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Abstract—In typical terahertz time-domain spectroscopy sys-
tems, the use of the lock-in technique is necessary because of the low
current induced at the receiver so that the laser pump beam must
be modulated (chopped) at a frequency much lower than the laser
repetition rate. This work shows that, in the case of semi-insulating
GaAs (SI-GaAs) antennas, this modulation has an important ef-
fect on the antenna current and consequently, on the radiated
electromagnetic pulse. There exists a threshold bias (whose value
depends on the chopping frequency) where an abrupt increase in
the current and consequently, in the terahertz emission takes place.
The calculated energy of the pulse below and above the threshold
shows that the energy doubles. The exact bias voltage at which this
occurs changes with the laser modulation frequency when this is
below 350 Hz, but at higher frequencies, the threshold remains
almost constant. The experiments show that the responsibility
for this behavior is the S-shape negative differential conductance
exhibited by SI-GaAs originated by a slow field-enhanced charge
trapping mechanism, which is also an important source of noise at
the receiver of the system.

Index Terms—Negative differential conductance (NDC),
photoconductive switch, terahertz time-domain spectroscopy
(THz-TDS).

I. INTRODUCTION

OVER the past years, there has been an increase of new
applications at terahertz (THz) frequencies for which
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pulsed-laser excited photoconductive switches based on the
ultrafast semiconductors are commonly used as broadband
THz power sources. The most widely used semiconductors are
low-temperature grown GaAs (LT-GaAs), semi-insulating GaAs
(SI-GaAs), and InGaAs because of their properties, such as
ultrashort recombination times and high breakdown fields [1].
In order to reduce the cost of such THz systems, SI-GaAs is
a promising option because it is cheaper than LT-GaAs and
InGaAs, with the disadvantages of higher dark current and
longer recombination times. Over the past times, technological
efforts to improve the properties of this semiconductor have been
explored, such as ion implantation [2], [3] or surface ablation
using femtosecond laser [4].

The physics behind the I–V characteristics of SI-GaAs and
other high-resistivity semiconductors are well known since
long ago [5]–[7]. They show four principal regions, each one
presenting a special carrier-transport regime. The low-voltage
region is linear (ohmic response). In the second one, the current
has a V 2 dependence associated with space-charge-dominated
transport. For higher applied bias, one enters the third region,
where negative differential conductance (NDC) is present and
current oscillations may take place [8]. Above that voltage range,
breakdown is reached, producing a sudden increase of the current
phenomenon associated with impact ionization [9], [10].

The semi-insulating characteristic of SI-GaAs is caused by
EL2 midgap traps (0.75 eV below the conduction band), which
compensate shallow donors and acceptors. EL2 is neutral when
it is filled and singly or doubly charged when it is empty [11],
[12]. It is well known from the literature that the field-enhanced
capture of electrons by native EL2 centers is responsible for
NDC in trap-dominated SI-GaAs [11]–[13]. The NDC region
can have S-shape (SNDC), N-shape, or a combination of both
[14]. In the case of SNDC, the voltage-controlled measurement
of the I–V curve cannot reveal the S-shape, and only a sharp
current increase is observed [15], [16]. NDC in SI-GaAs samples
can lead to the appearance of current oscillations associated
with propagating the high-field domains, whose frequency de-
pends on the applied field, similarly to what happens in Gunn
diodes. However, Gunn effect plays no role on the formation of
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domains in SI-GaAs. Indeed, Gunn oscillations are originated
in n-type doped GaAs by the transfer of electrons from the
lower high-mobility valley to the upper lower mobility ones,
which is a completely different and much faster process than
the field-enhanced capture of electrons by deep traps respon-
sible for the NDC in SI-GaAs [12], [19]. Indeed, while Gunn
oscillations take place at microwave frequencies, NDC-related
current oscillations in SI-GaAs have much lower frequencies
[low-frequency oscillations (LFOs)] [17], [18]. The observed
LFOs have frequencies between subhertz and kilohertz.

In the work of Rajbenbach et al. [19], the experimental results
show that under ac bias, the high-field domains in SI-GaAs
are stationary and periodically distributed, the period being
electrically controlled by the frequency of the ac voltage. The
chopping of the light illumination has also a considerable effect
on the LFOs in SI-GaAs because the domains can be controlled
and generated artificially through the temporal variations of the
optical beam [20]. The NDC region of the I–V curve can also lead
to other complex nonlinear phenomena; for example, in exper-
iments with Ge and GaAs excited with modulated far-infrared
radiation, the samples can present the chaos and generation of
broadband noise [21]. Therefore, a trap-dominated semiconduc-
tor between two metal contacts may become a nonlinear system
[11] with an external control parameter in the form of high values
of the bias voltage, the frequency of the ac bias, or the light
modulation frequency, as illustrated in the previous examples.

The trapping and detrapping characteristic times of deep
centers may play a role in the frequency dependence of the
SNDC threshold bias as in the other phenomena related to traps.
For example, Schulman [22] demonstrated that the presence of
deep traps produces frequency dependence of the excess free
and trapped carriers in a metal–semiconductor–metal structure
and, consequently, leads to a frequency-dependent admittance.
On the other hand, Ralph and Grischkowsky [23], in a THz
time-domain spectroscopy (THz-TDS) system, showed a phe-
nomenon consisting in an increase of the THz signal emitted by
the photoconductive switch in the transition from the NDC to
the breakdown regions, which appears in combination with an
increase of the current. This is attributed to the trap-enhanced
field at the anode region because of trap ionization. In our
experiments, we find a similar threshold-like increase in the THz
emitted signal but at the onset of the SNDC.

In this article, we study the effects of the NDC and the
chopping frequency of the laser beam in the performance of
photoconductive antennas fabricated on SI-GaAs. In a typical
THz-TDS system, the induced photoconductive current at the
receiver is in the order of picoampere, and so a low-frequency
modulation is necessary for the lock-in detection of this small
signal. We have chosen to chop the laser excitation, instead
of the THz emitted signal, in order to modulate the generated
carriers within the SI-GaAs and analyze the influence of the
NDC-originated domains on the THz-TDS performance. We
find that at the bias point where NDC emerges, which changes
with the modulation frequency, a sharp increase in the current
and the THz signal takes place. Additionally, NDC is found to
be at the origin of a spurious signal in the detector that degrades
the noise floor.

Fig. 1. (a) Experimental setup of the THz-TDS system; the Keithley 6517B
electrometer is the voltage source for the emitter antenna (DUT). (b) Schematics
of the DUT, with the red point representing the laser focused near the anode for
optimal performance. (c) Detected THz pulse.

After Section I, the rest of this work is organized as follows.
In Section II, we present the experimental setup and details
about the fabrication of the sample. In Section III, the results
are reported and discussed. The measurements of the current
and THz signal as a function of the chopper frequency, as well
as transient-current measurements, are provided, thus shedding
light on the characteristic times of the phenomenon. Finally,
Section IV presents the conclusions in this article.

II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION

Fig. 1(a) shows the schematic of the THz-TDS system em-
ployed in the experiment. The infrared source is a MenloSys-
tem 780 fiber laser. The wavelength is 780 nm with a 150 fs
pulsewidth and 100 MHz of repetition rate. A beam splitter
with 50:50 split ratio is used to divide the laser into the pump
and the probe beams; a linear mechanical stage is the delay
line necessary to make the correlation between the carriers
generated at the receiver antenna by the probe beam and the THz
electromagnetic pulse. The receiver is a TERA8-1 commercial
LT-GaAs antenna fabricated by MenloSystems. An electrometer
model Keithley 6517B is used as a voltage source and for current
measurement. The mechanical chopper is the model SR540 from
Stanford Research, which can modulate the pump beam up to
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Fig. 2. (a) Current–voltage characteristic and (b) THz peak amplitude of the
antenna with 20µm gap size measured under various chopping frequencies. The
bottom x-axis corresponds to the bias voltages from 0 to 120 V, with the bias
resolution of 100 mV; the top x-axis corresponds to the equivalent electric field
from 0 to 60 kV/cm. (c) Current–voltage characteristics in logarithmic scale.

4 kHz, and finally, the lock-in amplifier is the model SR810 from
Stanford Research.

The emitter is a photoconductive antenna with a gap size of
20 µm fabricated on a commercial (AXT, Inc.) SI-GaAs wafer
with (100) orientation and dark resistivity of 1× 107 Ω · cm.
The native oxide on the surface of samples was removed with
1:1 HCl:H2O for 1 min; subsequently, the sample was passivated
with hydrofluoric acid at 1% for 1 min. The contact presents
ohmic characteristics.

The laser is focused near the anode contact in order to
obtain the strongest THz signal [23], as shown in Fig. 1(b).
The estimated spot size of the focused beam is 5 µm. The
device was tested by varying the applied voltage in steps of
100 mV up to 120 V. At each voltage value, the current feeding
the photoconductive antenna and the positive peak amplitude
[Apk in Fig. 1(c)] of the THz pulse were measured, and this
phenomenon was repeated for increasing the frequencies of the
chopper. All the tests were made under a constant laser average
power of 10 mW.

III. RESULTS AND DISCUSSION

Fig. 2 shows the current and the amplitude of the THz pulse
Apk for increasing chopping frequencies as a function of the

Fig. 3. (a) Threshold voltage Vth , (b) associated current increase Δi, and
(c) THz peak amplitude increase ΔApk as a function of the modulation fre-
quency of the pump beam.

applied bias voltage. Fig. 2(c) shows the current in the log
scale. For low bias, the current is linear up to around 25 V
and then changes to a quadratic behavior. Beyond the quadratic
region, the current and the THz peak amplitude saturate until
a threshold bias (Vth) is reached, where the current and THz
signal increase sharply. At low modulation frequencies, the
step occurs at a higher value of the applied bias as compared
with high modulation frequencies: Vth= 115 V (57.5 kV/cm)
@100 Hz, decreasing progressively until reaching a value of
55 V (27.5 kV/cm)@350 Hz and then not changing significantly
with the further increase of the frequency. For frequencies below
350 Hz, the current step at Vth is quite large (for example,
at 250 Hz, the current changes from 197 to 595 µA) and the
associated step in the THz signal is also remarkable; at 300 Hz,
the step in Apk is 96 mV, in units of the lock-in amplifier.
From Fig. 2(a) and (b), it is clear that the abrupt increase of the
THz signal is perfectly correlated to the increase in the current,
and there is a characteristic frequency around 350 Hz from
whichVth remains constant up to the maximum tested frequency
(4 kHz). Fig. 3 shows the plots of Vth , the current increase
Δi [see Fig. 2(a)], and the associated step change in the peak
amplitude of the THz pulseΔApk as a function of the modulation
frequency. The value of Vth decreases pronouncedly with the
increase of frequency, from 117 V at 100 Hz to about 55 V at
350 Hz, remaining nearly constant for higher frequencies. As
observed, the maximum change of Apk occurs at 300 Hz. The
step change in the current Δi is high at low frequencies and
then decreases with the increase of the modulation frequency,
but above 300 Hz, the step is much lower and nearly constant.

Subsequently, other experiments were conducted in order to
achieve better understanding about the observed process. At this
point, it is necessary to remark that the exact values of Vth and
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Fig. 4. (a) Photocurrent and (b) THz peak signal (Apk) for a constant bias
above (50 V) and below (45 V) of the threshold bias, Vth = 47 V @2 kHz, as a
function of the chopping frequency.

Apk show a strong dispersion from one experiment to another
since they strongly depend on the specific placement of the laser
on the antenna, the stress suffered by the specific sample and
the influence of ambient conditions in optical mounts. In the
following experiment, the device was biased at two voltages,
lower and higher, respectively, thanVth observed in the I–V curve
@2 kHz (in this case, 47 V, slightly lower than those previously
shown). Both the current and Apk were measured, while the
chopping frequency was automatically varied in 10 Hz step from
30 Hz to 4 kHz. The data are presented in Fig. 4 as a function of
the modulation frequency. For the bias of 45 V, below Vth, the
current (black curve) takes its highest value at 200 Hz, the same
frequency at which the THz amplitude is maximum. The deep
notch observed in the THz signal at 120 Hz is due to the lock-in
filter for the second harmonic of the power system. For the bias
of 50 V (blue curve), above Vth, both the current and the THz
signal exhibit a maximum at 304 Hz, a broad minimum around
900 Hz, and then both increase monotonously. Remarkably, the
current level is notably higher when the device is biased above
Vth.

Fig. 5 shows the time shape of the THz pulse before and just af-
ter the step change in the current. For this run of the experiment,
Vth = 26.5V and the modulation frequency fmod = 2 kHz. The
inset represents the spectrum of both pulses in a linear scale. As
observed, the amplitude of the THz pulse and the corresponding
peak at about 400 GHz in the spectrum increase after the current
step. In order to have a more precise comparison of the two
conditions, the total energy of the time signals is determined
by using the energy equation for discrete-time signals [24],
obtaining an energy increase from 62 to 139 a.u., a 2.26 factor.

The sharp current increase observed in our experiments has
close similarity with the I–V characteristics resulting from con-
duction through the semi-insulating substrate in GaAs transis-
tors with side gates [16], arising as a consequence of SNDC
in a voltage-controlled experiment, as clearly explained by Li
et al. [15]. We have, therefore, carried out a current-controlled
experiment with the antennas to check if SNDC can be observed.

Fig. 5. THz pulses obtained for applied bias below (blue line) and above
(red line) the sharp increase of the current for the case Vth = 26.5 V and
fmod = 2 kHz. The inset shows their corresponding spectrum in linear scale.

Fig. 6. SNDC observed in the photoconductive antenna with 20 µm of gap
size. The two curves correspond to consecutive experiments.

Using a Keithley SCS-4200 parameter analyzer, their I–V char-
acteristics were obtained in a current-controlled mode. Because
of the high resistivity of the substrate, we used the light from a
Leica microscope to slightly reduce the resistance of the device.
Fig. 6 shows the I–V curves obtained in two different current
sweeps made on the same simple, which clearly exhibit SNDC.
Both were measured consecutively, and their differences may be
due to the variations of the ambient light during the experiment.
This confirms the origin of the sharp step in the current and the
THz emission observed in our samples.

An experiment using pulsed bias was also conducted in or-
der to shed light on the characteristic time responsible for the
chopping-frequency dependence observed in the measurements.
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Fig. 7. Transient-current response of the photoconductive antenna with 20µm
of gap size to pulse excitations. The amplitude of the pulses, applied at 5 ms, is
(a) 20 V, (b) 35 V, and (c) 40 V; and the base voltage is 0 V.

The device was biased with pulses of three different amplitudes,
20, 35, and 40 V (with a base voltage of 0 V), and the transient
currents were measured. The pulse bias is applied at time t =
5 ms. The transient-current curves are reported in Fig. 7. As
observed, in the three cases, a transient of about 3 ms takes
place before reaching the stationary value. Note that the inverse
of this time is of the order of 300–350 Hz, frequency around
which ΔApk takes its maximum value in Fig. 3, and also Apk

when measured beyond Vth in Fig. 4. It is known that NDC
can produce high-field domain regions, the origin of which is a
drift or a generation-recombination nonlinearity [11]. The most
accepted theory in the case of SI-GaAs is that NDC has its
origin in a field-enhanced capture process. The transient-current
measurements in response to step voltages, as presented in Fig. 7,
provide information about the deep-level trapping mechanisms.
The measured characteristic times in the sample, of the order
of 2.5–3 ms, are within the range of the observed frequency
dependence of the abrupt transition in the THz signal and the
current of the antenna, thus confirming the trap-related origin of
the phenomenon.

In works dealing with chaos in photoconductors, the emission
of broadband noise at the NDC region has been observed [21],
[25]. Our experiments indicate that at the bias corresponding
to the onset of NDC, the emitter produces an additional signal
that becomes an important source of noise at the receiver. As
a consequence, the pulse scanned at the receiver side presents

Fig. 8. (a) THz pulse with an increase of the background level (spurious signal)
at the threshold bias. (b) Spectrum of the signal entering to the lock-in amplifier.
(c) Background level, (d) THz peak amplitude, and (e) energy of each individual
pulse as a function of the bias of the antenna between 25 and 35 V swept in both
directions.

this spurious signal, as observed in Fig. 8(a). This slow-varying
spurious signal is superimposed to the pulse so that the effect on
the THz pulse is perceived as a shift in the background level. This
additional phenomenon has its origin in the laser excitation; thus,
it is unavoidably modulated at the same chopping frequency
and, hence, detected with the lock-in amplifier. The spectrum
of the induced signal at the receiver obtained with a Keysight
N9344C spectrum analyzer, as shown in Fig. 8(b), shows that the
laser repetition rate (100 MHz) and its harmonics are present,
but there are other (unknown) slow signals that have frequency
components at 106 and 120 MHz. The chopping frequency in
this test is 2 kHz. This background signal could be originated
by the presence of slowly propagating high-field domains in the
antenna originated by the SNDC.

An additional experiment was conducted; instead of just
measuring the peak amplitude, the entire pulse is recorded in
a temporal window of 66 ps. Fig. 8(c)–(e) shows the results
corresponding to the background level of each pulse, the peak
amplitudeApk, and the total energy of each individual pulse. The
bias voltage is swept in both directions, the red lines correspond
to an increase of the bias from 25 to 35 V, where the threshold
voltage Vth is found to be 31.5 V, and the blue lines to a decrease
from 35 to 25 V, with a Vth of 30 V in this case. The chopper
frequency in this experiment is 2 kHz. Similarly to the results
shown in the work of Li et al. [15], the device with SNDC
presents hysteresis depending on the direction in which the
voltage is swept (in our case, all the three parameters consid-
ered). Concurrently, with the THz signal increase at Vth, the
background level also increases, which introduces uncertainly
in the measurements made with the THz-TDS system.

IV. CONCLUSION

Deep traps confer interesting electrical properties to SI-GaAs.
The main one is the reduction of the carrier lifetime, the key
to the generation of pulsed THz radiation. But their presence
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also produces other complex phenomena, such as SNDC, that
can influence the performance of the devices, as shown by our
results. In THz-TDS systems, using photoconductive antennas,
normally it is necessary the chopping of the excitation laser beam
or the output THz signal. If the laser is modulated, it has a direct
influence on the system because the photoconductive antennas
present SNDC at a given threshold bias. At this point, the static
I–V curve presents a sharp current increase in a voltage-
controlled experiment, which is reflected in the THz pulse as
an increase of the peak amplitude. The calculated energy after
the transition is double that of the pulse before this phenomenon
takes place. Remarkably, the threshold bias changes with the
modulation frequency of the laser beam as long as such fre-
quency is below 350 Hz.

The trapping and detrapping characteristic time of deep cen-
ters is the responsibility of the frequency dependence of the
threshold bias for SNDC and the related effects. The transient
measurements using pulsed-bias excitations provide character-
istic times coincident with the maximum frequency at which
the variations of the threshold bias are observed. Our experi-
ments also demonstrate that NDC in the emitter is an important
source of noise at the receiver. Beyond the threshold bias, a
slow-varying spurious signal (with a much longer characteristic
time than the picosecond THz pulse) is present in the receiver,
thus modifying the background level of the signal, which can
be an important source of uncertainty in applications where
quantitative measurements are performed with the THz-TDS.

We must finally remark that NDC in the photoconductive
antenna, and all the associated effects, could be avoided by
mechanically chopping the THz signal instead of the laser beam
since the laser repetition rate is too high to lead to the formation
of high-field domains originated by the field-enhanced EL2
capture of electrons.
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