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Abstract: Continuous-wave terahertz emitters based on photomixers with hybrid nanoelectrodes
are investigated. The nanoelectrodes consist of a nitrogen-doped single layer of graphene and
silver nanowires, placed on low-temperature-grown (LTG) GaAs as photoconductive material.
Due to the high transparency of graphene and the low fill factor of nanowire nanoelectrodes, high
photocurrents in the range from 260 µA to 1.8 mA can be reached. Despite their very small size
nanoelectrodes provide the capability of handling rather high currents, leading to THz output
signals reasonably three times higher than for conventional interdigitated finger electrodes for the
whole measurement range. Measurement results of generated photocurrents and THz output
signals are presented, showing the increased performance of our approach while maintaining
highly reliable operation of the devices.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz (THz) radiation sources are essential requirements for many applications in the fields
of biology, physics, chemistry, medicine, materials spectroscopy, security [1–7], and many other
application fields. A continuous-wave (CW) THz source is far superior to its pulsed competitor in
terms of its high-frequency resolution, low-cost as well as compactness. Many efforts have been
made within the last decade to fabricate and improve THz devices with high cut-off frequencies
of up to several THz at room temperature operation [8–10]. One of the main reliable CW THz
sources for highly tunable operation is the photomixer [11]. Conventional lateral photomixers
use metal electrodes on a planar high-speed photoconductive material such as LTG-GaAs. The
THz wave is generated by an optical heterodyne down-conversion using two detuned distributed
feedback laser diodes (DFB-LDs) [12]. The intensity of the result interference signal is modulated
with a frequency ∆f corresponding to the frequency difference between the two optical laser
sources. The resulted beat signal is used to illuminate the active region around the metal
electrodes to generate electrons and holes in the semiconductor periodically. The electrons and
holes are separated by an external field due to a DC bias. The resulting photocurrent contains
a THz component due to the periodic modulation of the carrier generation rate [11,13]. The
high frequency wave can be directly coupled from the photoconductive material into a suitable
antenna for THz radiation. These conventional lateral photomixers have limitations regarding to
bias voltage, optical beat signal power, reliability at high photocurrents, and the effective local
heat dissipation which reduces the THz output power (PTHz) [13]. The output power is defined
[14] as

PTHz =
I2phRA

2[1 + (ωτc)2][1 + (ωRAC)2]
(1)
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where Iph = VbiasG is the photocurrent, Vbias is bias voltage, G is the photoconductive gain, RA is
the antenna resistance, τc is the carrier life time, and C is the device capacitance. RA is fixed
for the chosen antenna design, and τc is constant for the grown LTG-GaAs material. Therefore,
in order to increase the THz output power, the device capacity should be decreased and the
photocurrent should be increased. The photocurrent is proportional to the photoconductive gain,
which is the ratio between the number of electrons collected per unit time (Nel) and the number
of absorbed photons per unit time (Nph) [15],

G =
Nel

Nph
=

JphAc / e
Pabs / ~ω

(2)

where AC is the cross-sectional area of the device, e is the charge unit, ~ω is the photon energy,
Pabs is the optical power absorbed by the device, and Jph is the photocurrent density. Therefore,
transparent materials are required to increase the effective illuminated area, and increase the
number of photogenerated carriers which results in increased photocurrent, and higher THz
output power.
Nowadays, nanomaterials, such as NWs [16–18] and graphene [19–22] demonstrate new

enhanced functions crucial to many areas of technology. Recently, silver (Ag) NWs based THz
photomixers have shown an enhanced emission particularly at higher frequencies (>1 THz)
compared to conventional photomixer with interdigitated finger design [23]. These Ag-NWs
based THz photomixers have shown approximately one order of magnitude reduction of the
device capacitance due to the low fill factor (small contact area) in the active region of the
photomixer. Later, it has been shown by direct near-field observation on Ag-NWs that further
enhancement of the Ag-NWs THz photomixers can be attributed to surface plasmon polaritons
(SPP) which can be generated by a linearly polarized light incident at the end of a nanowire
[24]. The atomically smooth surface of the Ag-NWs allows the overall propagation loss to
be much lower than for other materials. However, The light coupling for plasmon excitation
into such small structures remains a practical issue [25]. Furthermore, due to the small contact
area, the contribution of photogenerated carriers, which are generated far from the nanowire
will be lost. In a similar way as NWs, graphene is currently drawing exceptional attention for
EM applications at the microwave, terahertz (THz), and optical frequencies due to its unique
electronic and optical properties [26]. It has high thermal and electrical conductivity, and high
intrinsic mobility, which makes graphene a very promising material for transparent conductive
electrodes [23,27–29], among many other potential applications. Accordingly to the conductivity
of graphene, it has been recently shown that the lateral confinement of electrons in graphene
enhances the material conductivity in the THz band [30,31]. The propagation of SPP waves
on graphene has been recently analytically studied and experimentally shown [32–35]. SPP
waves on graphene have been observed at THz frequencies and these SPP can be tuned through
material doping. Moreover, the high transparency of graphene allows almost all the optical
light to propagate through graphene, which allows higher photogenerated carrier densities [26].
Additionally, the lateral heat dissipation is improved due to the thermal conductivity of the
graphene from the small active area to the large antenna structure, which increases the device
stability [36]. The combined use of Ag-NW and graphene enhances the performance of the device
as reported in [37–39], which makes them a very promising material as a hybrid nanoelectrodes
for THz photomixer devices. The combination of graphene and NW has been recently explored,
where NWs with low fill factor can improve their own conductive paths by the conductivity of
graphene. In this approach, the graphene flakes act as local recombination centers, subsequently,
they will reduce the mean-free path of the photocarriers and hence, reducing carrier lifetimes.
Moreover, the plasmonic effect close to the graphene flakes forms rich sources of photogenerated
carriers, resulting in high drift current densities. On the other hand, the SPP of the Ag-NW
allows capturing the high drifted current densities and serves as a highly capable transport
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medium for the high current densities. Therefore, both conductive components based on graphene
and the NW allow simultaneous charge transport in the hybrid nanostructure, where each part
complements the disadvantages of the other component [38]. In this article, an Ag-NW and
nitrogen-doped single-layer graphene flakes (lateral size 0.5-5 µm, obtained from ACS Material
LLC.) were combined as hybrid nanoelectrodes for a CW THz photomixer. Due to the small
size of the graphene flakes, the light will be confined around the graphene flakes. This light
confinement will enhance the electric field between the graphene flakes. Therefore, we assume
that the photogenerated carriers will be transported between these flakes by a spatial plasmonic
field, and this makes the graphene flakes act as connected rather than isolated. Finally, these
carries are drifted to the Ag-NW. Therefore, the conductivity of the NWs, in spite of its low
fill factor, has improved by the conductivity of the graphene. Additionally, due to the high
transparency for the graphene, the optical beat signal propagates through graphene to generate
more carriers. The performance of the enhanced photomixer was compared with a conventional
photomixer with interdigitated finger electrodes.

2. Fabrication and Measurement

First, a log-periodic antenna was designed with the size ratio of tooth/anti-tooth = 0.707, the
ratio of the radial sizes of successive teeth = 0.5, and the gap width between the antenna
contacts = 10 µm [40]. Then, Ni(25 nm)/Au(150 nm) was evaporated on top of LTG-GaAs
wafer (thickness ∼ 350 µm) to form the log-periodic antenna using a standard optical lithography
process. Secondly, N+SLG flakes were dispersed in ethanol with a dispersion aid [Sodium
Dodecyl Benzene Sulfonate (SDBS)] with the properties 0.1 mg, 1 ml, and 10 mg, respectively.
Thirdly, this dispersed graphene was mixed with Ag-NW (φ 300 nm). Few drops of the mixed
solution were applied in the antenna gap to deposit the graphene flakes in random positions
and nanowire was randomly aligned to perform as nanoelectrodes between the antenna contacts.
Figures 1 and 2 show the schematic diagram and a microscope image of the photomixer with
hybrid nanoelectrodes (N+SLG/Ag-NW) on LTG-GaAs.

Fig. 1. Schematic diagram of the photomixer with hybrid electrodes (N+SLG/Ag-NW) on
LTG-GaAs.

For the characterization of the device, two tunable DFB-LDs (wavelength ∼ 850 nm) were
coupled by a 50 : 50 combiner to generate the beat signal. Afterwards, the beat signal was
coupled into a cleaved polarization-maintaining (PM) optical fiber. The end of the fiber was
aligned close to the chip surface in order to fully illuminate the 10 × 10 µm2 active area by the
optical beat signal. The photomixer chip was mounted on a hemispherical Si lens. The Si lens
was used to couple and direct the THz radiation into two parabolic mirrors which are used to
direct the THz beam. A DC power supply was implemented to accelerate the photogenerated
carriers. The THz output signal was measured by using a Golay Cell Detector (GCD) with a
lock-in amplifier as shown in Fig. 3.
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Fig. 2. Optical microscope image of the photomixer with hybrid electrodes (N+SLG/Ag-
NW) on LTG-GaAs.

Fig. 3. Schematic representation of the setup for measuring the THz emission of the
fabricated photomixer.

3. Measurement Results

The measurements are divided into two parts, the I-V characterization and the THz output power
measurements for the photomixer with hybrid nanoelectrodes. These results were compared with
a conventional photomixer with interdigitated metal finger electrodes. The measurements were
performed under same conditions for both photomixers.

3.1. I-V Measurements

The active area of the photomixers was illuminated with a total optical power of 28 mW, while
the bias voltage varied from 0-15 V . The initial I-V characterization of the photomixer with
hybrid nanoelectrodes showed a highly reliable maximum photocurrent of ∼ 1.8 mA, a small dark
current of 90 nA, and an on/off ratio of more than four orders of magnitude as reported in [41].
The I-V measurement results were compared to a conventional photomixer with interdigitated
metal finger electrodes using same conditions above. The conventional photomixer showed a
maximum generated photocurrent of 260 µA before local heating damages the device at 15 V .
The hybrid nanoelectrodes showed an increase of the maximum achievable photocurrent under
reliable conditions by more than 7 times due to the improved conductivity. Figure 4 shows a
comparison of the I-V characteristic between the photomixer with hybrid nanoelectrodes and the
conventional interdigitated metal finger electrodes photomixer.
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Fig. 4. Comparison of the DC characteristic between the photomixer with hybrid nanoelec-
trodes and the photomixer with 6-finger metal electrodes.

3.2. THz Power Measurements

Two slightly detuned DFB-LDs (wavelength ∼ 850 nm) were used to generate the optical beat
signal (P = 28 mW) with a beating frequency corresponding to the frequency difference between
the two DFB-LDs. By changing the frequency difference between the two DFB-LDs, the range
between 200 GHz and 1 THz was covered. A bias voltage of 14 V was chosen to accelerate the
photogenerated carriers. The THz output radiation was transformed into an electrical signal using
a GCD as shown in Fig. 5. A lock-in amplifier was used to extract the amplitude of the signal
in terms of voltage. The THz output power is proportional to the measured voltage amplitude
by a factor of Rν , where Rν is the responsivity of the detector. The voltage responsivity Rν of a
photodetector [42] is

Rν = η
qλ
hc

[kV/W] (3)

where η is the quantum efficiency of the detector, q is the electron charge, λ is the incident light
wavelength, h is Planck’s constant, and c is the speed of light in vacuum.

Fig. 5. Comparison of the relative output voltage measured from the photomixer with
hybrid nanoelectrodes and the photomixer with 6-finger metal electrodes.

As expected from the results of the I-V measurements, a significant improvement is obtained in
the THz measurement results due to the use of hybrid electrodes instead of the interdigitated metal
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finger electrodes. The lock-in signal level is clearly increased for the whole THz measurement
range (see Fig. 5). The output power of the conventional interdigitated photomixer is decayed
rapidly due to the high device capacitance. The effect of the low device capacitance of the hybrid
nanoelectrodes photomixer results in high output power especially at high frequency.
Figure 6 shows how much the performance has been improved over the entire measurement

range for THz photomixer by using graphene flakes and Ag-NW as hybrid nanoelectrodes
instead of conventional metal electrodes. The output power of the hybrid nanoelectrodes based
photomixer improved by a factor of two compared to the conventional interdigitated photomixer,
in the high frequency range even more than three times higher output power levels were achieved.
The increase in the relative THz output power allows for the photomixer to operate the THz source
for much broader frequency ranges than that of the conventional interdigitated photomixer under
the same antenna specifications. The output power of the hybrid nanoelectrodes photomixer can
be further improved by carefully designing the nanoelectrodes to manage the high generated
photocurrent and reduced the device capacitance. Additionally, a perfect impedance matching
between the photomixer and the antenna results in highly improved performance.

Fig. 6. The ratio of the performance of the photomixer with hybrid electrodes (N+SLG/Ag-
NW) and a conventional interdigitated photomixer over the whole spectral range of the
measurement.

4. Conclusion

Hybrid nanoelectrodes consisting of Ag-NW and graphene on LTG-GaAs photomixer combine
the benefits of graphene such as transparency and electrical conductivity with the benefits of
the Ag-NW such as high conductivity and capability of handling higher current density without
damaging the device. The new photomixer with hybrid nanoelectrodes showed 7 times higher
photocurrent than the conventional photomixer with interdigitated metal finger electrodes. The
increase in the generated photocurrent leads to an increase in the relative THz output power for
the photomixer with hybrid nanoelectrodes by a factor of more than two at low frequencies and
more than three times at high frequencies than the conventional interdigitated photomixer. This
increase in the relative output power allows the new photomixer with a hybrid photomixer to
operate for a broader range of frequencies. The enhancement in the generated photocurrent and
measured THz signal can be attributed to the transparency of the graphene, which increases the
illuminated area and improves the optical conversion efficiency. Besides the increased number of
photogenerated carriers, the field enhancement between graphene flakes allowed the fast carrier
drift to the Ag-NW. The small contact area of the NW electrodes leads to higher THz power and
increased cut-off frequencies. Furthermore, NWs also provides the capability to handle higher
currents without damaging the device.
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The small gaps distance between the graphene flakes and Ag-NWs are responsible for the high
field enhancement associate with the high THz signal. Therefore, an optimized gap between the
nanocomponents can result in higher field enhancements and higher THz signal powers.
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