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Abstract: Optically-driven photoconductive switches are one of the predominant sources 

currently used in terahertz imaging systems. However, owing to their low average powers, only 

raster-based images can be taken, resulting in slow acquisition times. In this work, we show 

that by placing a photoconductive switch within a cavity, we are able to generate absolute 

average THz powers of 181 µW, with the frequency of the THz emission centered at 1.5 THz, 

specifications ideally adapted to applications such as non-destructive imaging. The cavity is 

based on a metal-insulator-metal structure that permits an enhancement of the average power 

by almost one order of magnitude compared to a standard structure, whilst conserving a 

broadband spectral response. We demonstrate proof-of-principle real-time imaging using this 

source, with the broadband spectrum permitting to eliminate strong diffraction artefacts.  

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Terahertz (THz) imaging has become an important technique in non-destructive imaging, 

where THz photons can penetrate optically opaque materials, and is finding key roles in a range 

of industrial applications [1]. A crucial technology is based on optically-driven 

photoconductive (PC) switches [2,3] in THz time domain spectroscopy (TDS) systems. These 

offer room temperature, spectrally broad operation, low costs and fast electrical modulation 

speeds. However, their low average powers (tens of microwatts) have limited their use to 

inherently slow raster scanning, where the target to be imaged is physically moved to 

reconstruct the image. Although a variety of techniques can be implemented to increase the 

acquisition speed, [4] no real time imaging has been demonstrated, limiting applications that 

require fast imaging. Although high power quantum cascade lasers have shown the possibility 

of real-time imaging [5,6], these show important diffraction artefacts, and operate at cryogenic 

temperatures and at high THz frequencies (> 2 THz), limiting their applications. Although 

multiplied electronic sources can reach THz frequencies, their emitted powers drop rapidly 

beyond a few hundred gigahertz [7]. In this work, we show that by placing a PC switch within 

a resonant metal-insulator-metal cavity, we are able to generate, with a standard Ti:Sapphire 

oscillator, average THz powers of 181 µW, with the frequency of the THz emission centered 

at 1.5 THz, specifications ideally adapted to non-destructive testing (NDT). A proof-of-

principle demonstration of real-time THz imaging using a commercial microbolometer is 

shown, with the broadband nature of the THz source eliminating diffraction effects. 

PC switches permit the generation of broadband THz pulses. They are based on a femtosecond 

optical excitation that generates charge carriers in a semiconductor band. These are accelerated 

by an applied electrical field generating a time varying current that radiates a short THz pulse 

(~1 ps). Typical PC sources emit average THz powers of 100 µW at best [2,8,9]. Although 

plasmonic based PC have reported milliwatt output powers, these sources require electron-
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beam lithography [10], limiting their industrial take-up, and no real-time imaging has been 

shown. Here, standard photolithography for a monolithic THz-cavity is used, that is inherently 

adapted to scalability. Furthermore, as THz power measurements are extremely delicate, we 

show power characterization with an absolute calibrated detector that corroborates the power 

estimated from the electric field. Comparing with a standard source without a cavity, we show 

a factor of 7.5 increase in the emitted power, in agreement with our simulations that highlight 

the expected enhancement. We show the application of these cavity based switches to THz 

imaging, where a circular scene of 2 cm diameter can be imaged in real-time. 

2. Structure 
The concept is based on the geometry of our previous work on ‘echo-less’ PC switches [11,12] 

and where similar switches have been used for high-speed raster hyperspectral THz imaging 

[13]. This showed how a metallic plane buried below a PC structure can increase the spectral 

resolution of a THz time domain system by eliminating the THz pulses from propagating into 

the substrate. However, no measurements have been realized with the absolute power emitted 

or applied to real-time THz imaging. Here we maximized the operating parameters in terms of 

electromagnetic simulations of the cavity for constructive emission, the applied field and the 

optical excitation to reach this performance landmark. Figure 1 shows a schematic of the PC 

switch with a comparison with a classic version. The top surface is based on interdigitated 

electrode geometry [14,15]. This permits small spacing between the electrodes while preserving 

a large PC surface area. For the echo-less device, a thin metal plane is inserted between the 

active GaAs layer and the top surface at a distance d to realise the cavity and reflect the 

generated THz power with no THz field transmitted through the substrate. Since the transient 

current photogenerated by the optical excitation pulse has its direction fixed by the 

interdigitated metallic layers, parallel to the buried gold plane, the structure is similar to an 

optical Fabry-Perot resonator. As previously reported, the lower longitudinal mode satisfies the 

resonance condition d = λ/2, where λ is the wavelength in the active layer, and corresponds to 

the cut-off frequency. This thickness d, however, can also be considered as a quasi-quarter 

wavelength resonator for wavelengths below the cut-off frequency. As discussed below this 

resonator also preserves a broadband response. We show clearly that this permits a constructive 

interference in the far-field and enhances the average absolute output powers to hundreds of 

microwatt level with a standard oscillator as exciting laser source. 

The processing of the devices is based on a metal wafer bonding technique. The sample was 

grown by metal organic chemical vapor phase deposition (MOCVD) on a semi-insulating (SI) 

GaAs wafer with an AlGaAs etch stop layer, followed by the 10 µm thick undoped GaAs active 

layer. The sample was wafer bonded to a gold coated host SI GaAs substrate. The original 

substrate and the AlGaAs layer were selectively removed, leaving the GaAs active region 

exposed with a metal plane 10 µm below the surface. 



 

Fig. 1 a) Schematic of standard , quasi cavityb) Interdigitated switch c) Enhanced view of the latter. The quasi 
cavity structure has a buried metal plane a few microns, d, below the surface of the interdigitated structure. 

 

3. Numerical results 

Electromagnetic simulations (COMSOL) of the field from the interdigitated structures are 

shown in figure 2 for a radiated frequency of 1.5 THz and 1 THz, corresponding to the 

frequency of highest emission of the quasi-cavity and standard switch, respectively. The 

interdigitated metal structure (Au) has a digit separation of 4 µm, with 4 µm wide electrodes 

on a GaAs surface. A dielectric (300 nm SiO2) is placed on top of this structure, allowing the 

electrical insulation of the gold fingers from a second metallic digits covering gaps with a 

periodicity double that of the first (see figure 1). This permits optical excitation of every second 

period of the gaps of the first metallization and hence excitation of only one bias field direction, 

preventing destructive interferences of the generated THz far field. The buried metal device in 

figure 2a and 2b is simulated with a thickness d of 10µm. For comparison, an identical 

interdigitated structure was also simulated on a 500 µm thick SI GaAs substrate in figure 2c 

and 2d (i.e. without the buried metal plane). The FDTD simulations were performed using 

COMSOL multiphysics. The simulated area was 3 mm diameter which corresponds to 5 times 

the largest wavelength studied. The optically generated THz generation is modeled by surface 

currents between digits over 300 µm (approximated size of our IR excitation beam). The 

boundaries conditions were set to scattering in order to suppress reflections of the electric 

fields.. Two identical monitoring electric field probes are placed 1.5 mm around the active 

surface of the sample. One monitors the electric field from the top of the structure, the other 

from the bottom. The value measured by these probes is then integrated over the monitor length. 

As it can be clearly seen in the cavity-based structure, all the emission is reflected from the top 

of the device, with no pulse that propagates into the substrate. This is in contrast to the standard 

switch that radiates in both directions. Further, the buried metal switch shows an enhanced 

integrated field (intensity) that is a factor 3 (9) greater than the standard equivalent PC switch.  



 

Fig. 2 Electromagnetic simulations of the ‘x’ polarized emitted electric field at 1 THz and 1.5 THz (maximum 
field emission of the standard and the quasi-cavity PC switch respectively) for the quasi-cavity (a),b)) and 
standard (c),d)) PC switch. 

 

The effect of the emitted frequency can be resumed in figure 3 that shows a contour plot of 

the field radiated by the device as a function of frequency (y-axis) and the distance between the 

GaAs thickness (from the top of the GaAs layer to the buried metal (d)). As it can be seen, there 

is a clear resonant behavior with the peak frequency emission shifting to higher frequencies as 

d is reduced that highlights the effect of the cavity. In the case of d > 10µm, higher order 

frequency bands are observed owing to the thick GaAs later acting as a Fabry-Perot cavity. As 

the frequency emission of these structures typically reaches 4THz, a distance d of 10µm is 

chosen as an optimum for the PC switch to avoid any generated Fabry-Perot oscillations where 

the first trough would be expected at  ~ 2nd ~ 72µm ~ 4.2 THz (where n is the refractive index 

of GaAs). This gives an enhancement at a central frequency of 1.5 THz that corresponds well 

to the central emission of these PC switches. The black line corresponds to quarter wavelength 

condition (=c/4nd). The deviation of the simulated data from this line is a result of the 

refractive index of the metal that results in a larger effective index as the GaAs layer is 

reduced [16] 

 



 

Fig. 3 2D plot of simulated electric field as a function frequency (y-axis) and GaAs active thickness d (x-axis). 
The black solid line corresponds to the quarter wavelength condition with a refractive index of 3.6 

 

4. Experimental results 

The interdigitated structure was processed on top of the GaAs surface. The experimental setup 

was based on standard THz TDS setup [3]. The PC switches were biased up to 40 kV/cm, 

corresponding to an applied voltage of 16 V, and electrically modulated at 40 kHz at 50 percent 

duty cycle. An ultrafast Ti:sapphire oscillator (100 fs pulses, 78 MHz repetition rate) centered 

at 810 nm was used to photo-excite carriers in the GaAs active layer. Average powers of ~ 380 

mW were used. The generated THz pulses were collected from the front surface of the GaAs 

active layer for both the buried metal and standard structures in a reflection geometry using 

parabolic mirrors. Initial measurements were based on coherent measurements of the spectrum 

using standard electro-optic sampling to detect the electric field of the THz pulses, using a 300 

µm thick 〈110〉 GaP crystal and a standard balanced photodiode approach with a lockin 

amplifier. A mechanical delay line is used to sample the THz ultrafast pulse as a function of 

time. The THz-TDS setup is placed in a dry-air purge chamber (typically < 2 % humidity) to 

reduce water absorption of THz radiation. 

 



  

Fig. 4 Normalized experimental (black) and simulated (red) spectral response of the quasi-cavity structure. 
Inset shows the measured time trace. 

 

Figure 4 shows the measured amplitude spectrum compared to the simulated profile (not taking into 

account the response of the electro-optic sampling). The inset shows the measured time response showing 

a quasi-single cycle pulse. The corresponding electric fields values have been calculated following the 

work reported in [17] with a value of 498 V/cm at 39.5 kV/cm. The electro-optic coefficient, r41, of the 

non-linear crystal is 0.97 pm/V for GaP. As it can be seen, a broadband response is realized despite the 

presence of the cavity, with only a slight reduction in bandwidth compared to a standard device (see 

Appendix A, figure S2). The experimental data were used to determine losses for the THz pulse in the 

top 2µm where the optical pulse is absorbed. Fitting experimental data, a loss of a 400 cm-1 gives a 

reasonable agreement. 

 

 

Fig. 5 . Average power as a function of applied field for standard (red) and quasi-cavity (black) PC switch. 

 

The coherent measurements of the THz field were followed by careful investigations of the average 

power using a calibrated pyroelectric detector (LP20 from SLT Sensor und Lasertechnik calibrated by 

the PTB Braunschweig and Berlin at 1.4 THz with a responsivity of 66 V/W). The emission is collected 



and focused on the detector using two f#2 parabolic mirrors. As the switch needs to be operated in a 

reflection geometry with the emitted THz collected from the front of the switch, the optical pump was 

entirely filtered using Teflon and black plastic filters, with an infrared camera used to verify that no optical 

beam is incident on the detector. The results are not corrected for the absorption of the filters. To measure 

the power a 20 Hz modulation is added to the device on top of the 40 kHz modulation. For the maximum 

applied field, the power is read directly on an oscilloscope trace [8] through the peak-to-peak voltage. The 

THz response is verified by placing a metal plate in front of the detector to avoid any false reading from 

electromagnetic interference. This absolute power is used to calibrate a Gentec pyroelectric detector that 

is more sensitive to measure the power at lower electric fields. Figure 5 shows the measured average 

power as a function of applied field for the quasi-cavity and the standard switch. Here for the standard PC 

switch, the digit fingers were 2 µm wide separated by 2 µm gaps. (Electromagnetic simulations show that 

a 4µm and 2µm interdigitated distance present no differences in emitted electric field, see Appendix A 

figure S1). The greatest power measured for the quasi-cavity switch was 181 µW compared to 24 µW for 

the standard switch at 39.5 kV/cm and 42.25 kV/cm, respectively. The former corresponds to an optical-

to-THz efficiency of 0.05%. To be noted is that the ratio between the two devices is not constant, with the 

contrast higher at applied fields greater than 35 kV/cm. This is possibility as result of enhanced heat 

dissipation in the cavity based device where the thick buried gold layer can evacuate easily the generated 

heat from the excitation spot. 

 

To illustrate the application of these high THz average powers, real time THz imaging was performed 

using a recently commercialized THz camera (i2S) based on a micro-bolometer array [5]. Previous work 

with this type of camera has shown the real time imaging only with a THz QCL [5] and imaging of only 

the focus spot of a standard THz photo-conductive switch [18] (FWHM = 320 µm). An optically opaque 

plastic object is shown in figure 6a and 6b and is placed in the path of the THz beam just after the focusing 

parabolic mirror. The illuminated circular area has a diameter of ~ 2 cm. Figure 6c shows the THz image 

collected by the camera in real-time and revealing clearly the hidden text with a spatial resolution of 

approximately 400µm. Importantly, unlike THz imaging with monochromatic sources such as QCLs 

[19], no strong diffraction effects are observed owing to the spectrally broadband nature of the THz switch 

where the diffraction of each frequency interferes deconstructively. This highlights the advantage of using 

spectrally broad sources for THz imaging. A real-time video of the object moving in the plane of the THz 

beam can be found in the supplementary material (visualisation1). The bright spot in the center of the 

image is a result of a hole in the first parabolic mirror that is used to excite the switch in reflection mode 

(see Appendix A figure S3 for details on measurement setup). Although images with greater resolution 

and image quality can be achieved with THz QCLs (owing to a shorter wavelength and higher powers) 

these operate at cryogenic temperatures. Further QCL operate at higher frequencies (>2 THz) where 

material losses are greater, reducing the penetration and hence the applicative potential in NDT. Here 

further optimisation will permit photoconductive switches to reach milliwatt power levels (see below) 

that will improve the image quality, although resolution will be limited by the inherent emission that is 

centred around 1.5 THz. 

 



 

Fig. 6 a) Optical image (front) of the object to image b) Optical image (back of object) of hidden text c) Real-
time image from the THz camera using the high average power from the quasi-cavity PC switch showing the 
hidden text. A real-time video is shown in the supporting content (see visualisation1). 

 

Conclusion 
To conclude, by using a metal-insulator-metal geometry to realize a resonant cavity, 181µW of THz 

average power can be generated whilst simultaneously conserving a broad spectral response and a central 

frequency of 1.5THz. Proof-of-principle real time THz imaging could be performed with such average 

powers. The generation of high average powers at room temperature marks an important milestone for 

THz sources and future applications. We further judge that this average power can be optimized by at 

least an order of magnitude and reach the milliwatt range by increasing the pump power, the thickness of 

the cavity (with a small sacrifice in bandwidth), the area of active surface and engineering the optical 

beam to excite only the exposed GaAs of the switch. For example, by increasing the thickness of the 

structure to 15 µm the power can be enhanced by 36 % (see figure 3), and by using a spatial light 

modulator the excitation beam can be designed to excite only the part of the GaAs that are exposed 

(currently 25 % of total area) resulting in an increase by 75 % if optical saturation is avoided. Further these 

structures can be easily scaled - by increasing the active region to 1 mm by 1 mm the optical excitation 

power can be increased by a factor 4 (with a constant power density), bringing the THz power to mW 

levels. This we believe would be of interest to wide range of researchers working in fundamental science 

as well as applications, removing an important bottleneck in the performances of THz sources. 

 

Appendix A 



 

Fig. S1. 2D plot of electromagnetic field distribution for the standard structure with a) 2µm  and b) 4µm 
interdigit spacing  

 

 

Fig. S2. a) Time response of electric fields and b) Spectrum of standard  and quasi-cavity based PC switches 

 

 

Fig. S3.Schematic of real time imaging setup. The PC switch is excited by a 800 nm IR beam passing through 
a hole in the first parabolic mirror. The object to be imaged is place just after the second parabolic mirror. IR 
filters ensure that no IR radiation is incident on the camera  
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