
Abstract— In this work, we present a photomultiplier tube 
(PMT) with a metasurface photocathode that is based on ultrafast 
field emission (FE) from incident terahertz (THz)- and infrared 
(IR) light. We mix the incident electric field with the electric field 
from an electronic source to decrease the PMT detection 
threshold. Due to the pronounced non-linearity of FE, this 
approach allows for extremely sensitive light detection – possibly 
down to few or even single photon level across the entire THz- and 
IR frequency range. 

I. INTRODUCTION 

N 2019, we introduced a novel class of PMTs with light 
detection sensitivity in the entire THz- and IR frequency 
range [1]. The PMT concept is based on a metasurface 

photocathode that emits electrons into vacuum as a result of 
ultrafast FE, which is illustrated in Fig. 1a and 1b. In contrast 
to conventional photocathodes operated by the photoelectric 
effect from single photons, FE photocathodes are not limited in 
use by the work function of the photocathode material. Instead, 
the metasurface design concentrates the electromagnetic (EM) 
field of the incident light on to discrete, sharp metal emission 
tips. The concentration process is linear in the EM field, and it 
is therefore possible to collect the field from a large number of 
photons to enable FE from materials with a much larger work 
functions than the energy of individual photons. 

II. RESULTS 

FE requires electric fields on the order of V/nm to be effective. 
We have previously shown that it is feasible to use metasurfaces 
obtain such extreme field strengths on the emission tips in the 
THz range starting from as low as 20 kV/cm incident field, 
corresponding to approximately 1010 photons at 0.5 THz. In this 
work, we demonstrate a metasurface concept that potentially 
decreases this number to a few- or even single photons. 
     Fig. 1c shows a SEM micrograph of the metasurface, with 
an optical microscope image of a single dipole antenna element 
from the metasurface shown in Fig. 1d and an outline of the 
operational principle in the inset in Fig. 1e. Each antenna 
element concentrates the incident EM field onto its two tips. 
Opposite of each tip, a bias line is introduced which is held at a 
higher potential than the antenna using an electronic source. 
The electronic bias enables FE, which is then modulated in 
amplitude by the field contribution from the incident light. 
Based on the Fowler-Nordheim FE equation, this modulation 
can be expressed as ݀ܧ݀ܬ௟௜௚௛௧ ൌ Φܽ ൬2ܧ௕௜௔௦ ൅ ௟௜௚௛௧ܧ2 ൅ ܾΦଷଶ൰ expቌെ ௕௜௔௦ܧଷଶߔܾ ൅  ௟௜௚௛௧ቍܧ

where ܬ is the emission current density, ܧ௕௜௔௦ is the electric field 
due to the electronic bias, ܽ  and ܾ are constants, Φ is the emitter 
work function, ܧ௟௜௚௛௧ is the electric field from the incident light 
and ݀ܬ ⁄௟௜௚௛௧ܧ݀  is the relative change in the emission current 

density established by ܧ௕௜௔௦ due to the influence of ܧ௟௜௚௛௧. Since 
PMTs can detect changes in the emission current down to a 
single electron, one can by careful tuning of ܧ௕௜௔௦ allow for 
detection of extremely small values of ܧ௟௜௚௛௧ . 

 
Fig. 1g shows the result of an experiment that proofs the 
principle, where emitted electrons are recorded in a time-of-
flight electron spectrometer. ܧ௟௜௚௛௧  is too weak to emit electrons 
from the metasurface, but when ܧ௕௜௔௦ is applied, the addition of 
the fields allow for electron emission. Fig. 1f shows the 
opposite situation where ܧ௟௜௚௛௧ is emits electrons by itself. By 
reversing the sign of ܧ௕௜௔௦, the emission is heavily suppressed 
– these two situations are the principle for a PMT with a very 
large dynamic range. 
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Fig. 1 | (a) PMT principle. (b) Actual PMT. (c) SEM micrograph of the 
electronically biased metasurface. A substrate etch is employed to avoid 
dielectric breakdown around the antenna tips. (d) Optical microscope 
image of a single antenna and bias lines. (e) Outline of the emission 
principle from the applied bias and the incident EM field. (f) Experimental 
data showing a decrease in emission when using reverse bias. (g) 
Experimental data showing how the application of the bias enables the 
detection of an otherwise undetectable field. 
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