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Terahertz generation mechanism in nano-
grating electrode photomixers on Fe-doped
InGaAsP
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Abstract: We report the generation mechanism associated with nano-grating electrode
photomixers fabricated on Fe-doped InGaAsP substrates. Two different emitter designs
incorporating nano-gratings coupled to the same broadband antenna were characterized in a
continuous-wave terahertz (THz) frequency system employing telecommunications
wavelength lasers for generation and coherent detection. The current-voltage characteristics
and THz emission bandwidth of the emitters is compared for different bias polarities and
optical polarisations. The THz output from the emitters is also mapped as a function of the
position of the laser excitation spot for both continuous-wave and pulsed excitation. This
mapping, together with full-wave simulations of the structures, confirms the generation
mechanism to be due to an enhanced optical electric field at the grating tips resulting in
increased optical absorption, coinciding with a concentration of the electrostatic field.
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1. Introduction

The development of terahertz (THz) frequency technologies has received extensive interest
over the last decade, not only for the study of fundamental science [1-3], but also for
applications including biomedical imaging [4], drug sensing [5], non-destructive testing [5],
security screening [6] and gas spectroscopy [7]. One of the best-established sources of THz
radiation is the semiconductor photoconductive emitter, which can generate both pulsed and
continuous wave (CW) THz radiation depending on the optical excitation mode. Most
commonly, a photoconductive emitter excited by an ultrafast femtosecond laser is employed
for the generation of broadband THz radiation [8]. Nevertheless, there is considerable
potential to realize compact and low-cost systems based on CW photomixers for both THz
radiation generation and detection [9,10]. The improved frequency resolution and the reduced
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system complexity that could be achieved makes such CW photomixer systems appealing for
many applications.

Photomixing typically makes use of a pair of CW lasers operating in the visible or near-
infrared (NIR), with a frequency difference set to the desired THz frequency. These laser
fields are mixed on a semiconductor surface to produce THz radiation at the difference
frequency that is then radiated through an antenna into free-space [11]. A similar process can
be used to perform coherent detection using the same pair of lasers, which can lead to very
high signal-to-noise ratios [12]. Compared with other THz generation and detection schemes,
photomixing enables the development of compact and cost-effective systems by exploiting
diode lasers, optical fibres and other optical components commonly used by the
telecommunications industry. In addition to these advantages, it is also possible to achieve
very high spectral resolution using photomixer systems because the linewidth of the emission
is dictated by the driving diode lasers. The principal drawback though is the limited power
output, particularly at higher frequencies.

Photomixer devices comprise three essential elements: a) the photoconductive material
that converts the optical radiation into electronic carriers, which should ideally have short
carrier lifetimes; b) the electrodes that accelerate these carriers before recapture; and, c) the
antenna that couples the generated radiation into free space. The most established electrode
design for CW photomixers uses interdigitated metal fingers in the active region [13]. This
design allows a relatively small gap between electrodes (typically 1-2 pm), and affords a
large interaction region with the incident radiation. However, since the emitted power
depends on the capacitance of the active region [14] there is a trade-off, since a larger active
area leads to less efficient generation.

Several methods have been investigated to improve the optical-to-THz conversion
efficiency of the photomixers. These include: using resonant antennas to increase the emitted
power at a particular frequency [15]; employing improved semiconductor substrates with high
dark resistivity, high mobility and short carrier lifetime [16, 17]; and, improved active region
designs. Of these approaches, improved active region design has recently received
widespread attention. This is partly motivated by the possibility to relax the requirements on
intrinsic semiconductor properties such as carrier lifetime through the use of nano-structured
electrodes, an attractive proposition because of the potential broadband enhancement. This
method of employing nano-structured electrodes has shown significant improvements in THz
emission from photoconductive emitters excited with femtosecond lasers [18], and more
recently with a pair of CW diode lasers [19]. In these studies, nano-grating (NG) electrodes
based on nanometre-spaced electrodes were introduced into the active region and were found
to have two beneficial effects. First, the grating improved the coupling of the incident laser
beam into the semiconductor material, thus increasing the optical absorption. Second, surface
plasmons tightly bound to the metal-semiconductor interface were reported to generate a
higher population of electrons close to the anode thereby decreasing the transit time of the
electrons. This second effect should reduce the requirement to use semiconductor materials
with short carrier lifetimes [18-21]. Another photomixer design that makes use of nano-
electrodes is based on ‘nanogap’ emitters, where the nanostructured anode and cathode are
separated by few nanometres [22]. The generation mechanism in this case is due to an
enhanced electric field at the sharp metal corners of the nanogap electrodes, which leads to an
improved optical coupling resulting in improved THz power. The work
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Fig. 1. Schematic layout of the active region of the (a) SSNG and (b) DSNG design with the
dimensions of the active region, NG and gap marked. (c) SEM image of the fabricated DSNG
design, shown together with a magnified section showing the dimensions of the active region.

of H.Tanoto et.al [22]. reported a factor of two enhancement in the emission using this
technique, compared with an interdigitated design.

In this work, we focus on the generation mechanism behind NG electrodes and the
applicability of these structures to CW THz photomixers. Two different active region designs
have been compared—a single-sided nano-grating (SSNG) and a double-sided nano-grating
(DSNG), as shown in Fig. 1. The SSNG has the grating on only one side of the active region
with the other electrode not structured. The DSNG design has gratings on both sides of the
active region. In each case, the active region designs have the same active area, are coupled to
the same antenna design, and are fabricated on the same semiconductor material. The gratings
consist of 100 nm-wide metal lines with a 200 nm pitch, a design that has been reported to
provide enhanced absorption for both 780 nm and 1550 nm wavelength incident radiation
[23]. We compare the performance of the two NG electrode designs in terms of the current-
voltage characteristics and THz emission bandwidth. Furthermore, in order to understand the
contribution of the NG electrodes to the THz generation mechanism, the emitters are mapped
as a function of the laser excitation spot position under different bias conditions.

2. Experimental arrangement

The semiconductor material used throughout this study is Fe-doped indium gallium arsenide
phosphide (Fe:Ing70Gag30Asos7Po13) grown by metal-organic chemical vapor deposition
(MOCVD), Fe-doped to a concentration of 4.0 x 10'® cm™. The molar concentration results
in a semiconductor bandgap equivalent to 1550 nm; this material has been shown to provide
good performance when used with active regions incorporating interdigitated fingers. The
wafer growth details and processing procedures have been previously discussed in detail [17].

A two-turn self-complementary logarithmic spiral antenna with a central active area of
dimensions 19 um x 19 um was designed using Ansys HFSS software. Figure 1 shows the
schematic layout of the SSNG and DSNG incorporated in this central active area. The SSNG
consists of a grating of overall dimensions 19 pm % 7 pm on one side, and a plane metal
electrode of the same size on the opposite side, separated by a 5.0 um gap. The DSNG has the
same gratings (19 um x 7 um) on both sides of the 5.0 pm gap. The fabrication of the SSNG
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and DSNG was carried out in two steps. The first step defined the grating along with the first
turn of the spiral by electron-beam lithography. Ti/Au of thickness 5 nm/45 nm was used for
metallization. The remaining spiral was then defined using a second electron-beam
lithography process followed by metallization and lift-off. In this case Ti/Au with thickness
10 nm/150 nm was used. This multi-step lithography process was implemented since it was
not possible to form good quality low line-edge-roughness 100 nm wide structures in 150 nm
thick metal, via lift-off patterning. A scanning electron microscope (SEM) image of the
DSNG design active region after fabrication is shown in Fig. 1(c) along with a high-
magnification image of the nano-grating. Finally, contact pads were defined using optical
lithography, with Ti/Au of thickness 10 nm/150 nm used for all devices.
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Fig. 2. Schematic diagram showing the experimental arrangement used for emitter
characterization.

The experimental arrangement used for the study is shown in Fig. 2. The devices were
excited by a pair of commercial, tunable distributed Bragg reflector (DBR) Oclaro Lambda
FLEX iTLA TL5000 lasers operating in the telecommunications ‘C-band’ (1530—-1565 nm).
One laser (DBR1) was kept at a fixed wavelength (~1530 nm) and the other laser (DBR2)
was tuned electrically. The outputs from the fibre-coupled lasers were combined and split
with a polarisation-maintaining 2 x 2 fibre splitter, and an optical spectrum analyser was used
to monitor the laser emission. One output from the splitter was collimated through a half-
wave plate and focused by an aspheric lens onto the emitter, and had an incident power of 10
mW. The THz radiation generated was collected using a 3.0 mm-diameter hyper-
hemispherical silicon lens attached to the backside of the substrate and an f/2 parabolic
mirror. This was then focused onto a fibre-coupled InGaAs coherent detector (TOPTICA
Photonics, EK-000725) using a second f72 parabolic mirror. The second fibre output provided
13 mW of optical power to this detector. In order to enable phase control and ensure the
optimum path difference between the emitter and detector, the second parabolic mirror and
detector were placed on a mechanical delay line. The current generated in the detector was
amplified using a FEMTO trans-impedance amplifier with a gain of 10" (V/A) and measured
using a lock-in amplifier referenced to the applied bias on the grating at 7.6 kHz.

3. Results

Figure 3(a) shows the photocurrent measured in the SSNG and DSNG emitters as a function
of applied bias at 10 mW incident laser power. For these measurements a low DC bias
(corresponding to an applied field of up to 0.2 kV/cm), was applied to prevent damage to the
emitters by excessive heating. The photocurrent in the SSNG emitter was found to be slightly
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smaller than the DSNG emitter, which could be due to the enhanced absorption induced by
the additional grating structure on the DSNG device. Both devices showed very low dark
current, as expected from the Fe:InGaAsP material [17], measured to be less than 5 pA at 0.1
V.

For measurement of the THz output, the devices were biased with + 1 V pulses at a
frequency of 7.6 kHz and a 25% duty cycle. In the case of the asymmetric SSNG device, the
grating was positively biased, with the plane electrode grounded. The 25% duty cycle was
chosen to reduce the risk of damage after some devices were damaged when a 50% duty cycle
was applied. Figure 3(b) shows the THz field amplitude measured from the two emitter
designs as a function of laser difference frequency in the range 100-2000 GHz. The
bandwidths, defined as the frequency at which the signal drops below the noise floor, are
found to be ~2 THz and ~1.6 THz for the SSNG and DSNG devices, respectively. This
detection bandwidth is less than what was measured for a similar device with an interdigitated
active region (2.4 THz) using the same experimental arrangement [17]. The THz amplitudes
are similar for the SSNG and DSNG devices at low frequencies, whereas the SSNG device
slightly outperformed the DSNG emitter at higher frequencies. The reason for this difference
is not clear.

It is worth noting that the emission bandwidths and powers measured here for both the
NG devices are lower than those measured from an interdigitated device on the same material
[17]. While this previously reported interdigitated device had a slightly different antenna
design, which can result in a 3 dB difference in output power at 2 THz, this does not account
for the greater bandwidth (~2.4 THz) observed compared to our NG devices. Furthermore, the
peak output powers for the DSNG and SSNG devices, measured using a calibrated bolometer,
are 10.8 nW and 26 nW at 1 THz, respectively. These are comparatively lower than the 60
nW peak power measured previously for the interdigitated device on the same material [17].
For the optical powers used in the study, the emitters were operating close to saturation, with
an approximately linear dependence of THz power on optical power. We have also compared
the maximum expected output powers, calculated from the photocurrent at zero frequency
[24]. This predicts an upper bound on the power of 240 nW at 1 THz for both the NG device
designs, assuming a photocurrent of 0.4 mA, an antenna radiation resistance of 72 Q, an
active region capacitance of 0.5 fF, and a carrier lifetime of 0.75 ps. Comparing this with the
performance of the interdigitated devices fabricated on the same wafer, our results suggest
that there is no significant reduction in the effective carrier lifetime, below the material carrier
lifetime, for the SSNG and DSNG devices, that has been suggested for this type of design
[19]. Compared with the work of S.H.Yang et al. [20], which makes use of the same grating
structure and similar antenna design, the lower powers measured here are partly explained by
the lower photocurrent. However, if the same procedure for estimating the power based on the
photocurrent that we perform here is performed for the data given by S.H.Yang et al. [20],
extremely high collection efficiencies are found, which could be responsible for the reported
enhanced power levels.
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Fig. 3. (a) Photocurrent measurement from the DSNG and SSNG emitters as a function of DC
bias at an incident optical power of 10 mW. (b) THz amplitude as a function of laser beat
frequency from the two different designs, SSNG (top) and DSNG (bottom), at different bias
orientations. For the SSNG, black and grey curves represent the bandwidth scan performed
when the NG and plane metal electrode was biased, respectively. For the DSNG, red and
purple curve represents the same measurements with the NG1 and NG2 biased, respectively.

Figure 3(b) shows the THz field amplitude measured from the SSNG and DSNG devices
when biased in reverse polarity, i.e. with the 1 V bias applied to the plane metal electrode of
the SSNG device. For the DSNG device, there was no measureable change in the emission
characteristics, which is expected since the electrodes are symmetric. For the asymmetric
SSNG device, however, switching the bias resulted in a significant decrease in signal. This
suggests that there is an enhanced THz emission only when the positively-charged anode is
structured as a nano-grating. Indeed, the importance of the anode is well known in
photoconductive THz generation; the photo-generated electrons are collected by the anode,
and since the mobility of electrons is significantly higher than the holes, electrons are the
dominant carrier for THz generation.

While this indicates the importance of the nano-grating, it does not explain the generation
mechanism. To gain insight into this, we mapped the THz emission as a function of laser
excitation position. The sample was raster scanned in the X-Y plane (perpendicular to the
excitation direction) with the laser spot remaining stationary, using a motorized stage to move
the sample along the X-axis, with the position in the Y-direction adjusted manually. The scan
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resolution was 0.9 pm and 1.0 um in the X- and Y-directions, respectively. It was confirmed
that this small movement (~30 pum) of the sample did not affect the collection efficiency. The
laser beam was focussed to a spot size of ~6 um using a microscope objective, and the laser
was horizontally polarized, perpendicular to the metal grating.

THz signal amplitude (mV)

NG (0V)

NG (1V)

Fig. 4. Raster scanned images showing the THz amplitude as a function of the laser exciting
position for the SSNG and DSNG emitters at 510 GHz. In each case, the appropriate electrode
is biased at 1 V, with a 25% duty cycle at 7.6 kHz. An image of the two-turn log-spiral antenna
design is overlayed on the data to aid understanding. The SSNG design with (a) the NG biased
and (b) the plane metal electrode biased. The DSNG design with (c) the first NG biased and (d)
the second NG biased. The polarization direction of the incident laser is shown in the top right
corner of each image.

Figure 4 shows maps of the THz signal at 510 GHz as a function of laser beam excitation
position for the SSNG and DSNG emitters with different bias polarities. The maximum
amplitude is obtained when the laser ~6 pm spot excitation is positioned in, and fills, the gap
between the two electrodes, for both the SSNG and DSNG devices, Figs. 4(a)-4(d).
Furthermore there is no significant emission when the excitation is positioned on the centre of
one of the NG electrodes. This observation is not in agreement with previous work in which it
has been proposed that excitation in the centre of the NG electrodes should excite surface
plasmons and result in the greatest THz emission [20]. When the bias direction was switched,
the DSNG emitter, Figs. 4(c) and 4(d), maintained the same maximum power level, and a
small change in the excitation position corresponding to this maximum signal was observed.
For the SSNG device, Figs. 4(a) and 4(b), reversing the bias caused a significant reduction in
THz amplitude (~40%), as discussed above, but the excitation position corresponding to the
greatest amplitude did not change significantly. This same mapping procedure was performed
at both higher (810 GHz) and lower (210 GHz) frequencies and showed qualitatively the
same behaviour. Our data indicates that the THz generation mechanism in these devices
appears to be associated with the tips of the nano-grating electrodes rather than the centre of
the grating structure. This suggests that the tips on the anode grating cause an enhanced
concentration of the laser electric field at the sharp corners of the electrodes, resulting in
higher absorption in this region, leading to higher numbers of photoelectrons and enhanced
THz emission. The is also expected to be a concentration of the electrostatic field (applied
bias) at these sharp tips. This effect is well known for THz generation [25] in dipole emitters,
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and has been used more recently with plasmonic enhancement [26]. In the case of the SSNG
device, when the plane metal is positively biased, no enhanced output power is observed
because there are no sharp tips present.

1

2
NG (1V) | »

0.5

0
'y N

Fig. 5. Raster scanned images showing the THz amplitude as a function of the laser exciting
position for the SSNG and DSNG emitter design, for two orthogonal incident laser
polarizations at 510 GHz. In each case, the appropriate electrode is biased at 1 V, with a 25%
duty cycle at 7.6 kHz. An image of the two-turn log-spiral antenna design is overlayed on the
data to aid understanding. The SSNG design with (a) horizontal and (b) vertical polarizations;
the DSNG design with (c) horizontal and (d) vertical polarizations.

THz signal amplitude (mV)

Mapping was also carried out for the orthogonal laser polarisation, with the electric field
polarised vertically, i.e. parallel to the metal fingers of the grating as shown in Figs. 5(a)-5(d).
It was found that the DSNG device experienced ~70% reduction in THz amplitude, whereas
the SSNG device showed only ~30% decrease in amplitude, compared to the horizontal
polarisation. In both cases, the decrease in amplitude with vertically polarized light is due to
the gratings acting as a wire-grid polarizer that reflects the incident radiation. The smaller
change observed in the SSNG device is consistent with this effect as there is only one NG. In
all cases, however, the THz signal was highest with the excitation centred in the gap between
the electrodes. Similar investigations were performed with different grating periods between
200 nm—400 nm and the results were similar.

The THz generation mechanism in these devices has also been studied with pulsed
excitation, with the mapping procedure repeated in a THz time-domain spectroscopy system.
For these measurements the emitters were excited with 95 fs pulses, centred at 780 nm, and
an incident laser power of 20 mW, from a TOPTICA fibre Pro laser. We note that this
material has previously been characterized for THz emission across a range of wavelengths in
the range 800-1550 nm [27]. A 1.0 mm-thick ZnTe crystal, a A/4 plate, Wollaston prism and
a New Focus Nirvana balanced photodiode were used for electro-optic sampling of the THz
emission in the time domain. The 20 mW laser pulse was focused on to the active area using
the same 20 X objective lens as used above, but in this case the spot size was larger, ~13 um
due to chromatic aberration. The emitters were biased in the same way as previously. Figure 6
shows the pulsed mapping data obtained from the SSNG and DSNG devices, which reveals
the same behaviour as found above for CW excitation; the greatest power was detected when
the excitation was focused at the centre of the gap, between the electrodes. Figure 6(c) shows
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the time domain waveform measured from different parts of the active region, corresponding

to points on the inset image. The THz electric field amplitude maximum occurred at the same
optical delay position.

b)

e
)

o
=

.IOO

THz signal amplitude (mV)

THz signal amplitude (mV)

0.4 L L L L L
59.0 59.5 60.0 60.5 61.0 61.5

Delay (ps)

Fig. 6. Raster scanned images showing the peak THz amplitude as a function of excitation
position for (a) the SSNG, and (b) the DSNG emitter design, respectively, obtained through
THz time-domain spectroscopy. In each case, the appropriate electrode is biased at 1 V, with a
25% duty cycle at 7.6 kHz. An image of the two-turn log-spiral antenna design is overlayed on
the data to aid understanding. The spotsize is larger compared to the CW mapping
measurements owing to the chromatic aberration of the lens. (¢) Measured THz time domain

waveforms for different laser excitation positions. Inset shows the corresponding to the laser
excitation positions

4. Simulations

To confirm our interpretation of the results, we have also performed full-wave
electromagnetic simulations of the devices and optical excitation using the commercially
available software package CST studio suite. The model geometry is shown in Fig. 7(a), and
shows the gold electrodes in yellow and the InGaAsP absorption layer in blue. Values for the
complex index in this material were approximated to be the same as InGaAs lattice matched

to InP [28] and the complex index for the gold electrodes was taken from P. B. Johnson ef al.
[29].
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Fig. 7. Results for full-wave simulations of DSNG and SSNG devices. (a) Diagram of 3-
dimentional model showing the SSNG device with electrodes in yellow and semiconductor
layer in blue. (b) Top view and corresponding cross-section of the calculated electrostatic field
magnitude for SSNG device, showing electric field 25 nm below the gold electrodes surface.
(c)-(f) Top-views and corresponding cross-sections of absorption power density in the
semiconductor material 25 nm below the gold electrodes. The cross-sections are taken along
the edge of the central grating bar. (¢) SSNG device, spot focused in the gap, (d) DSNG
device, focused on tips, (¢) DSNG device, focused in gap, (f) DSNG device focused on
grating.

Figure 7(b) show the electrostatic field applied to the active region in top-view and cross-
section. As expected it shows that the strongest electrostatic field is located at the tips of the
grating and the edge of the plane metal, while the field beneth the plane metal and grating is
relatively weak. There is also some local enchancement at the tips of the grating, although the
‘average’ along the plane metal edge and grating edge is the same.

To simulate the NIR excitation, an electromagnetic wave with a wavelength of 1550 nm,
shaped as a Gaussian beam, with a width of 6 pum, is launched from the top of the air region
and impinges on the active area. This simulation has been performed for wavelengths across
the C-band (1530 nm—1565 nm) however very little dependence on wavelength was observed
for either absorption in the InGaAsP layer, or loss in the Gold layer. The results, Figs. 7(c)-
7(f), show the optical absorption in the DSNG and SSNG structures for different positions of
laser spot excitation. Each figure shows a ‘top view’ and, right, a cross-section into the device
layers, across the gap. The top-view is shown 25 nm below the electrodes, the cross-section is
shown along the edge of a grating bar. Figure 7(c) shows the beam focused in the center of
the gap for the SSNG device and highlights the role of the grating tips in enchancing optical
absorption near the electrode, and in particular the anode; there is significantly more optical
absorption at the grating tips compared to the plane metal egde. The highest fotal absorption
in the semiconductor is found for the DSNG device with beam centered in the gap Fig. 7(e),
where there is no grating covering this region. However, within the upper 50 nm of the active
material, the absorption is highest when the beam is centered on either the tips, Fig. 7(d) or
the grating Fig. 7(f). The calculated absorption is similar for these two cases, with the spot on
the grating, Fig. 7(f), showing slightly higher absorption. However, since the electrostatic
field underneth the grating is small the THz generation here will be small. If one considers
this calculated absorption together with the calculation of the electrostatic field, the highest
currents (and hence highest THz fields) will be generated when the laser excitation is close to
the tips. Here there is an enhancement of both the electrostatic field and the NIR excitation
generating carriers close to the electrode, supporting the experimental interpretation.



Research Article Vol. 25, No. 9 | 1 May 2017 | OPTICS EXPRESS 10188

Optics EXPRESS

This detailed study has examined the applicability of using photomixers incorporating
nano-gratings for CW THz emission with ~1550 nm excitation. Results from experiments and
simulations indicate that the generation mechanism in the nano-gratings is enhanced by the
concentrated optical electric field at the tips of the grating on the anode. This results in a
higher concentration of photoelectrons close to the anode, which when accelerated by the
applied electric field, leads to enhanced THz emission. This is different to the conclusion of
some recent work that suggests a plasmonic enhancement effect, for which the excitation
should be centred on the middle of the grating for maximum THz emission. By comparing
different emitter designs we have found that nano-structuring of the anode results in higher
THz emission power, however, the overall performance in terms of emitted THz power and
bandwidth is lower for nano-structured electrode devices compared to interdigitated devices
with 2—5 pairs of fingers. Future designs for high power CW THz emission could combine the
long interaction length of conventional interdigitated fingers with nano-structuring of the
electrode fingers.
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