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This study investigates the emission and spectral characteristics of photoconductive THz switches employing 
coplanar stripline contact geometries fabricated on a GaAs substrate. The experimental results reveal how the power 
outputs as well as the spectral shape are significantly influenced by the strip width dimension. Utilizing the Drude–
Lorentz conductivity model, photocarrier dynamics were analyzed through an RLC circuit framework, offering in-
sights into how the contact design influences the spectral response. Our findings suggest that matching the photocur-
rent impedance to that of the metallic contacts is critical to improving the efficiency of these devices.
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1. Introduction

Electromagnetic waves ranging from 0.1 to 10 THz 
are referred to as terahertz (THz) radiation. 
This frequency range represents a  unique gap in 
the electromagnetic spectrum, requiring a combi-
nation of electrical and optical methods to generate 
and detect the waves at room temperature. One of 
the most widely used devices for this purpose are 
the photoconductive switches. They are composed 
of two metal contacts placed on a short carrier life-
time semiconductor, which is photoexcited by sub-
picosecond laser pulses.

Terahertz emission from a  photoconductive 
switch following picosecond laser excitation was 
first demonstrated by Auston in 1984  [1]. Since 
the introduction of this device, considerable efforts 
have been devoted to enhancing its optical-to-THz 
conversion efficiency, primarily by investigating 
the  geometry of metal contacts  [2–6], including 
complex designs such as log-spiral geometries [7], 
among others [8, 9]. However, this efficiency rarely 
exceeds 0.1%, except in cases where contacts are 
fabricated at the  nanometre scale, allowing for 

the  generation of high carrier densities through 
plasmonic effects [10–14] (and other works by Jar-
rahi and colleagues).

Despite only minor improvements in THz emis-
sion efficiency, researchers continue to search for 
an optimal contact geometry, as it significantly in-
fluences the spectral shape. In this study, coplanar 
stripline geometries fabricated on a GaAs substrate 
were characterized based on their emitted spec-
trum and average power output. Using the Drude–
Lorentz conductivity model, the  photocarrier dy-
namics were interpreted as an RLC circuit model, 
aiding in the discussion of the experimental results 
and providing insights for future contact design 
improvements.

2. Fabrication and experimental details

The switches were fabricated as follows: a  layer of 
spin-coated photoresist was applied to the  sur-
face of a  semi-insulating GaAs wafer and pat-
terned using laser lithography (Heidelberg Instru­
ments, DWL 66+) to define the contact geometries. 
A  10  nm titanium layer for improved adhesion, 
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followed by a 180 nm gold layer, was deposited via 
electron beam evaporation. The lift-off process was 
then performed in acetone. Subsequently, the wafer 
containing the antennas was implanted with high-
energy ions to reduce the photoconductivity decay 
time to subpicosecond levels [16], ensuring full car-
rier trapping before the arrival of the next optical 
pulse and improving high-frequency cut-off char-
acteristics [17]. Finally, the ultrafast photoconduc-
tive switches were separated into individual chips 
and mounted one by one on a  hyperhemispheri-
cal high-resistivity silicon lens using a TeraVil Ltd 
mount for characterization [18].

Interestingly, as shown in Fig.  1(b), the  maxi-
mum of the THz spectrum did not shift to high-
er frequencies despite the  shorter dipole lengths. 
Nonetheless, spectra with a  bandwidth of around 
5  THz and a  signal-to-noise ratio (SNR) of ap-
proximately 80 dB were recorded for all gap widths, 
except for some attenuation at frequencies above 
1 THz in the narrower gaps, likely due to the previ-
ously mentioned shadowing.

Two experiments were conducted to assess 
the  performance of each switch. First, the  emit-
ted THz power was measured using a broadband 
Gentec EO pyroelectric detector. The switches were 
positioned as close as possible to the detector to en-
sure that all THz radiation reached the pyroelectric 
module. In the  second experiment, the  antennas 
were used as coherent THz detectors in a TeraVil 
Ltd spectrometer [15] equipped with a commercial 
GaAs THz emitter. The  first experiment utilized 

a  laser with a wavelength of 780 nm, a  repetition 
rate of 75 MHz and a pulse duration of 50 fs, while 
the second used a 780 nm, 80 MHz, 80 fs laser. As 
far as THz waves are concerned, the differences be-
tween the lasers are negligible.

3. Results and discussion

The classical coplanar stripline geometry shown 
in Fig.  1(a) has four adjustable parameters: the 
length, width and height of the strip, and the gap 
between the  strips. Several studies have demon-
strated that THz switch performance is influenced 
by both the photosensitive gap and strip width [3, 
19, 20]. We examined these dependences as well, 
and the results are displayed in Figs. 1 and 2.

By varying the  photosensitive gap width, 
the 50 µm gap antenna produced the most intense 
THz pulses (Fig.  1(a)). The  gap was illuminated 
with a focused optical beam, obtained with a 5 cm 
focal length lens, resulting in a  wide beam waist. 
The  waist, measured using the  sharp knife-edge 
method, was estimated to be 50 µm FWHM (full 
width at half maximum). As a  result, the  optical 
beam spot was wider than the 26 and 12 µm gaps, 
and parts of the spot were shadowed by the metal 
contacts, leading to lower emitted THz power.

The comparison of photoconductive switch per-
formance at different strip widths is presented in 
Fig. 2. The most intense pulses were emitted from 
the 150 µm strip width geometry, while the inten-
sity decreased at 300 µm. This suggests that within 

Fig. 1. A photoconductive switch with a coplanar stripline contact geometry (insert) operates at 
varying gap widths labelled as x. (a)  shows the emitted THz power at different bias fields, while 
(b) presents the detected spectra using a TeraVil THz time-domain spectroscopy setup [15]. In both 
cases, the switches are photoexcited at 20 µJ/cm2 fluence.
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the 20 to 300 µm range, there is an optimal width 
for the  maximum emission intensity, occurring 
when the centre wavelength of the spectrum gener-
ated by the photocarriers resonates with the metal-
lic dipole length. The emitted average power nearly 
doubled, increasing from 15 to about 27  µW at 
the highest bias voltages.

The spectra recorded for these contact geometries 
clearly show a shift to lower frequencies as the strip 
width increases. Considering the refractive index of 
GaAs (n = 3.3), the half-wave resonance frequencies 
for strip widths of 20, 150 and 300 µm are 1.14 THz, 
150 and 75 GHz, respectively. However, these esti-
mated values do not align with the experimental re-
sults. This is expected, as the measured response is 
influenced by multiple factors, including the omitted 
gap dimension, the ultrafast photocurrent induced 
by the laser within the switches [21], and the nonflat 
spectrum illuminated onto the THz detectors. Tani 
et al. also demonstrated experimentally that the res-
onance shifted to lower frequencies with increasing 
the strip width. Their calculations, which take into 
account more geometric parameters, still did not 
fully match the experimental results [3, 5]. They fur-
ther attributed this discrepancy to resonance peak 
broadening and damping.

Now, let us examine the dynamics of photoex-
cited carriers using the  classical Drude–Lorentz 
conductivity model. By separating the real and im-
aginary parts we get
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where n is the free carrier concentration, e is the el-
ementary electron charge, τs is the  mean scatter-
ing time, m* is the effective carrier mass, and ω is 
the angular frequency at which the system is oper-
ating. By introducing the spatial dimensions A and 
l, which represent the effective volume, the photo-
carrier impedance Z can be expressed as follows:
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A is the  cross-sectional area of the  photocurrent 
flowing between the contacts, while l is the distance 
travelled by the  photocarriers. The  photocarrier 
dynamics can thus be modelled as an RLC circuit, 
where Re{Z} corresponds to the resistance, repre-
senting energy losses as heat, and Im{Z} represents 
the  reactance from carrier inertia, also known as 
kinetic inductance Lk  [22]. Additionally, the  ca-
pacitive component C arises between the spatially 
separated electrons and holes. This electronic cir-
cuit model works surprisingly well even at opti-
cal frequencies, particularly for modelling surface 
plasmons in metals [23] and optical antennas [24].

The origin of these phenomenological RLC 
components lies in the  laser-induced photocur-
rent driven by an external voltage source, forming 
a series RLC circuit that behaves as a harmonic os-
cillator, governed by the second-order differential 
equation

2
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and by substituting the R, Lk, C parameters we get

Fig. 2. Analogous to Fig. 1, except that the varied parameter is the strip width.
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where ωp is the  plasma frequency. Note that this 
equation takes the  same form as the  one derived 
by Jepsen et al. for carrier velocity [25]. Several in-
sights into photocarrier dynamics in THz switches 
can now be drawn from a  classical RLC resona-
tor perspective, considering a GaAs absorption 
depth of 1  µm, an electron overshoot velocity of 
3  · 107 cm/s [26], a momentum scattering time of 
1 ps [27] and a carrier concentration of 1016 cm–3 at 
ωp = 1 THz. The ranges for the RLC components, 
the quality factor Q and the damping coefficient ζ 
for the spot diameters from 50 to 10 µm are esti-
mated and summarized in Table 1.

When designing the most optimal contact con-
figuration for an efficient interaction with the spec-
trum generated by photocarriers, two criteria must 
be met. First, as observed experimentally, the strip 
width should be approximately half the wavelength 
of the  photocarrier spectrum. Under the  typical 
femtosecond laser excitation, the  carrier concen-
tration ranges from 1015 to 1018 cm–3, correspond-
ing to plasma frequencies of 0.34 to 10 THz and 
strip widths between 3 and 67  µm. This explains 
the reduced emitted power from the 300 µm strip 

width switch. Second, the  ultrafast photocurrent 
impedance must be matched to that of the metallic 
contacts.

As seen from Table 1, the resistive component of 
photoexcited carriers is in the order of ohms. Since 
the width of strips is fixed, the contact resistance can 
be increased by selecting the 20 times less conduc-
tive titanium rather than gold, which would appro-
priately increase the resistive component matching 
and would lower the Q factor. In addition, the pho-
tosensitive gap dgap is much wider than the ballisti-
cally travelled photocarrier distance l. Even when 
considering the overshoot velocities 26], l is mere 
hundreds of nanometres. The  poor photocurrent 
coupling into the metallic strips degrades the an-
tenna performance by a  factor of (l/dgap)

2  [24]. To 
resolve this, the  optical spot should be squeezed 
and the photosensitive gap accordingly narrowed, 
which would effectively shorten the  transmission 
line between the  photocarriers acting as a  source 
and an antenna-like metal structure.

4. Conclusions

In conclusion, THz photoconductive switches 
with coplanar stripline contact configurations on 
GaAs were characterized by their emitted power 

Table 1. Photoexcited carrier dynamics in THz switches modelled as an RLC circuit. The RLC values are esti-
mated at 1 THz for spot diameters ranging from 50 to 10 µm.
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and detected spectra across varying strip and gap 
widths. The experimental results confirmed the va-
lidity of the  half-wave dipole rationale, though 
the  accurate resonance frequency estimation re-
quires accounting for photoexcitation conditions 
and metal properties. By applying the Drude–Lor-
entz conductivity model and RLC circuit analysis, 
it was demonstrated that the  spectrum generated 
by photocarriers demanded a low Q factor antenna 
design, balancing the  trade-off between the metal 
conductivity and the  spectral bandwidth. Lastly, 
the results highlight the need for further investiga-
tion into the photosensitive gap dimension, which 
is crucial to the effective photocurrent coupling to 
the metallic structure.
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Santrauka
Tiriamos terahercinių fotojungiklių ant GaAs padėk-

lo emisijos ir spektro charakteristikų priklausomybės 
nuo koplanarinių juostelių kontaktų geometrijos. Eks-
perimentiškai parodoma, kaip stipriai keičiasi išspindu-
liuojama galia bei spektro forma nuo kontaktinės juos-
telės pločio. Naudojantis Drude ir Lorentz elektrinio 

laidumo modeliu, fotokrūvininkų dinamika išanalizuo-
ta RLC grandinės modelyje, suteikiančiame įžvalgų apie 
kontaktų dizaino įtaką fotojungiklių atsakui. Nustatėme, 
kad suderinti fotosrovės impedansą su metalinių kon-
taktų impedansu yra kertinis reikalavimas šių prietaisų 
našumui padidinti.


