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ABSTRACT Transistor laser can drive recent innovative technologies like optical antennas and rectennas.
To this end, this semiconductor device requires an accurate electromagnetic model capable of determining
the antenna characteristics like radiation pattern, directivity, gain, bandwidth, and polarization. Nonetheless,
the current semiconductor models of transistor laser describe the absorption and emission of light mainly
by simplified expressions and circuit models. These models usually overlook the actual physical geometry
and full-wave light-emitting analysis of the device. In this article, a comprehensive computational electro-
magnetic modeling and characterization is presented for transistor laser. The existing semiconductor and
electromagnetic equations are reorganized in a systematic fashion, coupled, and solved numerically to get
the electromagnetic field components emitted or absorbed by the device. These fields determine the radiation
pattern, directivity, gain, bandwidth, and polarization of transistor laser in transmit and receive modes. The
equations involved in the above electromagnetic model are the Poisson and continuity equations incorpo-
rating radiative and non-radiative recombination rates, the vector magnetic potential equation interacting
with the Hamiltonian operator of electrons in valance and conduction bands, the equation of the dielectric
properties fluctuations of semiconductor layers, and the Poynting vector determining the power flow. The
constructed model demonstrates agreement with the general performance of the device in experimental
reports.

INDEX TERMS Antenna theory, cavity antenna, laser, optical antenna, rectenna, renewable energy, solar

energy.
I. INTRODUCTION A. TRANSISTOR LASER AS OPTICAL ANTENNA

Transistor laser is considered as one of the five most impor- Vertical cavity transistor laser (VCTL) is a lightweight and
tant inventions in the history of Physics. It can speed up high-power optical source, which can operate as an optical
communications, data transfer, and computing immensely. antenna. Excellent bandwidth of the optical communication
Since the invention of the device by the IEEE frontier fellows, link provided by VCTL can significantly increase the data
Milton Feng and Nick Holonyak, transistor laser has demon- transfer rate up to 40 Gb/s [1]. The unique features of con-
strated breakthrough applications in modern electronics [1]. ventional optical antennas were investigated in [2]-[4] and

Fig. 1 shows the general structure of the semiconductor  the references therein. Those investigations led to sophis-

device, adopted from [1]. Some of these modern applications ticated designs and further studies on optical antennas for

are discussed hereafter. communications [5] and beamforming applications [6]—[8].

Furthermore, the characteristics of optical antennas in terms

of circuit [9] or full-wave models [ 10] added extensive knowl-

edge to the existing literature. Possible contribution of VCTL

The associate editor coordinating the review of this manuscript and to improve the bandwidth and point-to-point secured commu-
approving it for publication was Debdeep Sarkar . nications is thus understood.
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FIGURE 1. A typical VCTL with dimensions set for research purposes only
(adopted from [1]). The optical transition leading to emission or
absorption of light is mainly evaluated by the radiative recombination
rates at quantum well (QW), overlooking the physics of electromagnetism
across the device.

B. TRANSISTOR LASER AS OPTICAL RECTENNA

Global warming points to immediate and comprehensive
research on renewable energies. As solar energy is the most
sustainable energy to replace fossil fuels, special consider-
ations are given to technologies capable of harvesting the
sunlight. To convert sunlight into electricity, conventional
solar cells are designed to rectify the full visible spectrum.
Nevertheless, the maximum solar irradiance takes place at
approximately 580 nm across the visible wavelength spec-
trum corresponding to the yellow light (inspiring the dimen-
sions of Fig. 1) [11]. Optical rectifying antenna (rectenna) is
a unique technology to absorb and rectify a specific visible
wavelength [12]-[14].

Optical rectenna consists of a nanoscale antenna to absorb
energy from a specific wavelength in visible spectrum, and a
semiconductor device to rectify the absorbed light into direct
current (DC) electricity [15]. The semiconductor device is
typically a diode, and the antenna is usually considered as
a small dipole connected to the diode, or a cavity embedded
inside the diode [16]-[17]. The latter design features a by-
product integration.

Regarding the unique features of VCTL, the device can be
considered as a more appropriate candidate to operate as a
rectenna. Foremost, the much faster switching capabilities of
VCTL can provide a cleaner rectified signal when compared
to diodes [1]. Having three terminals leads to easier cascaded
integration on semiconductor wafers [1]. Because of the dif-
ferent transistor circuit topologies, matching to the harvester
circuit can be realized optimally [18], [19]. Moreover, a larger
amount of charge carriers in VCTL can potentially provide
more rectified power in comparison with diodes [15].

C. TRANSISTOR LASER AS SOLAR SAIL

The hypothesis of interplanetary missions by spacecrafts pro-
pelled by solar sails has been under investigation since a
long ago [20]. Yet, the major challenge of this propulsion
system is the relatively heavy weight of the solar panels of
every spacecraft compared to the minor force applied by
solar photons to the solar sail. As the power of most of the
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FIGURE 2. Hypothetical model of solar sail made of VCTL. Dimensions
can be as small as the small satellites (cm to m). Precise polarization,
radiation pattern, gain, and bandwidth of the device must be articulated
by full-wave electromagnetic models.

current satellites and spacecrafts are provided by solar energy,
large solar panels mounted on any satellite or spacecraft are
currently one of the best technical approaches to supply the
required power.

The conclusion drawn in [21] is that the force applied by
sunlight to the solar sail is as small as 10~> N/m?. Clearly, the
remarkable weight of solar panels will significantly diminish
the acceleration required for further motion in any space-
craft propelled by solar sail. Transistor lasers can, however,
be manufactured on very thin and lightweight large wafers
potentially functioning as solar sail and cell at the same
time. As such, the outer surface of the VCTL in Fig. 1
(except the optical output/input) can be coated perfectly as
a high-precision mirror to get the maximum propulsion from
cosmic photons. This theoretical possibility will eliminate the
need for additional solar panels as seen in Fig. 2.

D. EXISTING DC MODEL OF VCTL

Per Fig. 1 which is a typical replica of [1, Fig. 26], a VCTL
consists of an intrinsic GaAs layer as collector. The two
acceptor GaAs layers, that sandwich a quantum well (QW)
made of InGaAs, form the base of the transistor, and a donor
InGaP layer acts as emitter [1]. Two mirrors cover the top and
bottom of the device to form an open vertical cavity distanced
as an integer number of the operating wavelength of the
VCTL. When the transistor is forward-biased, the extremely
high recombination rate of the charge carriers in the QW leads
to spontaneous and stimulated emission at the corresponding
frequency [5].

If this physical mechanism is properly modeled in electro-
magnetics, VCTL in emission (transmit) mode can function
as an optical antenna with given propagation, polarization,
directivity, gain, efficiency, and bandwidth characteristics.
In absorption (receive) mode, moreover, VCTL will function
as an optical rectenna by characterizing the required photon
density to turn the VCTL on. This attempt is considered as the
motivation of this article, because the existing DC models of
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VCTL discussed in Appendix I are based on some simplified
steps to describe the device where the actual geometry of
transistor laser is not taken into consideration.

E. PROPOSED DC MODEL FOR VCTL

Modeling nanoscale electromagnetic devices is a growing
trend that has led to significant progress in developing optical
antennas [22] and rectennas [23], [24]. Inspired by these
recent works in [22]—[24], the Poisson equation which models
the DC distribution of semiconductor quantities is coupled
to the continuity equation containing extra radiative and
non-radiative recombination rates in Section II. These rates,
themselves, are constructed by a set of nonlinear semicon-
ductor quantities reorganized in a systematic fashion. The
entire radiative DC model is then coupled to the equation
of vector magnetic potential representing the electromagnetic
interactions with the electrons in the valance and conduction
bands. During coupling, the dielectric properties of the device
undergo minor fluctuations that need to be included in the
model. When this flow of equations is nonlinearly coupled
and computationally solved by any numerical method, say
FEM-based electromagnetic solvers like COMSOL Multi-
physics, a precise electromagnetic polarization and propa-
gation pattern is achieved for VCTL. To the best of our
knowledge, current models usually deal with VCTL from
laser theory perspective, where scalar optical intensity is
the only desired electromagnetic quantity. Section III verifies
the proposed model implementing the VCTL in Fig. 1 in
transmit (antenna) and receive (rectenna) modes. Finally,
conclusions are drawn in Section I'V.

Il. VCTL MODEL IN ELECTROMAGNETICS

Usual electromagnetic semiconductor device modeling con-
sists of two steps: the DC model, which initiates and biases
the device, and the alternating current (AC) model (either in
small or large signal regime) that studies the electromagnetic
performance of the device. Light-emitting process of semi-
conductors, however, is a special mechanism wherein a DC
bias leads to radiative electromagnetic fields in the form of
light, in absence of any AC signal. As such, special theoretical
considerations must be given to this aspect of electromagnetic
radiation, particularly because any extra AC signal is then
modulated by the light generated during DC bias. To build
the proposed model, we are inspired by [25] and the refer-
ences therein for initiation and bias, bring together the light-
emitting equations discussed in [26]-[28], and incorporate an
appropriate electromagnetic model from [29], [30].

A. INITIATION AND BIAS
The DC electric potential (Vp¢) across the VCTL is governed
by Poisson equation as [25],
V - (e08,VVpe) = q (n0 + Ny)
———
n

V - (e08- VVie) = —q (po + Np) (1a)
&\/_/
p
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supported by the following boundary conditions,

V[l;cge = 0.8(V), Vle)rgitter =0, V[c)oélecmr = 1.5(V)
n; x (VVpe) =0,

on mirrors
n - (6‘08r%VDc) =0, elsewhere
i - Jpc =0, elsewhere (1b)

where ¢ is the charge of electron. The electron and hole
densities n, p are determined by the corresponding intrinsic
and doping amounts i.e., ng, po and Ny, N, across the entire
VCTL. Moreover, V is the gradient operator (arrow sign is
used to show vectors in space coordinates) and &g, &, are
the free-space and relative permittivity, respectively. Poisson
equation in (1) is supported by the Dirichlet boundary condi-
tion (in Volts) on the terminal contacts of Fig. 1 where bias
voltages are defined explicitly (values shown are typical). The
Neumann insulation boundary condition is defined on the
surrounding boundaries of the device with outward normal
unit vector 712, except the top and bottom mirrors with out-
ward normal unit vector 71; where perfect electric conductor
boundary condition will support the Poisson equation. The
continuity boundary condition of finite element method is
naturally satisfied on the interface between semiconductor
layers. Superscripts “+”” and ““-”’ stand for the positive and
negative charges [25].

To determine the DC performance of the device com-
pletely, DC potential is then coupled to the flow of DC cur-
rent, governed by the continuity equation across the device.
Charge conservation for current density Jpc suggests,

V. Jpe=0 2)

where per [25],
jl_)C = qnﬂn%Ec + MnKBTen
>4 - >
JDC = qpﬂpVEv - MpKBTVp 3)

with Kp, T, t as the Boltzmann constant, temperature, and
carrier mobility, respectively. The thermal equilibrium con-
duction and valence band energies E., E, are defined as,

E. = —(Vpc + §0)
E, = —(Vpc + & + Ep) 4

In (4), E; and & are the bandgap energy and electron affin-
ity, respectively. Through a straightforward FEM iterative
computational process, equations (1) and (2) are coupled
and solved to derive the initial distributions of Vpc, n, p.
Typical semiconductor quantities used in this paper are given
in Table 1, inspired by [1] and [25]. We assume that the device
is maintained in constant temperature, excluding the impact
of thermal lensing [31] appearing as an extra term VT in (3).

B. CARRIER RECOMBINATION IN VCTL
During light emission, two types of electron-hole recombi-
nation rates must be included in the VCTL model through
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TABLE 1. Semiconductor properties of VCTL.

Parameter Description InGaAs GaAs InGaP
me Electron effective mass 0.041 0.067 0.088
my, Hole effective mass 0.45 0.47 0.70
E, Bandgap energy (eV) 0.75 1.42 1.79
& Electron affinity (eV) 4.50 4.07 4.10
Y7y’ Carrier mobility 104,102 104,102 104, 10?
ne Conduction band effective density of states (cm?) | 2.1x10"7 8.6x10"3 9.7x10'7
. L Intrinsic for collector
2 3 17
N &N* Doping (cm) Intrinsic 108 for base 10
n, Valence band effective density of states (cm™) 7.7x10'8 1.8x10'3 2.1x10"
iz Recombination lifetime (ps) 29 132 120
&, Relative permittivity (initial) 13.9 12.9 11.8
e 0.0000002 for collector
o, Conductivity (initial) (S/m) 0.1008 256000 for base 900000

The values are chosen for research purposes only and do not refer to any specific applications. They are, however, within the usual range of semiconductor
device parameters for VCTL [26]-[30]. Optical angular frequency is @, =27x517 (THz).

the charge conservation relation (2) [26, Ch. 6]: The spon-
taneous and stimulated “‘radiative” (optical) recombination
rates (R‘;ZZ", Riﬁf:f) and the “‘non-radiative” Auger recombi-
nation rate (Ry4,). The latter is merely applicable to semicon-
ductors with high level of doping like VCTL, to consider the
ionization effects of charge carriers [26]. During absorption
of light, the similar but reverse mechanism is called carrier
generation.

The above recombination processes will update the DC

continuity equations as,

-

V Jpc = a®Rau+ Ry + R

- -

+ o .
VJpc = —4Rau+ Ry + R ®)
where the recombination rates are defined as [26],

Ray = C(n®p +p*n)

Ry = anp
. 27
R = —712 (AT (©6)

with the Auger recombination factor C ~ 10731 (1 / cm6s)
and radiative capture probability @ ~ 10711 (1/ cm3s) [26].
While Ry, and RiZZn are directly evaluated by the basic
semiconductor quantities, the stimulated recombination rate
Rigg’ requires special considerations and quantities that are
discussed hereafter.

The quantities A, L, f,, f., g are respectively the reduced
Plank’s constant, matrix element, quasi-Fermi distributions of
charge carriers in the valence and conduction bands, and the
reduced density of photon states [25]-[28]. The quasi-Fermi
distributions of charge carriers in the valence and conduction
bands are described as [27],

1 1
h=——F= fo=—F=F @)

Ep—Eyy

1+e KsT
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where E., E;, stand for the conduction and valence band
energies in thermal non-equilibrium defined as,

m
Eye = Ec + —(hwy — Ey)
me
my
Ey =E, — —(hwo — Eg) (®)
mp

with the joint effective mass of electrons (e) and holes (/)
as mr_1 = me_1 + m,:l given in Table 1. Moreover, Eg,, Ep,
denote the quasi-Fermi energy of electrons and holes as [25],

n
Ep ~ Ec — KBTln(F;)
n
Ep ~ E, + KT In(—) )
Np
where n., n, are the effective density of states in conduction
and valence bands, respectively, given in Table 1. Finally, the
reduced density of photon states g is determined by [28],

12 2
g = m ﬁmr ha)() — Eg (10)
with w as the angular frequency of light.

C. ELECTROMAGNETIC INTERACTION AND MATRIX
ELEMENT

In electromagnetics, VCTL is considered as an open cavity
wherein the coherent photons (A) stimulate each other, say in
the fundamental mode TEMy [31]. This stimulation for each
charge carrier is regarded as an external electromagnetic field
that perturbs the ground state of the charge carrier [29], [30].
The effect of stimulating photons is described by the eigen-
value equation of the magnetic potential across the VCTL
cavity as [32],

%xexﬁ—wguom(sr—j ? ):1:0
wOEQ
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xA =
iy X ( ) +Jw0\/M080 <8r —1'%)
x((ﬁz-ﬁ)fzz—ﬁ):o (11)

with po as free-space permeability, and o as conductiv-
ity of each semiconductor layer, respectively. Moreover,
j = +/—1. The perfect electric conductor boundary condition
is applied on the mirrors and contacts of VCTL in Fig. 1 with
unit normal vector 721, while the impedance boundary con-
dition is applied to the rest of the surrounding boundaries
with unit normal vector 72;. The eigenvalue problem in (11)
is sometimes expressed by replacing a)(z) and (w? — a)(z)) if
higher-order cavity modes are of special interest. Following
this, the interaction between A and semiconductor quantities
is investigated to construct the electromagnetic model of the
device. It is noted that in conventional antenna engineering
literature, antenna characteristics are derived directly by solv-
ing the vector electric field equation. However, the interaction
between electromagnetics and semiconductor quantities is
through the Hamiltonian operator, which is described by the
magnetic potential not the electric field [28].

The ground state (valance band) of a charge carrier can be
expressed by the Schrodinger equation as [29], [30],

HW, = E,¥, (12)

where W, is the wavefunction of a charge carrier at ground
state. The stationary Hamiltonian is given as,

(<5%)" + qVc (13)

with m as the mass of the charge carrier.

For each photon described by Ato perturb the state of the
charge carrier and energize it to the conduction band, the
stationary Hamiltonian must be updated as [28],

1
Hy = -

-\2
—gA) +qVpe (14)

The above interaction between a photon and a charge carrier
is, in general, a nonlinear process referred to as the nonlinear
optical interaction. However, the updated Hamiltonian can
be simplified in many practical applications to consider the
perturbation as a linear action without a remarkable loss of
accuracy [28].

_ To_this end, we first implement the Coulomb gauge
V -A = 0 in (14) preferred to simplify the above equa-
tions [32], with respect to some more complicated trials on
implementing the Lorenz gauge [33]. This gauge ensures that
the DC and AC models are dealt with separately [25]. Second,
we note that the nonlinear term qu A is usually much
smaller than 2V - V when acting on the wavefunction in
many practical applications [27], [28]. Hence, ignoring the
interaction of photon by itself i.e., A - A will not noticeably
affect the accuracy of the device model, while maintaining
the device model in the linear optics regime. Therefore,

H.~H,+H

H, = ﬁ (—jﬁ%
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A= —(—jﬁlﬁ) (15)

which leads to the excited state of charge carriers W, at
conduction band as,

HV, = E.V, (16)

As seen, the perturbation H stands for the energy difference
between the ground and excited states as E. — E, = E,.

D. TRANSLATION TO MACROSCOPIC DOMAIN
The interaction between the classical macroscopic quantity
A and the quantum quantity —j2V must appropriately be
articulated. In many practical situations, the wavelength of
the interacting photon Ais drastically larger than the micro-
scopic domain occupied by an electron across which —]ﬁV
is applied. Therefore, we can apply a legitimate assumption
called dipole approximation by disregarding the extremely
slowly-varying phase of A during interactions [28, Ch. 9].
Following this, we need to determine the matrix element I
of VCTL in (6) which is critical to couple the microscopic and
macroscopic quantities [28]. To this end, both the ground and
excited state wavefunctions are expanded by Bloch orthogo-
nal basis functions as [28, Ch. 9],

U, = u,er

W, = yeeke” (17)
with u, k, r as a periodic function, crystal momentum, and
radial coordinate, respectively. The transition coefficient (or

matrix element) I between the two states is thus derived by
Fermi’s golden rule as,

I = f WrHW,dA

Q

%ﬂh/uz‘e*ﬂ‘“r (—jﬁ%) @ d A

21|A| . e_j(kr—kv)-r f uj (_]h%uv) dA
m

&

q < ik S i
+%IA|-/uZuve ker | _inwer | dA  (18a)

~0

where the slowly varying feature of the exponential term has
been applied to the last two integrals via dipole approxima-
tion. More precisely, the wavelength of the photon in Fig. 1 is
approximately 580 nm. This length is drastically larger than
the dimensions occupied by an electron (A) during transition.
Hence, for an electron transition from valence to conduction
band or vice versa, the spatial variations of the ma_gnetic
vector potential can be neglected. This means that |[A| can
be dealt with as a constant with respect to the differential
of the integral operator i.e. dA, and the variations of the
wavenumber k., k, can be considered negligible.

Applying some features of the basis functions in (17) can
further simplify (18a). Apparently, I vanishes due to orthog-
onality unless for a direct bandgap transition k. = k,. This
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involves a Dirac delta function &, in the calculation of (18a)
[28, Fig. 9.2]. Therefore,

1~ L4 / u; (—ﬁﬁuv) Bkekyd A
2m

The above derivation of matrix element is accurate from the-
oretical perspective, giving a clear linear relation between the
magnetic vector potential and the matrix element. Nonethe-
less, the calculation of the above integral in rather difficult in
practice, as a precise form of Bloch functions is required to
model each transition state. In addition, to calculate the total
stimulated emission we have to sum (18b) over all the unit
cells of VCTL which is not a practical trial.

An alternative approach is, however, to get a closed form
equation for the matrix element using an analogy in calcu-
lating the probability of transition between the conduction
and valence bands. This analogy is taken from the momentum
conservation relation as reported by [28],

(18b)

2 2
W= S 1Ps, (180)

and the same probability from thermodynamic considerations
as [28],

2.3
e g -
W= (30—0) A 1801, (18d)
2y wotspon
Equating the above relations leads to,
1
hrcdeoe, \2 -
[~ (#) Al (19)
4y @0lspon

where fyp,, is the spontaneous recombination lifetime given
in Table 1, and y is the real part of the refractive index as [32],

y = % (20)
As seen, the entire procedure from (12) to (18) was some
intermediate manipulation to get (19), that we incorporate
into the electromagnetic model. Detailed discussions on the
above equations are given in [28, Ch. 9].

The last step of developing the electromagnetic model of
VCTL is to consider the variation of the dielectric properties
of VCTL layers in electromagnetic interactions. During light
emission or absorption, the dielectric properties of different
layers of VCTL slightly fluctuate around their initial values
(indicated by subscript “i”’) as,

4 5
o ’Q'“Ui"‘—a'I f—rf)g

wolA|?
(fv —fw

81‘ ~ 8}“[‘ + 2
w080|A| w}

-dw 2n

As the laser bandwidth (BW) usually occupies a small portion
of spectrum around the central frequency wy, the integral
in (14) will have a very small value and the corresponding
change in the real part of the relative permittivity may be neg-
ligible. The computational coupling flowchart in Fig. 3 sum-
marizes the proposed model solved iteratively by FEM until

VOLUME 10, 2022

FIGURE 3. Computational coupling of the equations involved in the
proposed electromagnetic model of VCTL, containing the conventional
circuit model of the device as well.

the computational error in (1), (5), and (11) becomes neg-
ligible. The exchange of variables in Fig. 3 shows how the
laser quantities in the proposed electromagnetic model are
updated at each iteration. The circuit model of VCTL is
also embedded in Fig. 3 to insist that VCTL differs from
conventional transistors in an extra optical port.

E. DERIVATION OF CLASSICAL FIELDS

Upon solving the proposed computational flowchart in Fig. 3,
the optical electric and magnetic fields emitted by VCTL are
accordingly determined over the top mirror of VCTL as [32],

E=g (—jwoix)

H = ,8<M10 xA) (22)

with 8 ~ 0.01 as the imperfect coating coefficient of the top
mirror. Depending on the application, 8 determines the mag-
nitude of electromagnetic fields propagating outside the laser.
The electromagnetic radiation by VCTL in the next section is
thus shown qualitatively, as less significance can be attributed
to the value of B. Following (22), the normalized optical
output power is evaluated by the Poynting vector [E x H|.
It is noted that formulating the problem by Coulomb gauge
V -A = 0 does not recognize or involve the electromagnetic
scalar potential in the calculations.

The aforementioned electromagnetic fields derived by the
proposed DC model can be regarded as a carrier signal appro-
priate to modulate an envelope, for instance. The modulation
of a small or large AC envelope in the proposed VCTL model,
with frequency wac, can straightforwardly be considered
in (1) and (5) as:

Vi®e = 0.8 4+ Vac(V)
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V Jpe = qRau + RTT + R 4 jocn)

rad

- -4 . .
V -Jpc = —q(Rau + RS + R + jwacp)  (23)

rad

which is essentially equal to the conventional AC models of
transistors discussed in details in [25]. The above derivation
is then implemented for S-parameter analysis of the device
when used as an antenna.

Ill. VCTL AS ANTENNA AND RECTENNA

In this section, the proposed model for VCTL is implemented
firstly to evaluate the emission of light. The absorption proce-
dure is then studied to evaluate the induced potential and cur-
rent across the device. The presented figures are sometimes
on logarithmic scales, as their linear scales have extremely
large values. Agreement with experimental reports is then
referenced accordingly. All the equations are constructed in
the Partial Differential Equation Module of COMSOL Mul-
tiphysics which is a FEM-based solver.

A. VCTL AS OPTICAL ANTENNA

Fig. 4 shows the electromagnetic emission of light by VCTL.
In Fig. 4(a), the most critical factor of light emission i.e., the
emission rate is depicted across the device. As seen, the QW
has significant contribution in the emission of light across
the VCTL. The contour of the magnetic power is also shown
qualitatively.

Electron and hole concentrations are also depicted across
the semiconductor layers in Figs. 4(b) and 4(c) where the
concentration of electrons repels the holes, mainly in the
vicinity of QW. In Figs. 4(b) and 4(c), the electric power and
magnetic field polarization derived by (22) are also shown
qualitatively. The other important semiconductor quantity is
the total recombination rate, which is shown in Fig. 4(d),
followed by the electric field polarization. The recombination
rate is extremely high inside the QW due to the very short
recombination time [28].

The full magnetic and electric fields in Figs. 4(c) and
4(d) show a clock-wise (right-handed) circular polarization
pattern propagating from near-field to far-field. In cylindri-
cal coordinates, the electric field oscillates alongside the
radial axis in Fig. 4(c), while the magnetic field oscil-
lates alongside the angular coordinate in Fig. 4(d). Since
the fields are perpendicular and the laser cavity is open,
the above polarization mode (state) corresponds to TEMgo,
which is regarded as the fundamental mode of open-cavity
lasers.

B. VCTL AS OPTICAL RECTENNA
Following the transmit mode, the performance of VCTL in
receiving mode is studied. During the absorption of light,
the DC potential and current induced in the VCTL can be
used for energy harvesting. The induced voltage can turn on
the transistor when reaching the base-emitter forward-bias
voltage.

Figs. 5(a) and 5(b) show the same VCTL of the previous
subsection in the receive mode, illuminated by a surrounding

77504
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FIGURE 4. As a laser antenna, the proposed model of VCTL supports
propagation, power flow, and polarization patterns of light. (a) Emission
rate (log) (W/m3) and the contour of magnetic power. (b) Electron
concentration (log) (1/m3) and the contour of electric power. (c) Hole
concentration (log) (1/m3) and the streamlines of magnetic fields.

(d) Recombination rate (log) (1/m>s) and the streamlines of electric
fields.

plane wave at the same operating frequency of VCTL that
is wo. The figures are on transparent mode to clearly visualize
the distribution of induced quantities across the device.
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(b)

FIGURE 5. As a rectenna, the proposed device model of VCTL supports
the absorption of light and the corresponding induced voltage (V) and
current density (A/m2) in (a) and (b), respectively.

Fig. 5(a) demonstrates how the induced electric potential
can reach the desired base-emitter voltage to turn on the
transistor. The distribution of the induced DC potential across
the device shows the capability of VCTL to harvest and
rectify the sunlight power. The norm of the electric field
resembling the solar irradiance surrounding the device is also
shown qualitatively. As such, Fig. 5(b) shows the induced
current density across the VCTL with huge flow around the
base-emitter region. The norm of the magnetic plane wave
surrounding the device is also shown in a qualitative manner.

C. AGREEMENT WITH EXPERIMENTS

The proposed device model for VCTL, when undergoing
a parametric sweep on different semiconductor quantities,
shows adequate agreement with the general trend of experi-
mental reports in [1] and circuit analysis in [34]. In particular,
the variation of the normalized optical output power is evalu-
ated by sweeping the two critical bias quantities of VCTL i.e.,
the base current (Ig) and the collector-emitter (Vcg) voltage.
It is worth mentioning that the output power corresponds to
the S-parameter |S31| defined as [35],

4 > - = - N
S31 Zﬂ/T/(E3 x Hy — E; xH3>~ds

= 471;3/;32%/ ((;11) X (6 XA3> - (113>

x (% x 211)) .d§ (24)

w“l
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where B’ is a calibration constant and c is the light velocity.
As the normalized output power is more indicative, we omit
the coefficient 4B’ B2jwo/moc during normalization. The
above integral is taken over the surface of the upper mirror
i.e., s. To describe (24) in terms of the absolute optical output
power at port 3 | P3|, we merely need to multiply |S3;|? by the
electric input power at port 1 |P1| = |Vp(V)Ig (mA)| i.e.,

|P5| = |P1] 18311 (25)

It is noted, however, that the above definition of input power
is a representative definition only, and may be redefined per
different applications. In Fig. 6(a), the optical output power
shows a sharp increase by increasing the driving current I for
three different Vg values. These values of Vg were chosen
per the lower, upper, and middle points of the active region of
VCTL. As seen, increasing I leads to the saturation region.
In Fig. 6(b), the effect of the collector bias voltage is studied
on the optical output power. Increasing the Vcg for moderate
values of Ig (relative to the small dimensions of the device in
Fig. 1) demonstrates a linear trend with respect to the rise
of the optical output power before entering the saturation;
the trend that is roughly similar to diodes. For larger values
of Ig, however, the trend is more nonlinear with respect to
diodes, since the minority carrier electrons primarily occupy
the quantum states of QW. As such, while in diode lasers
the charge densities are mainly bounded at and beyond the
threshold, this is not essentially true for VCTL [l,qug. 10].
As the dielectric fluctuations in (21) slightly affect A in (11),
some fluctuations are observed in optical response figures.
Following the above DC analysis, the small signal analysis
of the developed model is also studied at microwave frequen-
cies in Fig. 6(c) where Vcg = 3 V. In a common-emitter
configuration discussed in (1), the base-emitter junction is
regarded as the first port, the collector-emitter junction as
the second port, and the optical port (upper mirror) as the
third port representing the subscript numbers in (24). Fig. 6(c)
shows that VCTL can modulate the microwave signal stably
across a wide frequency band. Nevertheless, the optical out-
put gradually reduces at upper microwave frequencies. This is
because w4c is no longer negligible with respect to wg, which
disturbs the cavity resonance frequency from wq to wp £ wac-
In time domain, this is identical to partially disturbing #g,,.
As such, if the VCTL in Fig. 1 is biased with [y = 9 mA
and Vcg = 3 V as typical values, wqc must be below
0.7 GHz to be modulated properly. This is of special interest
in many applications like antenna arrays, where the ampli-
tude and phase of each array element dynamically changes
during agile adaptive beamforming [36]. Other frequency-
dependent antenna characteristics like input impedance are
derived through a similar approach discussed in Fig. 6(c).

D. COMPARISON WITH CONVENTIONAL OPTICAL
ANTENNAS

As the last point, it may be worth discussing the differences
between laser and conventional optical antennas via full-wave
simulations. The key difference between a VCTL and an
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FIGURE 6. Parametric sweep of the base current (Ig) versus different
collector-emitter voltages (Vcg) in (a) shows the trend of optical output
power across the active and threshold regions. Similar trend is
demonstrated when sweeping Vg for different values of Ig in (b).

In addition to the above DC analyses, small signal analysis of optical
response is given in (c).

optical antenna is described by the stimulated radiative term
Rigg’, included in the light-emitting process of laser antennas
in (5). Hence, no further development from (7) to (20) is
required when dealing with light-emitting semiconductors
as conventional optical antennas. Fig. 7 demonstrates the
aforementioned difference by excluding Rigg” from calcu-
lations. The emission rate and electron concentration are
similar to Fig. 4, as the contribution of Rigyin the above
quantities is several orders of magnitude lower than RiZZ"
[1]. As seen, the spontaneous emission of light from the
cavity of laser is similar to a usual cavity antenna having a
main beam and some minor sidelobes. The above difference
is translated into antenna engineering when calculating the
directivity of optical and laser antennas. As shown in Fig. 4,
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(b)

FIGURE 7. VCTL can operate as a conventional optical antenna if only
spontaneous emission is considered. (a) Emission rate (log) (W/m3) and
the contour of magnetic power. (b) Electron concentration (log) (1/m3)
and the contour of electric power.

the stimulated emission propagates alongside a straight line
leading to pencil-beam directivity. The purpose of this com-
parison is to highlight a basic difference between the radia-
tion pattern of conventional optical antennas and laser ones.
As such, we may not concern ourselves with very minor
beam-widening effects happening in lasers, or the presence
of minor sidelobes in conventional optical antennas.

The following definition of directivity, as a sufficient mea-
sure to provide a basic comparison, is thus implemented.
If the solid angle of the main beam (assumed to be the only
beam in laser) is defined as ®, the following approximation
for directivity is valid [37],

D~ — 26
5 (26)

where the solid angle of the main beam can be conically
calculated as ® = 27 (1 — cos#), with 6 as the elevation
angle in spherical coordinates asymptotic to the main beam
shown in Fig. 7.

For conventional optical antenna in Fig. 7,8 ~ 0.2 (rad) at
far-field resulting in D ~ 20 dB. Apparently, the calculated
directivity is independent of the surface size of the upper
mirror. For laser antennas in Fig. 4, where the size of the
upper mirror determines ®, the nanoscale VCTL in Fig. 1 has
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6 ~ 10~ (diameter of the upper mirror is ~ 10~7), resulting
in an ultra-high directivity D ~ 235.8 dB. Even if VCTL is
designed in micro or millimeter scales, the spherical angles
are @ ~ 10~* and 6 ~ 10~! respectively, which still lead to
extremely high directivities D &~ 157.2 dB and D ~ 78.6 dB.
The values can be verified by the very narrow 3-dB far-field
beamwidth of VCTL in [1].

Nevertheless, the above ultra-high directivity cannot lead
to a remarkable gain G, because the optical and stimulated
efficiencies involved in the light-emitting process of semi-
conductors are very low. An extremely small portion of radi-
ation is usually attributed to the stimulated emission with
efficiency exp(—%). In addition, the efficiency of every
laser in converting the input electric power into any type of
radiation (either spontaneous or stimulated) is very low too,
generically taken around a few percent (say 5%).m:l"herefore,

_ Jeg
the multiplication of both efficiencies as 0.05e 87 leads to
a low gain,

G~ (D —371)dB Q27

In room temperature. For conventional optical antennas, the
coefficient exp(— %) is dropped from gain calculations
resulting in a much higher gain (say G =~ (D-13) dB for
Fig. 7). We note, however, that the advantage of laser antennas
is not to provide a high gain. Instead, they possess very wide
bandwidth and highly secured point-to-point communication
desired in many modern applications like satellite communi-
cations for high data rate transfer [38] or high-precision Earth
gravity measurements [39].

IV. CONCLUSION

An accurate physical model for VCTL, capable of incorpo-
rating the electromagnetic features of light like polarization,
propagation pattern, bandwidth, directivity, gain, and power
flow was presented. The model introduces a paradigm for
implementing the device as an antenna or rectenna. The
equations involve the DC model of semiconductors, which
initiates a recombination process, and an eigenvalue problem
standing for the interacting photons. Coupling these steps
and solving the nonlinear equations by FEM-based solvers
will lead to the determination of electromagnetic features of
VCTL in emission and absorption modes. The proposed elec-
tromagnetic model is in general agreement with experimental
reports in both DC and small signal analyses.

APPENDIX

CONVENTIONAL ELECTROMAGNETIC MODEL OF
SEMICONDUCTOR LASERS

The motivation of this article is to propose a precise elec-
tromagnetic model for VCTL implementable in antenna and
rectenna applications. It is thus worth discussing how the
polarization and propagation of light is usually considered in
the current semiconductor modeling.

VOLUME 10, 2022

In the current models, the wave number vector of photons
in an arbitrary direction is defined as,

k = ksin6 cos péy + k sin @ singay + k cos 0, (Al)

Let us now consider a vertical polarization case where the
direction of oscillation of the photon, as an electromagnetic
wave, is dy,

-

A = Ay (A2)

The average matrix element of the corresponding semicon-
ductor is derived as [28],

2 T
2= 4—“)0fsin9d9
TT
0

2
X / (cos2 6 cos? p+sin® gp)
0

- 2
Ayay X V xAya,| do

(A3)

In current models, the description of photon in (A2) is
assumed as a plane wave,

A = Age 74, (A4)

wherein no geometrical features of the device, like those
in (11) with precise boundary conditions, are incorporated.
As such, the average matrix element is approximated as,

A4 o o2
2 0| ks
X X
I 3 a, xV xe a (AS)

Similar conclusions are valid for horizontal or any other
polarization. Detailed discussions on the above equations
and their derivations are available in Section 9.5 of [28].
In this article, a systematic reorganization and coupling of
the governing equations of VCTL is presented. The magnetic
vector potential and classical fields derived in this article
are calculated by full-wave computational electromagnetic
models to achieve a geometrical description for the device
suitable for antenna and rectenna applications..
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