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Abstract 

Superior ultrafast photoconductive properties make low temperature grown (LT) GaAs one of the best 

materials for photoconductive terahertz (THz) detection. However, the large bandgap of LT-GaAs limits 

its operation to gating at wavelengths shorter than 870 nm. Here, we demonstrate for the first time that 

by nanostructuring the LT-GaAs into a highly absorbing metasurface we enable THz photoconductive 

detection with a pulsed laser at =1.55 μm. The very weak sub-bandgap absorption mediated by midgap 

states in LT-GaAs is strongly enhanced using the concept of perfect absorption via degenerate critical 

coupling. Integrated with a THz antenna, the LT-GaAs metasurface enables high sensitivity THz 

detection with a high dynamic range of 60 dB and large bandwidth up to 4.5 THz. The LT-GaAs 

metasurface has the potential to serve as a universal ultrafast switching element for THz applications, 

enabling low-cost, turn-key THz systems for a variety of real-world applications.  

 

1. Introduction 

The terahertz (THz) frequency band has enabled sensitive gas spectroscopy [1-3], advanced imaging [4, 

5] and, more recently, high data rate short-range communications. [6, 7] Despite impressive advances in 

THz technologies, sensitive THz detectors remain a challenge, while compact THz sources such as 

quantum cascade lasers and resonant-tunneling diodes [8-12] are limited in the wavelength of operation 

and efficiency. As a result, many THz applications rely on ultrafast photoconductive antenna (PCA) 

detectors and sources gated by near-infrared lasers. Fiber-based lasers at telecom wavelengths (1.55 

μm) are particularly attractive for gating photoconductive devices due to their high stability, 

robustness, compact footprint and reduced cost in comparison to Ti:Sapphire lasers. However, 

photoconductors such as InGaAs with bandgaps matching the photon energy of a telecom laser tend 

to exhibit low resistivity and long carrier lifetimes, which limit the sensitivity and bandwidth of 

detectors and the output power of sources. To mitigate these drawbacks, sophisticated material 

systems such as ion-implanted multilayer heterostructures [13-17] are required to make these materials 

viable for THz applications.   

Interestingly, one of the best ultrafast photoconductive materials – low-temperature grown GaAs 

(LT-GaAs) – has been known to weakly absorb light at 1.55 μm despite its much larger bandgap (1.42 

eV, ~870nm). Photon absorption at this wavelength has been explained as a two-step process 
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mediated by midgap states. [18, 19] This effect is small and therefore it is rarely used in practical devices, 

as it requires high optical gate powers and/or elaborate PCA designs such as optical cavities or 

plasmonic structures [20-22]. These additional metallic elements can enhance light absorption, but at 

the expense of ohmic losses, reduced dark resistance and low damage threshold.  

Recent advances in all-dielectric metasurfaces have opened an alternative route for enhancing 

light absorption for materials with inherent low-absorption – even to the level of perfect (100%) 

absorption. Nanostructuring of the photoconductive material into a metasurface allows not only 

enhancing the effective absorption but also modifying of the electronic properties by geometrically 

defining a channel for charge transport. [23-27] Here, we use this approach to enhance the weak two-

step photon absorption in LT-GaAs at 1.55 μm whilst also making use of its superior ultrafast 

photoconductive material properties for THz detection, namely short carrier lifetime, high dark 

resistivity and high electron mobility. The developed metasurface is then integrated into a PCA and is 

used for the detection of broadband THz pulses in a THz time-domain spectroscopy (TDS) system gated 

by a telecom wavelength laser (~1.55 m). We demonstrate high sensitivity THz detection with a high 

dynamic range of 60 dB and large bandwidth up to 4.5 THz. This excellent detection performance 

combined with well-established LT-GaAs growth makes these metasurface-integrated THz detectors 

a viable alternative to PCAs based on InGaAs that require complex device architectures or schemes 

for modifying its lifetime. LT-GaAs metasurface-based detectors could therefore enable low-cost, turn-

key THz systems for a variety of real-world applications such as THz sensing, medical imaging and 

communications.  

 

2. Metasurface-Enhanced Sub-Bandgap Absorption 

In theory, perfect (100%) photon absorption can be achieved in all-dielectric metasurfaces by critically 

coupling the incident field to two degenerate modes of opposite symmetry (odd and even). [28] It has 

been shown previously that optically thin LT-GaAs metasurfaces supporting two degenerate modes 

can be used to reach perfect absorption for wavelengths above the bandgap.[29, 30] However, 

implementing this approach for sub-bandgap absorption in LT-GaAs, for example at 1.55 μm, is 

significantly more challenging. Another difficulty lies in achieving high absorption and sub-picosecond 
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photocurrent response in the metasurface simultaneously. In this section, we first discuss the 

photoconductive metasurface concept and design (Section 2.1), and later describe how we address 

these challenges (Section 2.2). 

 

2.1. Metasurface Design 

To maximize absorption, we design a metasurface that supports two degenerate Mie modes of 

opposite symmetry at the laser excitation wavelength (Figure 1a). [29] The metasurface design can be 

understood by first considering a simple array of GaAs cubes (Inset of Figure 1c). When excited with 

linearly polarized light, the two lowest order Mie modes - the magnetic dipole (MD) mode and the 

electric dipole (ED) mode - are directly excited in each cube, albeit at different wavelengths. These 

modes have characteristic in-plane magnetic (electric) field vectors centered in the cubes and aligned 

predominantly along one direction. For the incident light linearly polarized light along the y-axis, the 

electric field vector of the ED mode is aligned close to the y-axis, and the magnetic field vector of the 

MD mode is aligned close to the x-axis. To support the flow of photogenerated charge carriers, the 

metasurface is then interconnected by adding continuous vertical channels between neighboring 

cubes. Following this, the metasurface design is modified to tune the ED and MD modes so that the 

two modes become degenerate and are centered at 1.55 μm. [29] Figure 1d shows the simulated 

magnetic and electric field distribution of the MD and ED modes in the x- and y-direction, respectively, 

when the modes are degenerate at 1.55 μm. 

Each of the modes can be independently tuned in wavelength by choosing appropriate 

metasurface parameters that affect the wavelength of one mode while not significantly affecting the 

other. [29] For example, Figure 1c demonstrates how the ED resonance wavelength is tuned by 

simultaneously changing the width of the cube, w and horizontal periodicity (thereby maintaining a 

constant gap, g). In contrast, the MD mode remains practically unaffected by this change. When the 

two modes with opposite symmetries spectrally overlap, light absorption is enhanced, provided that 

there is some residual absorption of the constituent material at that wavelength (Fig. 1c, yellow circle). 

 21951071, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202201838 by T
est, W

iley O
nline L

ibrary on [01/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

  

 

This article is protected by copyright. All rights reserved. 

5 

 

 

Figure 1. Photoconductive metasurface design. (a) Schematic diagram of the unit-cell supporting two 

degenerate modes, and (b) geometrical parameters of metasurface: w = 560 nm, l = 420 nm, t = 320 

nm, wb = 240 nm, g = 70 nm Px = 630 nm, Py = 690 nm. (c) Electric dipole (ED) mode tuning using the 

block width w. Inset: diagram of the design process showing two steps: metasurface interconnection 

and tuning the ED and magnetic dipole (MD) modes to the same wavelength. (d) Normalized magnetic 

and electric field distribution of the ED and MD modes respectively at ~1.55 m (yellow circle in c). In 

(c) and (d) the LT-GaAs metasurface was simulated with a constant refractive index n = 3.37 and 

extinction coefficient κ = 0.01.  

 

2.2. Enhancing sub-bandgap absorption for photoconductive THz detection 

The first challenge in achieving high absorption with the LT-GaAs metasurface at 1.55 μm is the 

extremely weak and poorly-characterized material absorption at that wavelength. For perfect 

absorption, the two degenerate modes must be critically coupled to the incident field, meaning that 

the radiative loss of each mode, , matches its absorption loss, , i.e. 𝛾 = 𝛿  [28].  The lower the 

absorption loss (determined by the extinction coefficient, κ), the higher the precision in metasurface 
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design is required. However, the extinction coefficient for sub-bandgap absorption in LT-GaAs is not 

well known and it varies with the material growth conditions and annealing temperature. [31] 

Furthermore, due to the two-step absorption process, the material absorption in LT-GaAs at this 

wavelength increases non-linearly with the incident power. [18] We therefore make an initial estimate 

of κ = 0.01 using previous studies that report ~5% absorption of a 500 nm thick LT-GaAs layer pumped 

with 80 fs pulses at 1.57 μm with an average incident power of 50 mW. [32] We will show later how our 

experimental measurements are used to refine our estimate and arrive at a more accurate value for 

κ.  

The second challenge in the metasurface design is to maintain a sub-picosecond photocurrent 

response while providing enhanced absorption. Given that the intrinsic absorption in LT-GaAs at 1.55 

μm is very small, the condition of critical coupling at this wavelength demands very low radiative losses 

for the relevant modes (i.e. increasing the mode Q-factor).  Low radiative losses can be achieved by 

tuning the width of the vertical bar wb and gap size, g (shown in the supporting information). While 

this maximizes peak absorption, it also leads to a very narrow absorption band, which slows down the 

switching response time and it is therefore detrimental to broadband THz detection.  

For best switching performance of the metasurface it is ideal to match the absorption 

linewidth to the spectral width of the ultrafast laser used for gating. This ensures a fast rise of the 

photoconductivity – albeit with a lower peak absorption level – as well as full use of the optical power. 

For this reason, we intentionally detune from the critical coupling condition and choose metasurface 

parameters which result in an absorption linewidth of approximately 50 nm, accepting an inevitable 

reduction in peak absorption. 

 

3. Results & Discussion 

3.1. Optical Metasurface Measurements 

The chosen metasurface design (shown in Figure 1) was then fabricated using e-beam lithography and 

etching (see the Experimental Section for details). Figure 2 shows scanning electron microscope (SEM) 

images of the fabricated metasurface and its measured optical transmission and reflection spectra. 
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The metasurface spectra (Figure 2c) show distinct peaks around 1.55 μm, corresponding to the Mie 

modes as designed in numerical simulations (Figure 2e). In comparison, the experimental spectra for 

the unpatterned LT-GaAs layer of the same thickness (320 nm) contains no resonant features, and 

only shows a weak variation with wavelength due to Fabry-Perot reflections within the layer (Figure 

2d). The discrepancy between the measured and simulated spectra for the unpatterned layer in Figure 

2d can be attributed to small differences in the fabricated and simulated LT-GaAs layer thickness. 

The reflectivity and transmission spectra of the metasurface allow us to estimate absorption 

in the structure. The absorption spectrum exhibits a peak centered at 1.55 μm, reaching a maximum 

value of ~28% with a linewidth of approximately 35 nm (full width at half maximum (FWHM), Figure 

2f). This absorption spectrum is in stark contrast to the spectrum of the LT-GaAs layer, which does not 

show any measurable absorption across the entire wavelength range. We note that the error in the 

experimental absorption values in Figure 2f is ~ 5%.  

Despite the experimental error, the absorption peak in the LT-GaAs metasurface is striking in 

comparison to the unpatterned material. It demonstrates the powerful capabilities of the degenerate 

critical coupling scheme: absorption is strongly enhanced by nanostructuring the optically-thin 

photoconductor layer into a metasurface, and it is achieved without introducing additional elements 

such as back reflectors or plasmonic gratings. We note that due to a weak white light source used in 

the reflection/transmission measurements, the metasurface absorption could be considerably higher 

when excited with a pulsed laser source due to the nonlinear power dependency of LT-GaAs 

absorption. Our metasurface therefore can achieve an absorption enhancement sufficient for practical 

applications while providing an appropriate bandwidth for sub-picosecond switching. 

We can now use these experimental results to infer values of the intrinsic absorption in LT-

GaAs. The extinction coefficient can be more accurately estimated by simulating the metasurface for 

different values of κ (shown in Supporting Information) and comparing the peak absorption to the 

experimental results. We find the best agreement for a value of κ = 0.003.  Figure 2e shows the 

corresponding simulated metasurface optical properties.  

The experimental reflectivity and transmission spectra show a peak splitting, which is not 

present in simulations. The splitting is likely caused by either a small misalignment of the ED and MD 
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modes or excitation of an additional mode in the metasurface when illuminated by a focused beam 

used in the experiments. Despite the splitting feature, we find a good agreement between the 

simulated and experimental absorption spectra (Fig. 2e, f).  

 

 

Figure 2. Simulated and experimental optical measurements of LT- GaAs metasurface. (a, b) SEM 

images of the LT-GaAs metasurface, scale bars: 2.5 µm (a) and 500 nm (b). Reflection and transmission 

spectra of (c) the metasurface (measured), and (d) unpatterned LT-GaAs (solid lines – measured, 

dashed lines – simulated). (e) Simulated transmission (T), reflection(R) and absorption (A) spectra of 

the LT-GaAs metasurface with extinction coefficient κ = 0.003. (f) Measured absorption spectra of the 

metasurface (red solid) and unpatterned LT-GaAs (black dashed). 

 

3.2. THz detection with laser gating at 1.55 μm 

After confirming that the metasurface enables considerable absorption for sub-bandgap excitation at 

~1.55 μm within a 35 nm band, we examine the photoconductive response of the metasurface for THz 

detection. A metallic THz antenna with a 3 μm gap at the center is patterned directly on top of the 
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metasurface using e-beam deposition and lift-off process (Figure 3a). A 2 mm diameter silicon lens is 

attached to the substrate side to improve the THz collection efficiency. A standard TDS setup (Figure 

3b) based on a 1.55 μm 100 fs-pulsed laser with a 76 MHz repetition rate is used to test the PCA as a 

THz detector. THz pulses are generated by exciting a 1 μm-thick InAs layer with laser pulses using an 

average power of 80 mW [32-34] (details of the experimental setup are shown in Supporting 

Information). 

Figure 3c shows the detected THz waveform when the MS PCA detector is gated with 17 mW 

of average gate power, and the corresponding normalized power spectrum is shown in Figure 3d. The 

waveform shows a fast rise time of ~0.25 ps from the zero-field level to the peak, and a full width at 

half maximum (FWHM) of the field evolution of 0.3 ps (see Figure 3c). The fast variation of the 

detected field indicates that the sub-picosecond photocurrent response of the LT-GaAs is preserved 

in the metasurface detector. It should be noted that the observed response time is only an estimation 

as the measurement could be limited by the THz pulse itself.  Another key parameter to evaluate the 

THz detection is dynamic range, which is defined as the ratio of the power density at the peak to the 

noise level. In Figure 3d, the measurement shows excellent detection performance, with high dynamic 

range of 60 dB with up to 4.5 THz bandwidth. A direct comparison of our detector with other PCA 

detectors gated by 1.55 μm light is difficult due to varying measurement conditions, such as the use 

of different THz sources and modulation schemes. Nevertheless, we estimate that the metasurface 

detector outperforms previously reported LT-GaAs-based detectors operating with 1.55 μm excitation 

in terms of dynamic range [18, 20, 35, 36] and it is comparable to state-of-the-art InGaAs-based detectors. 

[14, 16, 37-39]  

We attribute the high dynamic range and the large bandwidth not only to the large absorption 

enabled by the metasurface at 1.55 m, but also to the low dark current. The low value of dark current 

is a result of the drastically reduced photoconductive channel cross-section in the metasurface and 

the high resistivity of LT-GaAs. The ungated detector shows a resistance of 10 GΩ, several orders of 

magnitude higher than many reported PCAs based on advanced InGaAs material systems where the 

material was modified by ion-implantation, introduction of heterostructures and geometrical 

structuring to increase the resistivity. [14, 16, 37-39] We note that further improvements in dynamic range 

could be made with our LT-GaAs detector by using a more powerful THz source. Previously reported 
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PCA emitters (gated at =1.55 µm) were shown to produce as much as 3 orders of magnitude higher 

power in comparison to InAs emitters [40-42] used in this work. 

 

Figure 3. THz Detection with LT-GaAs metasurface photoconductive detector. (a) False color scanning 

electron microscope (SEM) image of the photoconductive channel with the metasurface integrated in 

the gap: (blue) LT-GaAs and (yellow) metallic antenna. Scale bar is 2 µm. Inset: THz antenna; scale bar 

is 30 µm. (b) Schematic diagram of experimental setup. (c) Detected time-domain waveform of the 

THz pulse generated from a 1 µm-thick InAs layer, and (d) its normalized Fourier transform power 

spectrum. FWHM: full-width at half maximum. 

 

3.3. Optical Gate Power Dependence of THz Photocurrent 

For optimal performance, standard THz PCA detectors should be operated using an optical gate power 

below or close to the saturation power. [18, 20, 43-45] However, for the non-linear two-step absorption 
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process, the standard definition of saturation power is not appropriate. Therefore, to verify the two-

step absorption mechanism and determine the range of optical gate powers where the metasurface 

PCA provides optimal performance, we investigate THz detection for a range of gate powers and 

different THz field strengths.  

In Figure 4, we show the THz amplitude as a function of the gate power for two detector 

samples without the collecting Si lens. A super-linear power dependence on gating power can be seen 

in the logarithmic plot. The peak THz amplitude, 𝐸𝑇𝐻𝑧
𝑃𝑒𝑎𝑘, follows a P1.35 power-law for both samples 

(dashed lines). We also measured the power dependence for one of these detectors fitted with the Si 

lens. The lens focuses the THz wave producing approximately one order of magnitude higher THz field 

strength. The same super-linear power dependence was measured for the higher THz field strength. 

The observed power-law is consistent with earlier characterization of LT GaAs for sub-bandgap 

excitation, indicating that the photocurrent is indeed a result of absorption mediated by midgap 

states. [18]   

The same power-law dependence for all gate power levels spanning almost three orders of 

magnitude and two different THz field strengths indicates that the LT-GaAs metasurface detector does 

not begin to saturate for the entire range of gate powers measured. This behavior is different from 

PCA detectors based on direct interband absorption where the standard linear dependence of the 

photocurrent saturates at gate powers of 0.1-10 mW, limiting the detection sensitivity at higher gating 

powers. [43] The experimental findings suggest that the sensitivity and dynamic range of LT-GaAs 

metasurface detectors could further improve at higher gate powers when gated by 1.55 μm lasers. 

More detailed investigations of the noise dependence on the gate power are therefore required to 

determine the optimum operation conditions of the metasurface detector, and to make a direct 

comparison to other detectors operating with 1.55 μm excitation. 

 

 21951071, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202201838 by T
est, W

iley O
nline L

ibrary on [01/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

  

 

This article is protected by copyright. All rights reserved. 

12 

 

 

Figure 4. THz signal dependence on the gate power for LT-GaAs metasurface THz detector. (a) 

Schematic of the two-step photon absorption process enabled by midgap states in arsenic-rich LT-

GaAs. (b) THz pulse peak-to-peak amplitude measured with two similar metasurface detectors without 

silicon lenses (blue circles, red squares) and a metasurface detector fitted with the silicon lens (green 

triangle), measured for varying laser gating power. Black dashed lines show the 𝐸𝑇𝐻𝑧
𝑃𝑒𝑎𝑘∝ P1.35 power 

dependence. 

 

4. Conclusion 

In conclusion, we have demonstrated that LT-GaAs metasurfaces can be used for sensitive 

photoconductive THz detection when gated by telecom-wavelength lasers operating in the 1.55 μm 

wavelength band. Using the concept of perfect absorption via degenerate critical coupling, LT-GaAs is 

nanostructured into a metasurface which significantly enhances the weak sub-bandgap photon 

absorption due to midgap states. The metasurface improves the laser photon to charge carrier 

conversion efficiency to the level sufficient for practical applications, whilst the LT-GaAs material 

platform provides high dark resistance, high electron mobility and short photocarrier lifetime required 

for THz detection. Excellent detection performance is achieved without the use of plasmonic elements 
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which tend to increase complexity of the device and decrease the damage threshold. In addition, the 

metasurface geometry provides direct control of the wavelength of operation and the 

photoconductive channel properties, enabling integration with a wide range of THz platforms. The full 

potential of the LT-GaAs metasurface detectors with 1.55 μm excitation can be realized by 

simultaneously optimizing LT-GaAs electronic properties [30, 37] and the metasurface design. 

Nevertheless, the results shown here already demonstrate that metasurface detectors using LT-GaAs 

can operate not only with direct inter-band excitation, but also with sub-bandgap excitation using low-

cost and robust telecom lasers. LT-GaAs photoconductive metasurfaces are therefore a viable 

alternative to the ultrafast InGaAs-based material systems and have the potential to serve as a 

universal ultrafast switching element for THz applications. 

 

5. Experimental Section 

Sample Fabrication: A 320-nm-thick LT-GaAs layer and two Al0.55Ga0.45As stop-etch layers with 100-

nm-thick GaAs spacer are grown on a (100)-oriented GaAs wafer (VB1113). To define a metasurface 

on the LT-GaAs layer, e-beam lithography process is conducted with ZEP 520A e-beam resist. Then, 

the LT-GaAs metasurface structures are formed by inductively coupled plasma reactive ion etching 

process with mixture of BCl3, Cl2, Ar, and N2 gases (10, 10, 10, and 3.5 cm3/min, respectively). The 

fabricated sample is bonded on the 500-μm-thick sapphire substrate using epoxy (353ND, EPO-TEK) 

and the backside GaAs wafer is removed using mechanical lapping and a wet-etch process.[26] For the 

wet-etching process, we use a citric acid etchant (citric acid : H2O2 = 5 : 1) to etch the GaAs substrate 

and the spacer, and a phosphoric acid etchant (H3PO4 : H2O : H2O2 = 20 : 200 : 4) is used to etch the 

Al0.55Ga0.45As stop-etch layer. After the fabrication, only the LT-GaAs metasurface is left on the 

transparent sapphire substrate. To make a metasurface THz detector, we integrate two metallic 

electrodes shaped as a THz antenna over the metasurface (Fig. 1). The antenna has a 3 µm gap 

between the electrode tips and it is fabricated with 300-nm thick metallic alloy (Ni/Ge/Au/Ni/Au) using 

e-beam deposition and lift-off process. 
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Numerical Simulations: The numerical simulations of the metasurface shown in Figure 1 of the main 

text were carried out using commercial finite-difference time domain (FDTD) software Lumerical. A 

unit cell of the metasurface is simulated with periodic boundary conditions in the x- and y- directions 

and perfectly matched layer (PML) boundaries in the z-direction. The metasurface is simulated as 

being embedded in a constant refractive index no-loss material (n = 1.56) to simulate epoxy. The half-

space below the metasurface is also simulated as epoxy and the region above the metasurface top 

surface is simulated as air (n =1). The metasurface is excited from below (through the epoxy) by a 

plane wave to match experimental conditions. The LT-GaAs metasurface itself is simulated as having 

a constant refractive real refractive index of n = 3.37, which reflects the refractive index of LT-GaAs at 

1.55 µm. As discussed in Section 2.2 of the main text, the extinction coefficient of LT-GaAs is not well 

characterized, and an initial estimate from the literature of κ = 0.01 was used for the simulation results 

in Figure 1. In Figure 2e, an extinction coefficient of κ = 0.003 was used to reflect experimental 

measurements (see Supporting Information). 

 

 

Linear transmission measurements: We used a home-built spectroscopy system with white light 

illumination from a fiber-coupled incandescent lamp. The light beam is focused on the sample by a 

convex lens (focal length = 25 mm, numerical aperture = 0.12) at normal incidence. The transmitted 

beam is collected by an identical lens on the other side of the sample. Then, the reflected and 

transmitted light is analyzed using an infrared spectrometer (NIRquest, Ocean Optics). The measured 

transmission and reflection spectra are normalized using reference measurements on a sapphire 

substrate (without the metasurface) and on a silver mirror, respectively. Details of optical spectra 

calculation is in Supporting Information. 

 

 

Supporting Information 
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Supporting Information is available from the Wiley Online Library or from the author. 
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