaAs).
Figure 2 shows an example of “double modulation” data, i.e., the derivative of the
detection signal, as a function of the magnetic field. One can clearly observe a
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Fig. 1. Right axis: transfer characteristics measured at the drain—source voltage of
10 mV; left scale: detection signal S as a function of the gate voltage at 2.52 THz and
B =0 T. Inset: oscillations of the detection signal in the magnetic field at Ugs = 0 V,
—0.4V, —0.8 V and —0.95 V (bottom to top).
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Fig. 2. Thick lines: oscillations of the derivative of detection signal at 1.84 THz as a
function of the inverse magnetic field at Ugs =0V, -0.2 V, —04 V, —0.6 V, —0.8 V
(bottom to top). Thin lines: numerical fit made simultaneously for all the curves with

constraint of a linear dependence of the oscillation frequency on Ugs.

dependence of the period of SAHO on the gate voltage Ugs. Such a dependence
was also observed in the case of GaAs/AlGaAs transistor when the derivative of
the detection signal was plotted as a function of the inverse magnetic field.
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3. Discussion

A Fourier analysis of signals plotted in Fig. 2 shows that dS/dUgg oscillates
with a single frequency which linearly decreases when the gate voltage becomes
more and more negative. On the other hand, a Fourier analysis of oscillations of
the signal S (Fig. 1) gives two frequencies: one of them does not depend on Ugg
while the other coincides with the frequency of oscillations of d.S/dUgg. These two
oscillation frequencies correspond to electrons in the ungated and gated parts of
the channel, respectively. In the case of transistors investigated, the contribution
from the gated part is small and cannot be revealed just by inspection of the
raw experimental data of SAHO of the signal S. Sometimes (it was not possible
for GaN/AlGaN HEMTSs) a gate—voltage dependent contribution to SAHO of the
signal S can be resolved with a Fourier analysis. On the other hand, SAHO of
the derivative dS/dUgs contain only a voltage-dependent part. Thus, the double
modulation technique allows us to amplify the contribution of the gated part of
the channel and allows for its direct observation.

The same situation (two periods of SAHO — one not dependent on Ugg
and the other linearly dependent) is observed in the case of magnetoresistance
(MR) measurements with a concurrent gate voltage modulation [6]. We verified
that SAHO in S and dS/dUgs show the same frequency as in standard MR mea-
surements and MR with gate potential modulation, respectively. This proves that
SdHO in the detection signal come from a modulation of the two-dimensional elec-
tron gas (2DEG) density with the magnetic field. Contrary to MR, SdHO in the
detection signal in the magnetic field are not associated with any dc current flow
through the channel of the transistor. In experiments, we do not intentionally bias
the channel with any dc current nor voltage. Gate leakage current is below the
detection level, much less than nA. Signal measured does not change when we use
measurement setup with 108 Q or > 10'* Q input impedance. When we apply
source—drain current, we do not observe any signal growth. SdHO in S and in
its derivative are proposed to be related to the magnetic field induced oscillations
of the parameter 7 (scattering time) of the model of Ref. [2]. Tt would produce
similar shape of SAHO as in MR measurements.

The presence of SAHO in detection signal associated both with gated and
ungated part of 2DEG in the channel of the transistor proves that (i) 2DEG is
crucial for the detection process; (ii) the 2DEG in the entire channel participates
in the detection. This conclusion is true for both kinds of transistors investigated.
However, up to now, no theoretical model has been developed which would pre-
dict how the detection signal depends on the gate voltage in the case of coupled
regions of gated and ungated plasma. Our results indicate that further theoret-
ical developments are necessary to describe correctly the process of detection of
electromagnetic radiation in HEMTs.

In conclusion, high magnetic field studies of detection of THz radiation with
GaAs and GaN HEMTs were carried out at liquid helium temperatures. A simul-
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taneous modulation of the laser light intensity and the gate voltage allowed us to
show that the whole channel of the transistor (i.e., the gated and ungated parts)
contributed to the detection signal. This result indicates that a new theoretical
model should be proposed to analyze detection in HEMTs.
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