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Commonly, the cutoff frequency of high electron mobility transistor (HEMT) can be measured
by vector network analyzer (VNA), which can only measure the sample exactly in low frequency
region. In this paper, we propose a method to evaluate the cutoff frequency of HEMT by
terahertz (THz) technique. One example shows the cutoff frequency of our HEMT is measured at
~95.30 GHz, which is reasonable agreement with that estimated by VNA. It is proved THz
technology a potential candidate for the substitution of VNA for the measurement of high-speed
devices even up to several THz. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4887238]

With the characteristics of low noise, high power, high
efficiency, high frequency, etc.,"” high electron mobility
transistor (HEMT) is one of the most promising applied
devices in high frequency millimeter wave and microwave
systems. As the operation frequency of HEMTs starts to
enter terahertz (THz) region, how to evaluate the cutoff fre-
quency of HEMTSs becomes more and more important.

Up to now, the cutoff frequency of semiconductor
devices is mainly evaluated by conventional all-electronic,
swept-frequency system, which can only detect up to
~100 GHz. As assuming the system is linear, we can obtain
the cutoff frequency by extrapolation from low frequencies
data, which leads to inaccuracy in the cutoff frequency.
Furthermore, the vector network analyzer (VNA) that can
work in sub-THz region is extremely expensive. To over-
come such frequency limitation, a method so called optoe-
lectronic techniques has been employed, which can propose
and measure signals up to 700 GHz.>* However, by using
this method, additional fixture and transmission line is
needed, which restricts the sample geometry. Furthermore,
these fixture and transmission line can also attenuate and dis-
tort the measured signal, which causes inaccuracy in mea-
surement and makes signal analysis difficult. So it is very
urgent to find a method to cover the bandwidth of high speed
devices.

In 2007, Kondo and Hirakawa in Tokyo University got
the cutoff of HEMT by combining femtosecond (fs) pulse
laser with THz time domain spectroscopy (THz-TDS).’
However, their results have some controversies on their THz
waveforms radiated from HEMT. In their results, the THz
waveforms have a part of negative amplitude values which
mean after the deceleration of carriers between the drain and
source (due to the instantaneous decrease of drain source
current from the shutdown of HEMT caused by the photoex-
cited carriers between the gate and source electrodes), the
carriers are accelerated again, which is un-physics. Here, we
think the reasons are following: first, the emitted THz waves
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they measured were the waves passing through the HEMT.
Although the substrate of HEMT is semi-insulating InP and
the buffer layer is undoped InAlAs, after fs laser irradiating
between the gate and source, there are a lot of photoexcited
electrons and holes. The THz wave emitted from InGaAs/
InAlAs layer can be strongly modulated in InAlAs buffer
layer and semi-insulating InP substrate, where includes
plenty of photoexcited carriers. Second, the THz wave
excited from HEMT is like a dipole radiation, the high fre-
quencies part should mainly focus on inner, while the low
frequencies part is partly located on the outer which is dis-
persion very fast. We believe that the distortion of real signal
also comes from a part of loss of low frequencies from the
process of the signal transmission, from HEMT via para-
bolics to THz detector.

In this paper, we take the advantage of the ultrafast
optics and propose a THz technique based method to investi-
gate the cutoff frequency of HEMT. In this work, we detect
the reflected signal from HEMT, which can avoid the modu-
lation by InP substrate and take careful of the distance
between HEMT, parabolic mirrors, and THz detector to try
our best to avoid the loss of low frequencies part as much as
possible. As a result, our experimental data can be logically
explained by physics and are well consistent with the design
value and experimental result measured by VNA, which
means THz method can characterize the cutoff frequency of
high speed devices, i.e., HEMT, beyond the frequency range
covered by conventional swept-frequency measurements.

The photon generated carriers are induced by irradiating
fs laser pulses on the gap between the gate and source elec-
trodes of a biased HEMT sample (Fig. 1(a)), which can
make the area photoconductive and short the gate source
voltage that causes the step-function like switch off HEMT.
Consequently, this induces an ultrafast modulation of the
drain source current, Ipg, as shown in Fig. 2(a) without con-
sidering the electrons scattering in side of sample, which
results in the radiation of THz electromagnetic waves whose
electric field Ery,(f) is proportional to 0lps/Ot as shown in
Fig. 2(b). By measuring the waveform of THz radiation from
the HEMT, which contains the information on the transition

© 2014 AIP Publishing LLC
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FIG. 1. (a) Schematic diagram of the position of three probes in HEMT de-
vice; (b) The actual experimental HEMT, laser spot, and three probes.

time of carriers between the drain and source electrodes
modulated by the gate electric field, the cutoff frequency of
HEMT can be obtained.™

The sample we use in this work is depletion-type
Ing 53Gag 47As/Ing 5,Alp 4sAs HEMT grown on semi-insulating
InP substrate. The gate length L, of HEMT sample is 0.4 um,
the density of 2D electron gas is 3.32 x 10'?cm ™2, the trans-
conductance is 600 mS/mm, the maximum current density is
500mA/mm, and the electron mobility is 9290 cmz/(V s),
which is provided by Institute of Microelectronics of Chinese
Academy of Science.” In such kind of device, the dynamics of
carriers should not be a diffusive motion but a ballistic acceler-
ation motion.® Therefore, the cutoff frequency of HEMT is
determined by the transition time of electrons between the
source and drain, which is mainly determined by the gate
length (L) and electron mobility of HEMT.”

Figure 3 shows the experimental setup. The fs laser we use
is Ti: sapphire fs laser whose central wavelength is 800 nm, the
pulse duration is 80 fs, and the repetition rate is 76 MHz. As
shown in the figure, the laser is split to a pump beam and a
probe beam by a beam splitter. The pump beam, which is just
8 mW, is focused on the gap between the gate and source elec-
trodes of HEMT sample. Since the photon energy of laser pulse
~1.55¢eV is lager than the band gap of In,,Gag3As, the pump
pulses make the gap between the gate and source pads photo-
conductive and, consequently, the gate-source voltage is sud-
denly shunted. Then, the THz waves emitted from the sample
are collected by off-axis parabolic mirrors, and together
with the probe beam, are focused on zinc telluride (ZnTe)
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FIG. 2. Time dependence of the source drain current /g and Olpg/Ot.
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FIG. 3. THz-TDS system with reflecting mirrors (M1-M7), lenses (L1-L4),
off-axis parabolic mirrors (PM1-PM4), beam splitter, high resistant silicon
wafer (Si), half-wave plate (HWP), quarter-wave plate (QWP), and Wollaston
prism.

electro-optic (EO) crystal, and the waveform of the THz wave
is recorded by the free space EO sampling technique.'®!" In
this experiment, the ZnTe for the THz detection is a 700 um-
thick and (110)-oriented crystal, whose cutoff frequency can
reach ~2 THz.'> Objective lens, Charge Coupled Device
(CCD) camera, and white light source are used for observation
of the laser spot and the position of three probes, which were
added on the gate, source, and drain electrodes of our HEMT
devices.

By adjusting the position of HEMT, we make the laser
spot focuses on the gap between the gate and source electro-
des. Figure 1(a) is the schematic diagram shows the position
of laser spot and three probes on HEMT. We supply gate
source voltage Vg by using probe g and probe s, which lead
out from the gate source electrode G and source electrode S,
respectively, and supply drain-source voltage Vpg by using
probe d and probe s, which lead out from gate source elec-
trode D and source electrode S, respectively. Furthermore,
Fig. 1(b) is photograph from the real experiment, and we can
see the structure of HEMT, the laser spot on our HEMT
(bright spot), and three probes (black shadow).

The I-V characteristics of HEMT before and after laser
irradiation under different bias gate source voltages (Vgs)
are shown in Fig. 4. From the figure, we can see that the
drain source current, /ps, changes when HEMT works under
different bias gate source voltages Vg and drain sources
Vps. The solid line represents the /g without fs laser irradia-
tion, while the dotted line represents the /pg under laser irra-
diation. In principle, with laser irradiation, the HEMT should
be closed, which causes the Ipg to be almost zero for direct
current (DC) measurement. However, as shown in figure, the
difference between the Ipg with and without laser irradiation
is relative small. This is because the duration of fs laser
pulses is very short,' and in most of time, the HEMT sample
is under a no-irradiated state, and the average reduction of
the source drain current Ipg is not very obvious.
Furthermore, from the curves we also can see that the differ-
ence of the Ipg with/without laser irradiation can only hap-
pen when the HEMT works in the relatively high drain
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FIG. 4. I-V characteristics of HEMT before and after laser irradiation, and
the inset is the detail of the dotted rectangular area.

source voltage area (saturation region), such as Vpg>0.6'V,
in which the HEMT device can work very well.

The experimental results of the THz waveforms emitted
from our HEMT sample are shown in Fig. 5. The curve (a)
(the top one) is the HEMT sample not working in saturation
region (instauration state: Vps=0.2V, Vgs=—0.6 V), and
the curve (b) (the bottom one) is the sample working in satu-
ration area (saturation state: Vpg=0.8V, Vgg=—0.6V).
The figure tells us that only HEMT in saturation state can
radiate THz after laser irradiation. This fact clearly shows
that the observed THz radiation does not originate from car-
rier drift in parasitic depletion regions in the samples but is
due to the change in Ipg by optical modulation of the gate
electric field. Our measured THz trace is consist with our
expected result as shown in Fig. 2(b) well and is different
from the result obtained by Kondo and Hirakawa, which
exists a THz peak and an un-physical THz dip that cannot be
explained.5 Then, it is reasonable to believe that the informa-
tion on transient time, 7, in /pg is contained in the THz wave-
forms.'> We estimated t of our HEMT sample in /pg from
the half-width of the measured THz waveforms shown in
Fig. 5, which is 1.67 ps, and the cutoff frequency can be
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FIG. 5. The radiation of THz wave from our HEMT sample, (a) the HEMT

sample under instauration state: (Vps=0.2V, Vgs=—0.6V) and (b) the
HEMT sample under saturation state: (Vps=0.8 V, Vgs=—0.6 V).
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TABLE I. The cutoff frequency of our HEMT (design frequency, THz-TDS
measurement, and network analyzer measurement).

Design THz-TDS Network analyzer
Cutoff frequency Cutoff frequency Cutoff frequency
fr (GHz) fr (GHz) fr (GHz)

94 95.30 87

deduced from this carrier dynamics time, which should be
fr=1/2n x 1.67 x 107'%)=95.30 GHz.>®

We also use the VNA to verify the cutoff frequency of
our HEMT sample. Table I shows the design frequency of
our HEMT and the experimental results from THz-TDS
method as well as VNA measurement. The slight difference
between two experimental results may be come from the
inaccuracy in extrapolation method by VNA, whose limita-
tion frequency is just 67 GHz. The similar measurement
results indicate that the THz method could be a candidate to
take place of VNA to evaluate cutoff frequencies of ultrafast
transistors or devices.

In conclusion, from the emitted THz waveform due to
ultrafast change in drain current induced by optical gate-
field modulation, we can obtain the cutoff frequency of
HEMT directly. The THz method agrees well with the
VNA measurement result and the design frequency.
Furthermore, our THz method does not need any extrapola-
tion, which leads to inaccuracy in the cutoff frequency, and
additional fixture and transmission line, such as optoelec-
tronic techniques. Therefore, THz-TDS system is a poten-
tial candidate for the substitution of VNA in future for the
measurement and calibration of high-speed devices even up
to several THz.
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