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Abstract

We systematically investigated terahertz photoconductive antennas on GaAs incorporating coplanar
striplines of varying widths and two types of contact metallizations (AuGe/Ni/Au and standalone
Ti). Measurements of the emitted terahertz power show that AuGe contacts yield stronger emission
under low-bias conditions, whereas Ti contacts - initially constrained by Schottky barriers - exhibit
superior performance at high bias due to barrier lowering. Terahertz time-domain spectroscopy
further confirms the expected classical antenna behavior: decreasing the stripline width shifts the
resonance frequency to higher values. At the shortest dipole lengths, however, the emitted spectra of
the two metallizations diverge, with Ti-metalized antennas exhibiting higher resonance frequencies.
These findings demonstrate that the performance of terahertz photoconductive antennas is
constrained by the impedance of metallic contacts, providing essential design considerations for
next-generation devices intended to operate at higher terahertz frequencies.

1. Introduction

Photoconductive antennas (PCAs) are widely used as compact and efficient room-temperature sources and
detectors of terahertz (THz) radiation [1-3]. Their operation relies on both the ultrafast semiconductor
substrate and the electrode contacts. The electrodes provide the bias field for carrier acceleration while
simultaneously functioning as antennas that determine gain, bandwidth, and stability. At THz frequencies,
however, the impedance of metallic contacts becomes significantly frequency dependent, the skin effect
confines current to tens of nanometers near the surface, the current acquires a phase lag, and the classical half-
wave dipole approximation no longer accurately describes the radiation characteristics [4, 5]. As a result, the
electrode geometry and material composition strongly affect impedance matching with the photocarriers.

Electrode geometry and configuration [5-9] strongly influence the electric field distribution within the
photoconductive gap, thereby governing both the efficiency and the spectral content of the generated THz
pulses. Systematic studies of H-shaped electrode designs have examined how detection depends on gap width
[10] and how emission scales with electrode length and width [11]. A consistent trend predicted by classical
antenna theory has emerged: reducing the dipole length shifts the spectral peak to higher frequencies. Despite
these insights, the simplest geometry - the coplanar stripline - remains comparatively underexplored. Previous
studies have shown that the gap width influences the THz pulse amplitude [12], but the role of the stripline
width, particularly its impact on the spectral maximum, has received little attention [ 13, 14]. This lack of sys-
tematic investigation leaves a critical gap in understanding the fundamental spectral limitations of PCAs.

In this work, we present a systematic experimental study of a coplanar stripline PCA, examining its perfor-
mance as a function of stripline width - varied from 20 to 100 pm - and electrode metallization, comparing
conventional AuGe/Ni/Au ohmic contacts [ 12, 14—17] with standalone Ti. Specifically, we investigate how
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these parameters affect the emitted THz power under varying bias voltages, and we employ THz time-domain
spectroscopy (THz-TDS) with matched emitter-detector pairs for each strip width to determine the spectral
maximum and bandwidth. The results are interpreted within the framework of classical half-wave dipole the-
ory, enabling us to identify the significance of electrode-related limitations to antenna performance. By addres-
sing the largely overlooked influence of stripline width and metallization, this study aims to identify routes for
shifting the emission maximum to higher frequencies and extending PCA operation across the full THz range
(0.1-10 THz), beyond the typical 5-7 THz cutoft observed in GaAs-based devices.

2. Fabrication and experimental details

To investigate the influence of stripline width and metallization on PCA performance, we fabricated a series of
devices under controlled conditions. Metallic coplanar striplines, 5 mm in length and 20-100 pm in strip width,
separated by a 50 pm photosensitive gap, were patterned on a semi-insulating GaAs using laser lithography.
Two metallization schemes were implemented: AuGe/Ni/Au (140/25/40 nm) and 1 pm-thick standalone Ti,
both deposited by electron-beam evaporation and defined by lift-off in acetone. The AuGe/Ni/Au devices
were additionally annealed at 400 °C for 90 s to lower contact resistance [12, 15, 16]. The substrates were then
ion-damaged to achieve a carrier lifetime of approximately one picosecond [18, 19], as measured using optical
pump—THz probe technique. Finally, the fabricated antennas were cleaved into 7 x 2 mm chips and mounted
on 12 mm-diameter hyperhemispherical high-resistivity silicon lenses, truncated at 8§ mm to enhance THz out-
coupling.

The emitted THz power was measured with a broadband pyroelectric detector, using a mechanical chopper
at 10 Hz to modulate the excitation laser. Spectral measurements were performed in a conventional THz-TDS
setup employing two off-axis parabolic mirrors, as illustrated in figure 1(a). To avoid uncertainties arising from
differing emitter and detector responses, matched emitter-detector pairs were used for each strip width and
metallization.

All experiments were performed using a femtosecond laser with a 780 nm wavelength, 80 MHz
repetition rate, and 80 fs pulse duration. For THz power measurements, the antennas were illumi-
nated with 50 mW of average optical power, focused to a 50 pm-diameter spot using a 5 cm focal-
length lens (fluence: 31.8 J/cm?). For THz-TDS measurements, both the emitter and detector were
illuminated with 25 mW (fluence: 15.9 pJ/cm?), while the emitter was biased at 100 V.

3. Results and discussion

Figure 2 summarizes the dependence of emitted THz power on bias voltage and strip width for PCAs with
AuGe and Ti contacts. Atlow bias, AuGe devices emit more power than Ti devices, indicating that carrier
injection at the AuGe interface is less restricted, enabling a stronger internal electric field in the
photoconductive gap. This results in a stronger internal electric field and a larger, faster photocurrent surge
following optical excitation. In contrast, Ti devices exhibit much weaker emission in this regime because the
Schottky barrier at the Ti/semiconductor interface reduces the effective field in the gap and suppresses carrier
transport. Once the bias exceeds approximately 20 V, however, Ti devices undergo a rapid increase in emitted
power. At high fields (120 V and above), AuGe and Ti devices deliver comparable power, indicating that the
Schottky barrier no longer limits photocurrent generation. This steep high-field growth in Ti devices is
consistent with field-induced modification of the Schottky barrier - such as barrier lowering or enhanced
tunneling - which would increase carrier injection and strengthen the transient photocurrent [20].

Figure 2(b) shows the influence of strip width at fixed bias voltages of 50, 100, and 150 V. For AuGe devices,
the emitted power increases with width up to about 50-60 pm and then gradually decreases, indicating an
optimum in this range. At 150 V, for example, the 50-pm AuGe device produces 33 % more power than the
20-pm device, increasing from 36 to 48 uW. This trend persists across all investigated bias voltages. In general,
maximum power emission occurs when reflections between the source and load are minimized - that is, when
their impedances are matched. Therefore, the observed maximum likely corresponds to the stripline width at
which the antenna impedance (the load) most closely matches the photocarrier impedance (the source).

In contrast, Ti-based devices do not exhibit a clear optimum, likely because their resistivity - more than an
order of magnitude higher - enhances susceptibility to local heating, which may obscure the emergence of a
distinct maximum. In addition, the substantially different impedance suggests that any optimum would occur
at carrier concentrations significantly different from those of AuGe devices. Nevertheless, a weak but overall
increasing trend in emitted power with increasing strip width is observed.

The THz-TDS spectra in figure 3 reveal a clear dependence of emission on both strip width and metalliza-
tion. All devices exhibit the characteristic low-frequency rise, a spectral maximum in the few-hundred-
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Figure 1. (a) Schematic of the THz-TDS setup used for PCA spectral characterization. (b) Schematic top view of a PCA, indicating
the strip width parameter x. (¢) Cross-sectional (profile) view of the PCA along the dashed line in (b), showing the metallization
thickness t. Dimensions are in micrometers.

gigahertz range, and a subsequent roll-off at higher frequencies. Both the position of the spectral maximum and
the extent of the high-frequency tail are strongly influenced by the electrode geometry. Narrow strips peak at
higher frequencies and exhibit a broader bandwidth, whereas increasing the strip width (i.e., the effective dipole
length) shifts the maximum toward lower frequencies and results in a more rapid spectral roll-off.

This spectral evolution can be understood by treating the PCA as a cascade of low-pass filters acting on the

ultrafast photocurrent. The photocurrent is initiated by the femtosecond laser pulse, which by itself would
support a broad Gaussian spectrum extending well beyond 5 THz for an 80 fs pump pulse ( fpmk = @ ).
However, successive filtering stages within the device selectively suppress high-frequency components. The
semiconductor response imposes limitations through the carrier lifetime (7) and the momentum scattering
time (7,,). For example, a lifetime of 7= 1 ps corresponds to a cutoff frequency near 0.16 THz, while a scattering
time of 7,,, = 108 fs [21] corresponds to 1.5 THz. Carrier lifetime may therefore contribute to the suppression of
high-frequency components, although it can be readily shortened by introducing additional ion-induced
damage in the semiconductor. In contrast, the most challenging low-pass limitation to mitigate in practice
arises from the characteristic energy-decay time 7,,,, which is set by the antenna geometry and contact material.

We compare the experimental results with a simple half-wave dipole model on a thick dielectric,

c

f, = ——=, where cisthe speed oflight, ¢, is the GaAs permittivity, and L is the effective dipole length,
2L

T+eq

approximated here as twice the strip width, corresponding to the limiting case of a vanishing gap. The extracted
data from the spectra together with the model is presented in figure 4. The figure highlights how both strip
width and metallization influence the peak frequency and the bandwidth, quantified by the full width at half
maximum (FWHM). The converging experimental trends indicate that, for strip widths above approximately
120 pm, the model provides a reasonable estimate of the PCA response, consistent with a resonance-dominated
regime.

At narrower strip widths, corresponding to peak frequencies above 220 GHz, increasing deviations from
the model are apparent, with the experimental peak shifting to lower frequencies than the half-wave prediction.
This behavior indicates a transition away from the resonance-dominated regime implicitly assumed by the
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Figure 2. (a) Emitted THz power as a function of bias voltage for all investigated strip widths. The inset shows the same data on alog—
log scale. (b) Emitted power as a function of strip width.

dipole expression, toward a regime in which the observed spectral maximum is limited by the bandwidth of the
photocarrier-driven feed region and the frequency response of the contact—antenna structure. In particular,
when the gap dimension is no longer negligible compared to the antenna length, the feed introduces additional
reactive loading in the form of effective capacitance and distributed impedance, causing the PCA to behave asa
geometry-dependent low-pass system.

From an impedance perspective, the photoconductive antenna cannot be described as purely inductive or
purely capacitive. Instead, its frequency response arises from the combined contributions of the inductive
antenna arms, the capacitive photoconductive gap and feed region, and the frequency-dependent surface
impedance of the metallic contacts. For wide striplines, the antenna response is dominated by the inductive
behavior of the antenna arms, and the capacitive contribution of the gap acts only as a weak perturbation,
resulting in a resonance-dominated regime that is well described by classical half-wave dipole theory. As the
stripline width is reduced, the relative influence of the gap and feed region on the antenna response increases.
The combined effect is a transition to a bandwidth-limited regime in which reactive loading and metal-depen-
dent losses shape the observed frequency response.

In this bandwidth-limited regime, the combined reactive loading and finite conductivity of the metallic
contacts act as a frequency-dependent filtering mechanism that progressively suppresses high-frequency com-
ponents of the generated current and radiated field. As aresult, the measured spectral peak is shifted below the
simple half-wave estimate and the response broadens, as quantified by the FWHM.

In addition to the strong geometric dependence, a systematic offset between the two metallizations is
observed. For strip widths wider than approximately 60 pm, the spectral peak frequency coincides for both
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Figure 3. (a) THz-TDS spectra of emitter-detector pairs at various strip widths: (a) AuGe metallization, (b) Ti metallization.

0.8

Frequency at peak, THz
o
~

0.2

o
o
I

Frequency at pea

I !

I

=== AuGe
il Tij

Half-wave dipole theory

AN

N\

Figure 4. Extracted spectral peaks and bandwidths (FWHM) compared with predictions from classical half-wave dipole theory.

20 40

60 80
Strip width, pm

100 120




10P Publishing

Phys. Scr. 101 (2026) 105503 I Nevinskas et al

AuGe and Ti devices. This agreement is expected, as the two antenna structures are geometrically identical, the
chosen metallization thicknesses are sufficiently large compared to the terahertz skin depth over the relevant
band, and the resulting frequency-dependent surface impedance (including inductive reactance) does not dif-
fer strongly enough to substantially modify the current distribution in this regime. Consequently, the current
distributions along the antenna arms are expected to be comparable, and the PCA response remains pre-
dominantly geometry-limited.

As the strip width is reduced, however, the Ti-based antennas consistently exhibit a higher peak frequency
together with a broader spectral response compared to AuGe. This behavior indicates a transition to a loss and
bandwidth-limited regime in which the metallization increasingly influences the antenna transfer function. In
particular, the higher resistive losses of Tilead to a faster decay of antenna currents and stored electromagnetic
energy, corresponding to a shorter energy-decay time 7,,,,. This enhanced damping suppresses long-lived, low-
frequency current components more strongly, reweighting the emitted spectrum toward higher frequencies
and broadening the response. Importantly, this shift does not imply a higher intrinsic resonance frequency of
the Tiantennas, but rather reflects a metal-dependent filtering of the broadband photocarrier excitation by the
contact—antenna structure.

Within this framework, shifting the spectral peak of short-dipole PCAs toward higher frequencies is expec-
ted to require mitigation of the reactive loading and bandwidth limitations imposed by the contact—antenna
structure. Capacitive loading may, in principle, be reduced by enlarging the electrode gap or by introducing air
trenches in the dielectric using approaches such as deep reactive ion etching [22] or laser interference ablation
[23]. At terahertz frequencies, the finite skin depth and surface impedance of metallic contacts can render the
antenna current distribution sensitive to nanoscale surface morphology. Controlled surface corrugation orien-
ted perpendicular to the current flow may increase the effective surface impedance through enhanced current
crowding and scattering, potentially leading to faster antenna current decay and a suppression of long-lived,
low-frequency components. In a strongly damped regime, such mechanisms could reweight the emitted spec-
trum toward higher frequencies, thereby influencing both the high-frequency roll-off and the observed spectral
peak position.

4., Conclusions

We have experimentally investigated terahertz photoconductive antennas based on coplanar striplines on
GaAs, focusing on the influence of stripline width and contact metallization on emitted terahertz power and
spectral response. AuGe/Ni/Au contacts provide higher emission efficiency at low bias due to favorable carrier
injection, whereas Ti-based devices, initially limited by Schottky barriers, achieve comparable output at high
bias fields. Terahertz time-domain spectroscopy confirms that reducing the stripline width shifts the spectral
maximum toward higher frequencies, and for sufficiently wide striplines the observed response is reasonably
described by classical half-wave dipole theory.

For narrower striplines, systematic deviations from the dipole model are observed, indicating a transition
to abandwidth-limited regime governed by the combined response of the photocarrier feed region and the
contact—antenna structure. In this regime, Ti-based antennas exhibit higher spectral peak frequencies and
broader bandwidths than AuGe-based devices, consistent with increased resistive losses and surface impedance
that are associated with faster antenna current decay and suppression of low-frequency components. These
results demonstrate that, at higher terahertz frequencies, the performance of photoconductive antennas is
increasingly constrained by the finite, frequency-dependent impedance of metallic contacts, emphasizing the
importance of contact and geometry engineering for next-generation PCAs aimed at spectral maxima shifted
toward higher frequencies.
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