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High-power and broad-tunable terahertz wave generating source on chip, which has broad application
prospects, remains an unachieved goal of researchers after decades of pursuing. Here, we propose a concept
of terahertz laser diode, which is a dc-biased self-excited microelectronic laser oscillator using collectively
modulated free electrons emitted by field-emitter-arrays as the active medium and using an inherent Fabry-Pérot
interferometer formed by port reflections as the frequency selector. It is sub-millimeter to centimeter in size and
can generate continuous-wave coherent terahertz radiation with several watts of power per square millimeter. Its
frequency can be tuned to cover a wide terahertz band by changing the cathode-to-anode distance and the bias
voltage. It has the potential to outperform the conventional free-electron or solid-state terahertz devices in terms
of portability, tunability, and output power, signifying a promising class of tunable and high-power terahertz

source on chip.
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I. INTRODUCTION

The terahertz electromagnetic wave is believed to have
broad application prospects in diverse scientific and techno-
logical fields [1-4]. However, the lack of desirable terahertz
generating source has still been the primary bottleneck that
restricts the advancements of terahertz technologies [5,6].
Restricted by the band-gap property of active material,
the frequency of conventional lasers can hardly go down
to the terahertz region [7]. The quantum cascaded laser
can generate terahertz emission only under extremely low-
temperature circumstances [8,9]. High-power, broad-tunable,
and working-in-room-temperature terahertz laser on chip has
always been a pursuit of researchers.

Extending the frequencies of conventional vacuum elec-
tron devices (VEDs) [10,11] and solid-state electron devices
(SEDs) [12] from the subterahertz region is another option
for the terahertz wave generation. The conventional VEDs,
using free-electron beams to induce and amplify microwave
fields, are known for high power and high efficiency [13].
Yet, they have the innate disadvantages of high cost, high
energy-consumption, and a short lifetime. Also, in the tera-
hertz region, they encounter the challenges of manufacturing
tiny-size structures [14,15] and of producing electron beams
with extremely high current densities [16,17]. SEDs overcome
the weaknesses of VEDs: they have low cost, low power-
consumption, and a long lifetime. In addition, they can easily
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be fabricated and be integrated on chip. Unfortunately, SEDs
are not capable of generating terahertz radiation due to the
restriction of electron mobility in solid-state materials. In
practice, high-order frequency multipliers have to be used in
the terahertz region [18-20], which increases the cost and
decreases the output power in consequence.

The recently developed vacuum microelectronic devices
(VMDs), which are micrometerscale versions of VEDs using
advanced microfabrication techniques and a field-emission
cold cathode, can promisingly combine both the advantages
of high-efficiency and miniaturization [21-25]. Yet still, they
cannot generate or amplify the terahertz radiation efficiently
since the operating frequency is largely determined by the
transverse dimension of the electrode, which has to be far less
than 1 pum in the terahertz region [26,27], greatly restricting
the lifetime and power capacity of the device.

In the present paper, aiming to develop a high-power tera-
hertz source on chip, we propose the concept of a free-electron
terahertz laser diode (TLD), which is a modified VMD with an
alternative mechanism. It can generate coherent continuous-
wave terahertz radiation with several milliwatts of power from
a millimeter on-chip device, which outperforms the conven-
tional free-electron or solid-state terahertz devices and lasers
in terms of portability, tunability, and output power, signify-
ing a unique and promising class of tunable and high-power
terahertz source on chip.

II. MODEL DESCRIPTION
The schematic diagram of the proposed TLD is illustrated

in Fig. 1. It is a dc-biased microelectronic biplanar-diode
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FIG. 1. (a) Schematic model of the proposed TLD without output
windows. (b) The two-dimensional (2D) model of TLD with a dc
electron beam. (¢) The 2D model of TLD with a modulated beam
and THz emission.

using a cold cathode with field emitter arrays (FEAs). The
two parallel electrodes are upheld by two dielectric pillars
at both ends, which also work as the output windows. The
operating mechanism of the TLD is essentially different from
that of the conventional VEDs, SEDs, and VMDs, and it
can be briefly stated as follows. Driven by the static electric
field in the diode, the FEAs emit a dc electron beam, see
Fig. 1(b), which induces time-harmonic fields (THFs) in the
terahertz region. These THFs then modulate the electron beam
emission in return; namely, the electron beam is premodulated
initially from the cathode. The premodulated electron beam
then interacts with the THFs via gaining or losing its kinetic
energy. In a certain spectral range, the electron beam gains
net energy from the THFs, which will decay quickly, while
in other spectral ranges, it transfers net kinetic energy to
the THFs, which will be amplified. These amplified THFs
will further modulate the beam emission and then be further
amplified; namely, the positive feedback loop is achieved. The
THFs will be reflected back and forth at both ends of the
diode due to the abrupt changes of boundaries [28], forming
certain resonant modes—the operation modes—in the diode,
which is in physics similar to light waves in a Fabry-Pérot
(FP) interferometer of a conventional laser. A portion of elec-
tromagnetic energy will be output through the windows as
shown in Fig. 1(c), generating a monochromatic (coherent)
continuous-wave terahertz radiation. Therefore, the TLD is
in essence a self-amplified self-excited oscillator powered by
the collectively modulated free-electron beam, which operates
as an effectively active medium. It is remarkably different
from the conventional laser, which resorts to the bound-
electron’s transition between different energy levels of the
active medium. The operating frequency of the conventional
laser is determined and restricted by the band-gap structure

of the active medium. In contrast, the frequency of the TLD
depends on the structural parameters and on the bias voltage,
which can be readily tuned in practice.

III. ANALYTICAL FORMULATION

In the following, we perform analytical explorations and
simulations of a TLD. As indicated in Sec. II, a key compo-
nent of the TLD is the FEA, which has been experiencing a
rapid development thanks to its broad application prospects
[29]. The emitted electron beam current density (J;) from
FEAs can be expressed by the simplified Fowler-Nordheim
(F-N) formula [30]:

2 —b
Js = ak; exp(Es>, €))
in which a and b are the field-emission coefficients and E; is
the electric field on the cathode surface. In practice, the FEAs
are composed of a large amount of nanoscale emitters (carbon
nanotubes [31,32] or ZnO nanowires [33-35], for example)
as depicted in Fig. 1(a), such that the electric fields at the
emitting tips are tremendously enhanced. Since the spacings
between adjacent nanotips are much less than the operating
wavelength as well as the transverse size of the TLD, the FEA
can be approximately treated as a planar electrode with scaled
field-emission parameters.

When the THF is excited within the diode, E, can be ex-
pressed as E; = E;, 4 Ej, sin(wt 4 ¢y), in which the first and
the second terms denote the dc field and the THF, respectively.
o is the angular frequency of the THF and ¢, is the initial
phase of the THF at the cathode surface experienced by the
emitted electrons. Substituting it into Eq. (1) and then using
the Fourier expansion, one can get that the emitted beam
current density also consists of the dc field and THF compo-
nents: J; = Jg, + Js, sin(wt 4 ¢p), in which we only consider
the dominant part and ignore high harmonic ones [28]. In
other words, the emitted beam current has been modulated
from the beginning. This initially modulated electron beam
interacts with the THF via gaining or losing kinetic energy
as it moves from the cathode to the anode. The power per
unit area received by the electron beam from the THF can be
expressed as

d
P(fﬂo) = / [Jso +Js1 sin 900]
0

X |:E0(Z)+E1 sin( i —i—(po)]dz. )

d
v(z)
Here we assume that the phase and the amplitude of the THF
do not change with z (E; = Ej;), which is reasonable since the
width between the cathode and the anode is much less than
the wavelength of the THF (d < X). Note that each electron
will experience a changing phase of the THF as it moves from
the cathode to the anode. We call this phase variation the

. e . . d
transition phase, which is expressed by A, = wA, = [ Ti)
as given above. The average power per unit area received by
the electron beam from the THF within a whole oscillating
period can then be obtained by

2w
P =/ P(go)dgo. (3)
0
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We note that the integral kernel of Eq. (2) is composed of four
parts. The first one is the dc component and is always positive,
indicating that the dc electron beam will be accelerated by the
dc electric field. The second and third parts with the linear
term of the oscillating component sin ¢y, respectively, denote
the work done by the dc field on the modulated electron beam
and the work done by the THF on the dc beam. They will
vanish after the integration in Eq. (3); in other words, the THF
cannot be amplified by a dc electron beam. The fourth part
with the quadratic term of sin ¢y denotes the work done by
the THF on the modulated component of the electron beam. It
can be positive or negative and is what we mainly deal with. If
it is positive, the net energy will be transferred from the THF
to the electron beam; otherwise, the THF will gain net energy
and will be amplified, which is exactly the essence of a TLD.

To work out Eq. (2), we resort to the following Possion
equation,

Pe@) _ pk
022 &

; “

by which the space charge effect of the electron beam is taken
into consideration, and the energy conservation equation,

2nd(z) = v2(z) — v*(0). (5)

Here @ is the electric potential, p is the charge density, &
is the permittivity of the vacuum, n is the charge-to-mass
ratio of the electrons, and v(0) is the initial velocity of
the field-emitted electrons, which has been extensively
investigated in previous literature [36]. To solve these
equations, the electron velocity, the charge density, and the
electric potential also have to be decomposed into dc parts and
time-harmonic  ones: v(z) = vo(z) + v1(2) sin(wA; + ¢p),
p(2) = po(z) + p1(2) sin(wA; + ¢p), and D(z) = o(z) +
D (z) sin(wt + ¢p). Substituting them into Eqgs. (4) and (5),
we can get two sets of equations, dealing with the dc field and
the THEF, respectively [28]. Both of them have to be solved by
using a numerical method.

The amplified THF will propagate in the transverse (x)
direction of the diode, part of which will be output through
the dielectric windows, balancing the energy of the THF in the
diode. Besides, since the cathode-to-anode distance d is much
less than the operating wavelength (d < 1) and the transverse
size (w) of the diode (d « w), a large portion of the THF
will be reflected at the apertures due to the abrupt change of
boundaries, forming a series of resonant modes in the diode.
Under this condition, the two apertures can be approximated
as perfect-magnetic-conductor walls [37]. Since the diode is
structurally symmetric in the x direction, the resonant modes
consist of even modes and odd ones, respectively, with electric
fields being symmetrically and antisymmetrically distributed
along the center line x = 0. In the practice of TLD, we find
that only the even modes can effectively interact with the
electron beam and can be amplified. In other words, the even
FP modes are the operation modes of TLD. Using the mode-
matching method, the dispersion equation of the even modes
can be obtained [28] as

B N I S B
e/ VErkow o—j(E+Dkowo _ | 1 + /gr’

(6)

in which ky = w/c is the wave number in vacuo, c is the
speed of light in vacuo, and ¢, is the dielectric constant of
the windows. w and wy are the structure parameters of the
diode shown in Fig. 1. By numerically solving Eq. (6), the
field properties and frequencies of the resonant modes in the
diode can be obtained.

IV. NUMERICAL CALCULATION, SIMULATION, AND
DISCUSSION

In this section, we carry out calculations and simulations
on the proposed TLD. The simulations are performed by using
fully electromagnetic particle-in-cell codes [38,39]. Both the
cathode and the anode are set to be copper (lossy metal) with
a conductivity of 107 S/m. The field-emission parameters are
set to a =3.6 x 107 A/m? and b =4 x 10° V/m, which
are obtained be fitting the emission curves experimentally ob-
tained in the previous literature [31,32]. The cathode-to-anode
gap is set to be d = 10 um and the transverse parameters
of the diode are set to w = 0.4 mm and wo = 0.38 mm (the
thickness of the dielectric window is 20 um). The dielectric
constant of the output window is &, = 3.8 and the bias voltage
is V, = 1.5 kV. The simulated electric field at the surface of
the cathode and the emitted beam current density, together
with their frequency spectra, are illustrated in Figs. 2(a) and
2(b), respectively. We can see that the field within the diode
and the emitted current are both composed of the dc field
and the THF (with a frequency of 0.89 THz) as predicted.
Figure 2(c) illustrates the simulated THF (E,) and the charge
density (p) of the electron beam in the time domain detected at
different longitudinal positions (from z = 0.05d to z = 0.9d).
As predicted, the amplitude and the phase of the THF almost
do not change in the z direction, and yet those of the charge
density p change obviously with z (there exists a phase delay),
which is because the electron velocity is much less than the
speed of light and it needs a certain time duration for the
electrons to transport the oscillating signal. We note that p
and E are in phase (oscillating synchronously) at the cathode
surface (z = 0.05d) and the phase deviation increases gradu-
ally with z, indicating that the electrons experience different
phases of the THF as they move from the cathode to the
anode, agreeing with our prediction. Also, we find that the
charge density is initially modulated, with the bunch centers
located at the peak accelerating points (¢ = 2nw + 7 /2), and
yet these bunch centers slip to the decelerating regions as they
transit to the anode. Notably, they slip faster at the beginning
than at the end, namely, the electron bunches enter into the
deceleration regions quickly while leaving slowly (they stay
in the decelerating regions from z = 0.2d to the end as shown
in the figure), such that they will experience more deceleration
than acceleration, transferring net energy to and amplifying
the THF. It can be understood that the electron velocity v(z)
increases gradually as the electrons move from the cathode
to the anode, resulting in the rate of the phase-slippage, ex-
pressed by dg = a)% according to Eq. (2), decreasing with
z. Besides that, we note that the bunch size decreases gradually
with z, indicating that the charge density of the premodulated
beam is further modulated as the electrons move to the anode,
which is due to the initial velocity modulation of the electron
beam emitted from FEAs.
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FIG. 2. Simulated electric field at the surface of the cathode
(a) and the emitted beam current density (b), together with their
frequency spectra. (c) Simulated THF E (in blue) and charge density
p (in pink) in the time domain detected at different longitudinal po-
sitions (from z = 0.05d to z = 0.9d). p is negative since the electron
carries a negative charge. The yellow regions denote the decelerating
regions and the purple ellipses approximately locate the electron
bunches.
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FIG. 3. (a) The calculated power as a function of cathode-anode
distance d and frequency. Here the bias voltage is V, = 1.5 kV.
(b) The calculated power as a function of bias voltage V, and fre-
quency. Here d = 10 um. The negative power regions denote the
possible operation regions.

Figure 3(a) illustrates the calculated power received by the
electron beam from the THF as a function of cathode-to-anode
width d and of frequency (here the bias voltage V, is 1.5 kV).
We note that it varies from positive to negative alternately,
indicating that the electrons will gain or lose net energy de-
pending on operating parameters and on the frequency. The
negative-power regions denote the possible operation regions,
in which THFs receive net energy from the electron beam
and are amplified. These operation regions define the achiev-
able spectral range of the TLD. In each operation region, the
achievable frequency generally decreases as d increases. For
the lowest operation region, which is generally the dominant
region in practice, the achievable operating frequency ranges
from 0.2 to 2 THz as d changes from 6 to 40 pum. The
calculated power as a function of the bias voltage V,, and of the
frequency is presented in Fig. 3(b) (here d = 10 um), which
shows that the achievable frequency increases as V, increases,
and it ranges from 0.5 to 1.5 THz as V,, changes from 0.5 to
3 kV. These dependencies of the frequency on V,, and d can be
explained as follows. As indicated in Fig. 2(c), the time period
T, of the THF is essentially determined by the transition time
duration of the electrons (especially at the bunch centers) in
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FIG. 4. (a) Calculated (lines) and simulated (dots) operating fre-
quencies of the TLD as a function of w. Here two FP modes with
n =1 and n = 2 are shown. (b) Simulated electric field distribution
at 0.8 THz for d = 10 um and w = 0.5 um. (b) Simulated electric
field distribution at 0.71 THz ford = 10 um and w = 1 um.

the diode A,. A high operating frequency (f = 1/7,) means a
small A,, which can be achieved by a large V, or a small d.

While V, and d define the achievable frequency range of
the TLD, the exact operating frequency is determined by the
FP resonant modes in the diode and can be tuned by chang-
ing w, wy, or &, according to Eq. (7). Naturally, the tunable
range should be located in the operation regions of the TLD.
Figure 4(a) shows the calculated and simulated operating fre-
quency of the TLD as a function of w while the thickness
of the dielectric window is kept to 20 wm. In calculations,
the lowest two even FP modes are presented. We note that
the simulated results agree well with the calculated ones. By
choosing three values of d, 5, 10, and 30 pum, the operating
frequency of the TLD can be tuned from 0.2 to 2 THz by vary-
ing w. Figures 4(b) and 4(c) illustrate the simulated electric
field distributions at two operating frequencies (0.8 and 0.71
THz) for the diode with two sets of structure parameters. They
respectively represent the first and the second even FP modes
as predicted.

The calculated and simulated output power and efficiency
of the TLD as functions of V,, and d are presented in Fig. 5.
Figure 5(a) shows that the power increases with V,, and de-
creases with d. It can reach several to tens of watts per
square millimeter at ~1 THz, which is higher than most of
the available terahertz sources [5]. Figure 5(b) shows that the
efficiency (the output power divided by the electron beam
power) increases as d increases or as V, decreases. It can
be understood that a larger d or a smaller V, leads to a
larger transition time, such that electrons can interact with the
THF more sufficiently. In addition, the emitted beam current,
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FIG. 5. Calculated power (a) and efficiency (b) of the TLD as
functions of d and V.

together with the input power of the electron beam, decreases
quickly as d increases or as V,, decreases according to the F-N
formula, which enhances the power efficiency in effect. The
efficiency of the present TLD model is at the level of 1073, We
find that this efficiency can be improved by using appropriate
techniques, which will be further discussed in the future.

V. CONCLUSION

In conclusion, we proposed and investigated a free-electron
terahertz laser diode, which is essentially a self-amplified
self-excited electromagnetic emission from a collectively
modulated free-electron beam. Net energy is transferred from
the premodulated electron beam to the terahertz wave due
to the phase slippage of the electron bunches as they transit
from the cathode to the anode. The electron transition time
determines the achievable spectral range of the terahertz laser
diode. The monochromatic emission is achieved via a built-in
Fabry-Pérot resonator formed by two dielectric windows. This
proposed terahertz laser diode is sub-millimeter to centimeter
in size and can be easily integrated on chip. Its average power
can reach several to tens of watts per square millimeter by
using readily available structures and operation parameters.
It affords a promising way of developing high-power and
broad-tunable continuous-wave terahertz sources on chip.
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