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Abstract: We present a comprehensive analysis of terahertz radiation from 
large area plasmonic photoconductive emitters in relation with 
characteristics of device substrate. Specifically, we investigate the radiation 
properties of large area plasmonic photoconductive emitters fabricated on 
GaAs substrates that exhibit short carrier lifetimes through low-temperature 
substrate growth and through epitaxially embedded rare-earth arsenide 
(ErAs and LuAs) nanoparticles in superlattice structures. Our analysis 
indicates that the utilized substrate composition and growth process for 
achieving short carrier lifetimes are crucial in determining substrate 
resistivity, carrier drift velocity, and carrier lifetime, which directly impact 
optical-to-terahertz conversion efficiency, radiation power, radiation 
bandwidth, and reliability of large area plasmonic photoconductive 
emitters. 
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1. Introduction 

Photoconductive emitters are widely used in time-domain terahertz imaging and spectroscopy 
systems for generating pulsed terahertz radiation [1–13]. They are generally comprised of 
ultrafast photoconductors integrated with terahertz radiating elements on a photo-absorbing 
semiconductor substrate. When the device is pumped by a femtosecond optical pulse train, 
photocarriers are generated inside the photo-absorbing semiconductor substrate and drifted by 
an applied bias electric field to induce a sub-picosecond photocurrent pulse train. The induced 
photocurrent is then coupled to the terahertz radiating elements to generate pulsed terahertz 
radiation. While characteristics of the terahertz radiating elements, architecture of the 
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photoconductors, and spectral properties of the optical pump beam have direct impact on 
performance of photoconductive terahertz emitters [14, 15], characteristics of the photo-
absorbing semiconductor substrate are also crucial in determining specifications of the 
generated terahertz radiation. Desired photo-absorbing semiconductor substrates should have 
high carrier mobility and drift velocity levels to offer high optical-to-terahertz conversion 
efficiencies. They are also required to have high dark resistivity levels to allow device 
operation under high bias voltages in order to drift the photocarriers at saturation velocities 
while maintaining low dark current and thermal dissipation levels. Additionally, short carrier 
lifetimes are often required to eliminate negative impact of slow photocarriers that do not 
contribute to efficient terahertz generation but result in device heating and optical-to-terahertz 
conversion efficiency reduction due to the carrier screening effect and voltage drop across the 
device active area. Unfortunately, most techniques for developing short carrier lifetime 
semiconductor substrates introduce high defect density levels inside the semiconductor lattice 
and, therefore, degrade the carrier mobility and drift velocity of the semiconductor substrate 
[16]. As a result, choosing optimum photo-absorbing semiconductor substrates for 
photoconductive terahertz emitters requires an extensive analysis of the tradeoffs between 
substrate resistivity, carrier lifetime and drift velocity and their impact on terahertz radiation 
power, radiation bandwidth, thermal dissipation, and device reliability. 

In this work, we study the impact of the photo-absorbing semiconductor substrate 
properties on the performance of large area plasmonic photoconductive emitters operating at 
an 800 nm wavelength. Large area plasmonic photoconductive emitters have shown a great 
promise for generating broadband terahertz radiation with record high optical-to-terahertz 
conversion efficiencies and radiation power levels [17]. The superior properties of large area 
plasmonic photoconductive emitters are because of using plasmonic contact electrodes that 
efficiently route a large portion of the photocarriers to the terahertz radiating elements [18–
23], which are designed to have dimensions much smaller than the terahertz radiation 
wavelengths. In addition, use of relatively large device active areas allows handling relatively 
high optical pump powers without degrading device performance due to the carrier screening 
effect and thermal breakdown [24–30]. Large area plasmonic photoconductive emitters 
fabricated on semi-insulating (SI) GaAs substrates offer the highest optical-to-terahertz 
conversion efficiencies and terahertz radiation power levels at 800 nm optical pump 
wavelengths [17] because of a higher carrier mobility and drift velocity compared to short 
carrier lifetime photo-absorbing semiconductor substrates such as low temperature grown 
(LT) GaAs. However, large area plasmonic photoconductive emitters fabricated on short 
carrier lifetime substrates such as LT-GaAs offer lower thermal dissipation and better 
reliability by recombining the slow photocarriers that do not contribute to efficient terahertz 
generation. Therefore, we study the use of various short carrier lifetime photo-absorbing 
semiconductor substrates in large area plasmonic photoconductive emitters to gain a deeper 
understanding of the impact of the substrate properties on terahertz radiation characteristics. 

2. Material growth and device fabrication 

Materials based on LT-GaAs and superlattice structures of ErAs:GaAs, and LuAs:GaAs are 
used as the short carrier semiconductor substrates in our study. Recent studies have shown 
that epitaxially embedded nanoparticles of rare-earth arsenide (RE-As) compounds, such as 
ErAs and LuAs, can be used as recombination centers, decreasing the carrier lifetime 
dramatically [31–34]. Moreover, substrate resistivity, mobility, and carrier lifetime can be 
varied by controlling the RE-As deposition and the superlattice period thickness. ErAs:GaAs 
and LuAs:GaAs substrates with different RE-As depositions and superlattice 
periods/thicknesses are grown by solid-source molecular beam epitaxy (MBE) on semi-
insulating (100) GaAs substrates. The structures are grown at 530 °C with an As2/Ga beam 
equivalent pressure (BEP) ratio of 15 and 3 × 10−6 Torr BEP of As2, which is held constant 
throughout the growth of the structures. RE-As nanoparticles are epitaxially incorporated in a 
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superlattice structure with depositions of LuAs/ErAs nanoparticles repeated each period. The 
depositions are reported in terms of equivalent number of LuAs/ErAs monolayers (ML), as 
determined from reflection high-energy electron-diffraction (RHEED) intensity oscillations 
and high-resolution X-ray diffraction (HR-XRD) measurements of LuAs/ErAs films. After 
RE-As deposition, a 50 Å or 100 Å GaAs layer is grown and the structure is repeated 200 or 
100 times respectively. For comparison, a LT-GaAs substrate was grown at 250 °C with an 
As2/Ga BEP ratio of 19, followed by an annealing process at 600 °C for 10 minutes. The 
carrier lifetime of the samples are obtained through time-resolved differential optical pump-
probe reflection measurements. A list of the materials used in our study together with their 
carrier lifetimes are shown in Table 1. 

Table 1. Carrier lifetime of the grown LT-GaAs, ErAs:GaAs, and LuAs:GaAs 
compounds 

Material 
 

LT-GaAs 
 

ErAs:GaAs 
(0.5ML/ 
100Å) × 

100 

ErAs:GaAs 
(0.15ML/ 

50Å) × 200 

ErAs:GaAs 
(0.1ML/ 

50Å) × 200 

LuAs:GaAs 
(0.5ML/ 
100Å) × 

100 

LuAs:GaAs 
(0.25ML/ 

50Å) × 200 

LuAs:GaAs 
(0.25ML/ 

100Å) × 100 

Carrier 
lifetime 

0.4 ps 0.93 ps 0.67 ps 0.67 ps 0.8 ps 0.74 ps 0.65 ps 

Identical large area plasmonic photoconductive emitters are fabricated on the LT-GaAs, 
ErAs:GaAs, and LuAs:GaAs substrates and their terahertz radiation performance is analyzed 
in relation with substrate characteristics. Figure 1(a) shows the schematic diagram of the 
fabricated large area plasmonic photoconductive emitters. They are designed to have a 0.5 × 
0.5 mm2 active area and 5 µm long plasmonic nanoantenna arrays with 100 nm wide, 50 nm 
thick, 200 nm spacing Au electrodes and a 350 nm thick Si3N4 antireflection coating layer. 

 

Fig. 1. (a) Schematic diagram and operation concept of the fabricated large area plasmonic 
photoconductive emitters. (b) Optical microscope and scanning electron microscope (SEM) 
images of a fabricated large area plasmonic photoconductive emitter prototype. 

The nanoantenna geometry is chosen to offer 79% power transmission into the GaAs 
substrate at 800 nm pump wavelength for a TM-polarized optical pump beam [17]. The 
plasmonic nanoantennas are connected to anode bias lines of the photoconductive emitter 
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within every other gap between the anode and cathode bias lines. The other gaps between the 
anode and cathode bias lines are shadowed by a second metal layer to block optical pump 
transmission into the GaAs substrate and prevent destructive interference with the generated 
terahertz radiation from the nanoantenna arrays. 

The optical microscope and scanning electron microscope (SEM) images of a fabricated 
large area plasmonic photoconductive emitter prototype are shown in Fig. 1(b). The 
plasmonic nanoantennas are first patterned using electron-beam lithography, followed by 5/45 
nm Ti/Au deposition and liftoff. The bias lines are patterned next through optical lithography 
followed by 50/550 nm Ti/Au deposition and liftoff. The 350 nm Si3N4 anti-reflection coating 
is deposited next using plasma-enhanced chemical vapor deposition (PECVD). The shadow 
metals are patterned next through optical lithography, followed by 10/90 nm Ti/Au deposition 
and liftoff. The contact vias are formed next through reactive ion etching of the Si3N4 layer. 
Finally, the device prototypes are mounted on hyper-hemispherical silicon lenses and placed 
on an optical rotation mount for optical pump polarization adjustments. 

3. Experimental characterization and analysis 

A mode-locked Ti:sapphire laser at 800 nm with 76 MHz repetition rate and 135 fs pulse 
width is used as a pump source to characterize the radiation properties of the fabricated large 
area plasmonic photoconductive emitter prototypes. The measured dark current and 
photocurrent of the fabricated large area plasmonic photoconductive emitter prototypes are 
shown in Fig. 2. While the photocurrent levels are directly proportional to the carrier drift 
velocity and carrier lifetime of the substrates, the dark current levels are directly affected by 
the resistivity of the substrates, which is a function of the carrier concentration and carrier 
drift velocity. 

A comparison between the dark current and photocurrent of the large area plasmonic 
photoconductive emitter prototypes fabricated on the LT-GaAs and ErAs:GaAs substrates is 
shown in Figs. 2(a) and 2(b), respectively. The results indicate a tradeoff between the 
substrate resistivity and carrier drift velocity for the ErAs:GaAs substrates with different ErAs 
depositions per superlattice period. The ErAs:GaAs samples with higher ErAs depositions 
exhibit higher substrate resistivities but offer lower carrier drift velocities, leading to lower 
induced photocurrent levels. This degrades photoconductive gain and optical-to-terahertz 
conversion efficiency of the large area plasmonic photoconductive emitters fabricated on the 
ErAs:GaAs substrates with higher ErAs depositions. On the other hand, the low resistivity 
nature of the ErAs:GaAs substrates with lower ErAs depositions degrades device reliability 
and lifetime due to thermal breakdown caused by large dark current levels. Compared with 
the ErAs:GaAs substrates, the LT-GaAs substrate offers the highest substrate resistivity. 
Although the induced dark currents in the LT-GaAs sample are much smaller than the 
induced dark currents in the ErAs:GaAs samples, the induced photocurrent levels in the LT-
GaAs sample are in the same order as those of the ErAs:GaAs (0.5ML/100Å) × 100 sample. 
Considering the carrier lifetime values of the LT-GaAs and ErAs:GaAs substrates, the 
measured photocurrent levels shown in Fig. 2(b) indicate that the carrier drift velocities in the 
LT-GaAs substrate are smaller but comparable with the ErAs:GaAs (0.15ML/50Å) × 200 and 
ErAs:GaAs (0.1ML/50Å) × 200 substrates but larger than the ErAs:GaAs (0.5ML/100Å) × 
100 substrate. 

A comparison between the dark current and photocurrent of the large area plasmonic 
photoconductive emitter prototypes fabricated on the LT-GaAs and LuAs:GaAs substrates is 
shown in Figs. 2(c) and 2(d), respectively. The results indicate similar substrate resistivity 
levels for the LuAs:GaAs substrates with different LuAs depositions per superlattice period, 
which are much smaller than the resistivity level of the LT-GaAs substrate. Considering the 
carrier lifetime values of the LuAs:GaAs substrates, the measured photocurrent levels shown 
in Fig. 2(d) indicate that the carrier drift velocities in the LuAs:GaAs (0.25ML/100Å) × 100 
substrate are much larger than other LuAs:GaAs substrates. This makes the LuAs:GaAs 
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(0.25ML/100Å) × 100 substrate a more promising material for large area plasmonic 
photoconductive emitters, by offering higher photoconductive gain and optical-to-terahertz 
conversion efficiency levels, accordingly. Considering the carrier lifetime values in the LT-
GaAs and LuAs:GaAs substrates, the measured photocurrent levels shown in Fig. 2(d) 
indicate that the carrier drift velocities in the LT-GaAs substrate are comparable with the 
LuAs:GaAs (0.5ML/100Å) × 100 and LuAs:GaAs (0.25ML/50Å) × 200 substrates and 
smaller than the LuAs:GaAs (0.25ML/100Å) × 100 substrate. However, the high resistivity of 
the LT-GaAs substrate offers better operational reliability due to lower dark currents. 

 

Fig. 2. Measured dark current and photocurrent levels of the large area plasmonic 
photoconductive emitters fabricated on the LT-GaAs and ErAs:GaAs substrates are shown in 
(a) and (b), respectively. Measured dark current and photocurrent levels of the large area 
plasmonic photoconductive emitters fabricated on the LT-GaAs and LuAs:GaAs substrates are 
shown in (c) and (d), respectively. Photocurrent levels are measured at 800 mW optical pump 
power. 

The radiated terahertz power from the large area plasmonic photoconductive emitter 
prototypes is measured by using a calibrated pyroelectric detector (Spectrum Detector, Inc. 
SPIA-65 THz) [35]. A comparison between the radiated terahertz power from the large area 
plasmonic photoconductive emitter prototypes fabricated on the LT-GaAs and ErAs:GaAs 
substrates at 800 mW optical pump power is shown in Fig. 3(a). As predicted from the 
photocurrent measurements, the emitter fabricated on the ErAs:GaAs (0.5ML/100A) × 100 
substrate generates the lowest terahertz radiation power levels due to its low carrier drift 
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velocities. In addition, the emitter fabricated on the ErAs:GaAs (0.1ML/50A) × 200 substrate 
generates the highest terahertz radiation power levels due to its high carrier drift velocities. 

A comparison between the radiated terahertz power levels from the large area plasmonic 
photoconductive emitter prototypes fabricated on the LT-GaAs and LuAs:GaAs substrates at 
800 mW optical pump power is shown in Fig. 3(b). As expected, similar terahertz power 
levels are generated from the large area plasmonic photoconductive emitters fabricated on the 
LT-GaAs, LuAs:GaAs (0.5ML/100A) × 100 and LuAs:GaAs (0.25ML/50A) × 200 substrates 
due to their comparable carrier drift velocities. The emitter prototype fabricated on the 
LuAs:GaAs (0.25ML/100A) × 100 substrate generates the lowest terahertz radiation power 
levels at low bias voltages despite its high carrier drift velocities. This is due to the carrier 
screening effect, which impacts the LuAs:GaAs (0.25ML/100A) × 100 sample more severely 
due to its higher carrier drift velocity. However, this carrier screening effect is mitigated at 
higher bias voltages and is demonstrated by the higher terahertz output powers for voltages 
above 18 V. 

 

Fig. 3. (a) Measured terahertz power levels at 800 mW optical pump power for the large area 
plasmonic photoconductive emitters fabricated on the LT-GaAs and ErAs:GaAs substrates. (b) 
Measured terahertz power levels at 800 mW optical pump power for the large area plasmonic 
photoconductive emitters fabricated on the LT-GaAs and LuAs:GaAs substrates. 

As expected, the device reliability and lifetime of the large area plasmonic 
photoconductive emitters are directly impacted by their substrate resistivity and photocurrent 
levels. Thermal breakdown is observed for the large area plasmonic photoconductive emitter 
prototypes fabricated on the ErAs:GaAs (0.1ML/50A) × 200, ErAs:GaAs (0.15ML/50A) × 
200, and LuAs:GaAs (0.25ML/100A) × 100 substrates at 0.9 W, 1 W, and 1.1 W optical 
pump power and 11.2 mA, 7 mA, and 6.2 mA photocurrent levels at 18 V bias, respectively. 
No Thermal breakdown is observed for the rest of the emitter prototypes up to 1.2 W optical 
pump powers. 

A time domain terahertz spectroscopy setup with electro-optic detection in a 1 mm ZnTe 
crystal is used to characterize radiated electric field from the large area plasmonic 
photoconductive emitter prototypes [36]. In order to prevent thermal breakdown, the emitter 
prototypes fabricated on the ErAs:GaAs (0.1ML/50A) × 200, ErAs:GaAs (0.15ML/50A) × 
200, and LuAs:GaAs (0.25ML/100A) × 100 substrates are pumped at 800 mW optical pump 
power and the rest of the emitter prototypes are pumped at 1.15 W optical pump power. A 
bias voltage of 18 V is used for all the measurements. A comparison between the time domain 
radiated fields from the emitter prototypes fabricated on the LT-GaAs substrate and the 
ErAs:GaAs and LuAs:GaAs substrates is shown in Figs. 4(a) and 4(b), respectively. As 
expected, higher terahertz electric fields are radiated from the emitter prototypes fabricated on 
the substrates with higher carrier drift velocities for the same optical pump powers. As an 
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example, at 1.15 W optical pump power, higher terahertz field levels are radiated from the 
emitter prototypes fabricated on the LT-GaAs substrate compared to the emitter prototypes 
fabricated on the ErAs:GaAs (0.5ML/100A) × 100 substrate. Similarly, at 800 mW optical 
pump power, higher terahertz electric field levels are radiated from the emitter prototypes 
fabricated on the ErAs:GaAs (0.1ML/50A) × 200 substrate compared to the emitter 
prototypes fabricated on the ErAs:GaAs (0.15ML/50A) × 200 substrate. Additionally, at 1.15 
W optical pump power, similar terahertz electric field levels are radiated by the emitter 
prototypes fabricated on the LT-GaAs, LuAs:GaAs (0.5ML/100A) × 100, and LuAs:GaAs 
(0.25ML/50A) × 200 substrates. 

 

Fig. 4. (a) Radiated electric field in the time domain from the large area plasmonic 
photoconductive emitters fabricated on the LT-GaAs and ErAs:GaAs substrates. (b) Radiated 
electric field in the time domain from the large area plasmonic photoconductive emitters 
fabricated on the LT-GaAs and LuAs:GaAs substrates. 

 

Fig. 5. (a) Radiated spectra from the large area plasmonic photoconductive emitters fabricated 
on the LT-GaAs and ErAs:GaAs substrates. (b) Radiated spectra from the large area plasmonic 
photoconductive emitters fabricated on the LT-GaAs and LuAs:GaAs substrates. 

The direct impact of the carrier drift velocity on the generated terahertz radiation is also 
confirmed by comparing the radiation spectra from the emitter prototypes fabricated on the 
LT-GaAs and the ErAs:GaAs and LuAs:GaAs substrates, shown in Figs. 5(a) and 5(b) 
respectively. Since the major portion of the generated terahertz radiation from the large area 
plasmonic photoconductive emitters is due to the ultrafast photocurrent fed to the 
nanoantenna arrays [17], similar radiation spectral shapes are obtained from the emitter 
prototypes fabricated on the LT-GaAs, ErAs:GaAs, and LuAs:GaAs substrates. Since the 
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magnitude of the photocurrent coupled to the nanoantenna arrays is directly proportional to 
the carrier drift velocities, higher terahertz radiation power levels are offered by the emitters 
fabricated on substrates with higher carrier drift velocities utilizing the same optical pump 
power. 

4. Conclusion 

In conclusion, we experimentally investigate the impact of short carrier lifetime photo-
absorbing semiconductor substrates on the performance of large area plasmonic 
photoconductive emitters. The terahertz output power and device characteristics are measured 
under identical conditions for large area plasmonic photoconductive emitters fabricated on 
LT-GaAs, and superlattice structures of ErAs:GaAs and LuAs:GaAs with different RE-As 
deposition and superlattice period thicknesses. The results indicate that the utilized substrate 
composition and growth process for achieving short carrier lifetimes are crucial in 
determining the substrate resistivity, carrier velocity, and carrier lifetime, which directly 
impact the characteristics of the generated terahertz radiation. Since the major portion of the 
generated terahertz radiation from the large area plasmonic photoconductive emitters is due to 
the ultrafast photocurrent fed to the nanoantenna arrays, higher optical-to-terahertz 
conversion efficiencies are offered by substrates with higher carrier drift velocities. While 
ErAs:GaAs and LuAs:GaAs substrates with higher depositions of RE-As degrade carrier drift 
velocities and, thus, optical-to-terahertz conversion efficiencies, ErAs:GaAs and LuAs:GaAs 
substrates with lower depositions of RE-As can offer higher carrier drift velocities and 
optical-to-terahertz conversion efficiencies compared to LT-GaAs. For the same depositions 
of RE-As, LuAs:GaAs substrates seem to offer higher carrier drift velocities and optical-to-
terahertz conversion efficiencies compared to ErAs:GaAs substrates. On the other hand, 
higher photocurrent levels and lower substrate resistivity levels lead to degraded emitter 
reliability due to thermal breakdown. Therefore, the large area plasmonic photoconductive 
emitters fabricated on LT-GaAs offer a more reliable operation at higher optical pump 
powers. It should be noted that the conclusions of this investigation are not limited to the 
short carrier lifetime semiconductor substrates used in this study. Similar impact on the 
performance of large area plasmonic photoconductive emitters is expected for other short 
carrier lifetime photo-absorbing semiconductor substrates in relation with substrate resistivity, 
carrier velocity, and carrier lifetime levels. 
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