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Abstract — Achieving both high power and high-quality beam 

pattern has been a longstanding challenge for terahertz 

quantum-cascade (QC) lasers largely due to their use of 

sub-wavelength metallic waveguides. Recently, the 

vertical-external-cavity surface-emitting laser (VECSEL) concept 

was demonstrated for the first time in the terahertz range and for 

a QC-laser. This is enabled by the development of an amplifying 

metasurface reflector capable of coupling incident free-space THz 

radiation to the QC-laser material such that it is amplified and 

re-radiated. The THz metasurface QC-VECSEL initiates a new 

approach for making QC-lasers with high power and excellent 

beam pattern. Furthermore, the ability to engineer the 

electromagnetic phase, amplitude, and polarization response of 

the metasurface enables lasers with new functionality. This article 

provides an overview of the fundamental theory, design 

considerations, and recent results for high-performance THz 

QC-VECSELs.  

Index Terms—Quantum cascade laser, VECSEL, terahertz, 

metasurface, reflectarray 

I. INTRODUCTION

Since its invention in 2002 [1], the terahertz (THz) 

quantum-cascade laser has developed to be a compact 

semiconductor THz source capable of delivering 

milliwatt-level power or higher at various frequencies from 1.2 

– 5.6 THz [2-6]. In the best devices, the operating temperature

has reached 200 K in pulsed mode [7] and 129 K in continuous

wave (cw) mode [8]. One longstanding challenge for THz

QC-lasers is combining high power output and high-quality

beam pattern in one device, which is desired for many

applications such as heterodyne spectroscopy [9-11], and

real-time imaging [12] (e.g. for biomedical [13, 14], or

nondestructive inspection applications) [15, 16]. Although the

beam from an edge-emitting THz QC-laser with a

sub-wavelength sized metal-metal waveguide is highly

divergent [17], significant advances in beam shaping have been 

demonstrated, including using facet-mounted lenses [18], 

3rd-order distributed feedback (DFB) end-fire antenna lasers 

[19, 20], 2nd-order surface-emitting DFB arrays or a graded 

photonic heterostructure cavities (GPH) [21, 22], 2D photonic 

crystal cavity [23], phase-locked laser array through antenna 

mutual coupling [24], and DFB laser based on 

antenna-feedback mode [25]. Nonetheless, there still exists 

considerable room for improvement in achieving high power 

and high efficiency output combined with an excellent beam.  

Fig. 1. (a) Schematic of a QC-VECSEL comprised of an active metasurface and 

an output coupler. (b) SEM image of a fabricated active metasurface with a 

1.5-by-1.5 mm2 active area of metal-metal microcavity antennas ended by taper 
and wire-bonding area.  

The vertical-external-cavity surface-emitting laser 

(VECSEL) approach has been very successful towards 

combining high power and high-quality beam pattern for 

interband semiconductor lasers in the visible and near-infrared 

range [26-28]. The basic configuration is an optically pumped 

semiconductor gain medium backed by a distributed Bragg 

reflector, which forms one or more mirrors in an open optical 

cavity. Because the cavity can be designed to preferentially 

support only the fundamental TEM00 Gaussian mode, very high 

beam quality can be obtained without the divergence and 

astigmatism found in edge emitting semiconductor lasers. 

Provided the active material is well heat sunk, by increasing the 

area of the optical pump the power can be scaled up without 

issues of multi-mode instabilities. However, it had been 

impossible to implement this approach for QC-lasers due to the 

"intersubband selection rule" in which the electric field must be 

polarized perpendicular to the plane of the quantum well to be 

amplified by QC-material gain. This is incompatible with the 

natural polarization for surface incident waves in a VECSEL 

cavity. To address this issue, we developed an active 

reflectarray metasurface consisting of an array of metallic 

microcavity antennas loaded with QC gain material; each 

antenna efficiently couples in THz radiation, amplifies it and 
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re-radiates into the free space. The amplifying metasurface 

reflector is then paired with an output coupler to create an 

external laser cavity. This approach was used to demonstrate 

the first VECSEL in the terahertz regime, which exhibited 

lasing in a near-Gaussian beam pattern with considerable 

power output [29]. A schematic of a QC-VECSEL is shown in 

Fig. 1(a). This approach is fundamentally different from the 

previous beam shaping techniques – it is the super mode of the 

VECSEL cavity, rather than the mode of the individual metallic 

microcavities on metasurface, that exhibits lasing and shapes 

the beam to a near-Gaussian profile. The metasurface is 

deliberately designed to have a low radiative quality factor so 

that the sub-cavities will not self-oscillate in the absence of an 

external cavity. Furthermore, since each microcavity also 

supports a highly confined fundamental waveguide mode, 

absorbing boundary conditions are placed at the terminations in 

the form of lossy tapers to suppress self-lasing (see Fig. 1(b)). 

Compared to conventional THz QC-lasers, the advantage of the 

VECSEL can be summarized as: (a) the output power is 

scalable with the active area on the metasurface as more active 

microcavities contribute stimulated emission to the VECSEL 

cavity mode, (b) the beam quality is primarily determined by 

the external cavity, (c) compared to monolithic cavities it is 

easier to achieve the optimum coupling condition and 

maximize the output power by choosing the reflectance of the 

output coupler, (d) the sparse arrangement of the microcavities 

reduces the power dissipation density for improved cw 

performance. Of course, these advantages must be balanced 

against the additional size and complexity of an external cavity. 

This paper is organized as follows. In Sec. II, we discuss the 

design of active metasurface. In Sec III, we lay out a 

fundamental theory for the basic VECSEL performance. In 

Sec. IV, we discuss several QC-VECSEL cavity designs. In the 

Sec. V, we present and discuss several experimental results that 

demonstrate spectral versatility, variable output-coupling 

efficiency, high power with high-quality beam pattern achieved 

from QC-VECSELs.   

II. ACTIVE METASURFACE DESIGN

Fig. 2. A schematic of an active metasurface design consisting of a metal-metal 

microcavity array.  

The active metasurface reflector plays a key role in the 

QC-VECSEL to both provide the gain and constitute the cavity. 

In the baseline form, the active metasurfaces are composed of a 

sparse array of identical metal-metal waveguide ridges, a 

schematic of which is shown in Fig. 2. Each ridge is made up of 

GaAs/AlGaAs multiple-quantum-well QC-active material 

(usually 10 μm thick), with metal cladding/contacts directly 

above and below. Fabrication takes place via a metal-metal 

thermocompression wafer bonding technique followed by 

substrate removal via selective wet etching, conventional 

microfabrication via photolithography, dry etching, and 

metallization, as is standard for THz QC-lasers [30]. When 

electrically biased, the material provides a gain described by 

the bulk material gain coefficient g(ν). Each element acts as a 

THz microcavity antenna to couple in incident THz radiation 

(polarized transverse to the ridge axis), amplify it via 

stimulated emission, and re-radiate back into free space. Each 

microcavity resembles an elongated microstrip patch antenna, 

and is resonant at a wavelength that approximately corresponds 

to w ≈ λ0/2n, where n is the refractive index of the QC active 

material, w is the ridge width, and λ0 is the free-space 

wavelength [31-34]. This can be thought of also as the cutoff 

frequency of the first higher-order lateral mode (TM01) of the 

metal-metal waveguide. The microcavities are spaced with a 

period Λ designed to be less than the λ0 (of intended laser 

emission), in order to suppress higher-order Bragg diffraction – 

only zeroth-order (specular) reflection occurs. As we will 

discuss below, for Λ ≪ λ0 this resonance frequency is 

predominantly determined by the ridge width w and only 

slightly affected by the period Λ – however as the period 

approaches the free-space wavelength, a coupling occurs 

between the localized resonance and a propagating Bloch 

surface wave.  

Numerical simulation of the metasurface is conducted using 

a full-wave finite-element electromagnetic solver (COMSOL 

5.2), in which a 2-dimensional unit cell of metasurface is 

modeled with Floquet periodic boundary conditions applied to 

depict an infinite structure. The Drude model was used to 

describe the free carrier scattering loss in GaAs/AlGaAs and 

gold metallization that accounts for the loss in the metasurface 

(free carrier density used for metal is 5.9×10
22 

cm
-3

 and for 

active medium is 5×10
15

 cm
-3

. Drude lifetime used for metal is 

39 fs and active medium is 0.5 ps [35, 36]). Fig. 3(a) shows a 

set of simulated reflectance spectra for a group of metasurfaces 

with different ridge widths ranging from 11–12.5 m and a 

fixed periodicity Λ = 70 m for two scenarios: passive with g = 

0 cm
-1 

and active with g = 30 cm
-1

 in the QC-material. As 

expected, reducing the width w leads to a higher resonance 

frequency. Fig. 3(b) shows the reflectance increases with gain 

for the metasurface with w = 11.5 m and  = 70 m at its 

resonance frequency 3.4 THz and two other frequencies above 

and below the resonance. As shown in Fig. 3(b) the reflectance 

RMS increases with the gain g; it is useful to fit these numerical 

results to the relation  
( )( )

1
trg g

MSR R G e
  

   .         (1) 

where R1 is the passive metasurface reflectance at frequency ν, 

G is the intensity gain, gtr is the transparency gain coefficient 

needed to balance absorption losses (from the metal and 

semiconductor), and ξ(ν) is a fitting coefficient that contains 

information about the metasurface frequency response and 

quality factor. Gain is more efficiently coupled to incident 

radiation when the operation frequency is closer to the 
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resonance, which is represented by a higher value of ξ(ν). The 

excited microcavity mode has its E-field inside the gain 

medium predominantly polarized perpendicular to the quantum 

wells, satisfying the intersubband selection rule. In these 

simulations, we assumed a frequency-independent gain for the 

active medium, so that the metasurface response can be 

analyzed independently of the choice of active material. In 

reality, the gain will have its own lineshape; the general design 

goal is to match the metasurface resonance with the peak gain 

frequency of the gain medium. In practice, this is typically 

accomplished by first measuring the lasing spectrum of a 

conventional metal-metal waveguide QC-laser fabricated from 

the same active material, and then designing the metasurface 

dimensions around the measured values.  

Fig. 3. (a) Simulated reflectance spectra for four metasurfaces with ridge widths 

varying from 11-12.5 m and fixed period  = 70 m. The solid lines are 

results for passive metasurface with g = 0 cm-1, and the dashed lines are for 

active metasurface with g = 30 cm-1. (b) Simulated reflectance change (plotted 

in log scale) with medium gain (g) for a metasurface with w = 11.5 m and  = 

70 m at different frequencies. The transparency gain gtr is almost fixed. The 

inset shows the E-field profile for the excited TM01 mode. (c) Colormap of the 

simulated absorption (A = 1-RMS) spectra for a passive metasurface with ridge 

width w varied from 6 - 13 m and period  fixed at 70 m.  

It is important to note that despite its resemblance to a 

grating, the primary mechanism of operation for the 

metasurface is not Bragg-scattering. Rather, each microcavity 

antenna is locally selfresonant on the unit cell level. This is 

readily seen in simulated absorption (A = 1-RMS) spectra from a 

passive metasurface with ridge width w varied in a large range 

from 6 – 13 m and period  fixed at 70 m, shown in Fig. 

3(c). Two bands are observed in this dispersion map. For a large 

ridge width (>9 m), the lowest frequency mode is the 

localized microcavity resonance; it scales inversely with w, and 

has a relatively broad bandwidth due to the low radiative 

quality factor (Q) of the antenna (Q~10–15 in simulation). The 

higher frequency band at and above ~4.3 THz represents a 

propagating surface Bloch waves that is coupled to normally 

incident radiation via Bragg scattering when λ0 ≈ Λ or  λ0 ≤ Λ. 

The passive reflectance spectra for ridge widths varying from 

11 – 12.5 m in Fig. 3(a) are the line cuts from part of this 

spectral map, excluding the high frequency region containing 

Bragg scattering features. However, as the ridge width is 

reduced, the microcavity mode resonance increases in 

frequency and hybridizes with the surface Bloch wave mode, 

which is characterized by an anticrossing feature. This is 

accompanied by an increase in the radiative Q of the 

microcavity mode and an increased dependence on Λ of the 

resonance frequency, a phenomenon which has been observed 

in a variety of coupled systems [37, 38]. Despite the higher Q of 

the surface Bloch wave, this mode is undesirable for VECSEL 

operation, since it is less confined to the active region, and for a 

finite sized metasurface, is associated with considerable 

scattering and diffraction losses. Thus, we typically remain in 

the region of design space where the microcavity mode 

resonance is clearly distinct from the surface Bloch wave.  

A further complication arises due to the fact that a finite 

sized beam incident upon the metasurface will contain 

components with non-zero transverse momentum, i.e. 

obliquely incident components could more easily excite the 

surface Bloch wave than expected from plane wave simulations 

[39]. For a non-zero incident angles θ as defined in Fig. 2. this 

excitation occurs at a frequency lower than the first-order 

Bragg diffraction (at c/Λ). For example, in one of our early 

metasurface designs for 2.7–3.0 THz, we chose period Λ = 

90 m (corresponding to c/Λ ~3.33 THz), with the ridge width 

varied from 11.5–13.5 m to overlap with the gain peak [29]. 

The reflectance spectra have been measured using a FTIR 

spectrometer for these five metasurfaces, nominally at normal 

incidence (see Fig. 4(a)). First, as expected, resonances are only 

observed when the incident radiation is polarized transverse to 

the ridge axis. Second, the spectra clearly show two absorption 

features, corresponding to the microcavity TM01 mode 

resonance and surface guided mode excitation. As w decreases, 

the resonance frequency increases. For w = 11.5 m and 12 m 

width designs, the resonances become strongly coupled and an 

anticrossing is observed. This is consistent with our 
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experimental observations: VECSEL designs based upon w = 

12.5, 13 μm metasurfaces all were observed to lase (see spectra 

in Fig. 4(a)), while designs with w = 12, 11.5 μm did not lase, 

despite the fact that the active material was known to have 

strong gain at those frequencies. A metasurface with w = 13.5 

μm did not exhibit lasing likely due to the spectral mismatch 

between metasurface resonance and the gain medium. The 

effect of the surface wave is also manifested in reflectance 

spectrum simulations for a metasurface (w = 12.5 m,  = 90 

m) under plane wave incident from different angles, as seen in 

Fig. 4(b). Since it is an infinite structure simulation, for normal 

incidence θ = 0° the localized microcavity resonance is at 3.0 

THz, and the first-order Bragg diffraction is observed starting 

at ~3.33 THz, almost exactly at c/. For θ = 2°, a guided mode 

is excited at 3.16 THz, which is bound to the metasurface and 

propagates in the transverse direction, as Fig. 4(d) shows. This 

is very different from the localized microcavity mode excited at 

3 THz (see Fig. 4(e)). The coupling of two modes also narrows 

and shifts the microcavity mode resonance dips. This impact is 

increased with a larger incident angle as the guided mode 

excitation occurs at a lower frequency. The key strategy to 

suppress the impact of the surface wave is to further reduce the 

period  compared to λ0 – perhaps more than would be initially 

expected. As seen in Fig. 4(c), by reducing  from 90 to 80 m, 

the guided mode excitation is pushed to frequencies much 

higher than the microcavity resonance, which is therefore 

slightly affected by oblique incidence. The primary drawback 

to this strategy is the desire to minimize the fill factor w/ to 

minimize the thermal dissipation per unit metasurface area, 

which is especially important for THz QC-laser cw 

performance. 

Fig. 4. (a) Measured reflectance spectra for five metasurfaces with ridge widths 

ranging from 11.5 – 13.5 m and Λ = 90 m, with the incident E-field polarized 

transverse to the ridges. The reference used is a flat gold surface. The black line 

is the measured with E-field polarized along the ridges. The lasing spectra 
measured at 77 K for two QC-VECSELs based on w = 12.5, 13 μm 

metasurfaces are plotted in the corresponding color below the reflectance 

spectra. (b) Simulated spectra for a metasurface with 12.5 m ridge width and 

Λ = 90 m with a plane wave incident at different incident angles. For 2° 

incident angle, the excited guided mode at 3.16 THz is shown in (d) and the 

TM01 microcavity mode resonant at 3 THz is plotted in (e). (c) Simulated 

spectra for a metasurface with 12.5 m ridge width and 80 m period with a 

plane wave incident at different angles.  

III. LASER MODEL FOR IDEALIZED QC-VECSEL

Fig. 5. (a) Schematic of idealized metasurface VECSEL cavity with mode area 
of A and length L, where the metasurface sub-cavity period is Λ. (b) Three-level 

model for QC-laser gain medium, where non-radiative relaxation times τ32, τ31, 

and τ2 are explicitly shown. Level 1 (injector state) is not explicitly shown. 

In this section we derive a basic formalism to describe the 

threshold condition and slope efficiency for an idealized 

QC-VECSEL. We consider a cavity as illustrated in Fig. 5(a), 

constituted between a metasurface reflector of area A with 

passive reflectance R1, and an output coupler with reflectance 

R2 and transmittance T2=1-R2. The incident and reflected 

circulating intensities are I+ and I- respectively, as defined just 

above the metasurface. We also include a single-pass 

transmittance T for the propagation over the cavity length L 

which includes the effect of diffraction loss, atmospheric 

absorption, and cryostat window transmission. The metasurface 

produces a uniform power gain
gG e , so that its active 

reflectance is equal to R1G. The bulk gain coefficient of the 

active QC-laser material at the cavity mode frequency ν is 

g=g(ν). We assume for the moment that the intensity is uniform 

in the transverse direction, and that the mode area and 

metasurface area are identical; later we will modify our 

expression to account for a transverse confinement factor. 

Using Eq. (1), the threshold gain coefficient gth is obtained by 

requiring the intensity to be unchanged after one round trip: 

 2

1 2ln
th

T
g

R R


 .        (2) 

To go further, we model the QC-laser active material as a 

3-level system, as shown in Fig. 5(b). The upper radiative state

3 is pumped using tunneling current injection at a rate of Jη/eLp,

where J is the current density, η is the injection efficiency, e is

the fundamental charge, and Lp is the length of one cascade

period. The remaining fraction (1-η) of current density is

injected into the lower radiative state 2, which is then emptied

by some combination of tunneling and electron-phonon

scattering. The various non-radiative lifetimes are given by τ3,

τ32, and τ2. This is a standard treatment for QC-laser systems

similar to that given in Refs. [40, 41].
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Within the active material, we use a standard expression for 

the saturated gain coefficient for a homogeneously broadened 

gain transition: 

 
0

0 0

(

1

1)

1

leak eff

p

s s

J Jg J

I IeL
I

g

I



 

  ,  (3) 

where g0(J) is the unsaturated gain coefficient, which we 

assume is proportional to the pump current density J. Jleak is an 

empirical shunt leakage current. The effective upper state 

lifetime is given by  3 2 321up     , and the effective 

lifetime for population inversion is 2( )1eff up     , 

which accounts for a non-unity injection efficiency η. For the 

case of η = 1 we see
eff up  . The circulating intensity within 

each sub-cavity ridge is I0, and the saturation intensity is

 up 2sI h    . The stimulated emission cross section at 

the cavity frequency is σ(ν), such that 3 2) ( )( )( ng n    , 

where n3 and n2 are the 3D population densities of levels 3 and 2 

respectively. Setting the value g = gth, we can obtain an 

expression for the intensity vs. current density: 

 
0

2

eff th

p eff th

J J
I

h

eL g



 


 ,            (4) 

where the threshold current density is: 

th p

th leak

eff

g eL
J J


 .        (5) 

We now must relate the intensity I0 inside the microcavity to 

the open cavity circulating intensities. The field within each of 

the N microcavities centered at xi can be well approximated by 

a standing wave field profile. The field within the cavity of 

length L can be then be approximated as  

 

 

0 0

open cavity

1

inside sub-cavitie  l

0

on y

1

s

ˆ ( , )

ˆ ( , ) sin

z z

N

i

ik ik

th

i

x x y r

z

E

x y x

G e

x
w

e

E














 


 
 
 



E

,    (6) 

where x̂  is the unit vector transverse to the microcavity ridges, 

r1 is the field reflection coefficient of the metasurface, and 

ψ(x,y) is a slowly varying transverse modal profile (assumed 

for now to be unity – i.e. a top-hat beam). Conservation of 

energy requires  

0 0

abs

UdU
A( I I )

dt Q


    ,      (7) 

where U0 is the electromagnetic energy stored inside the 

antenna microcavity, 0 is resonance frequency, and Qabs

represents the nonradiative quality factor of the microcavity 

that accounts for the absorption loss. We write U0 based on (6): 

00 0

2

4

1
rU AF E h  ,         (8) 

where h is the microcavity height determined by the active 

material thickness, r is the relative permittivity of the active 

material, and F  is the fill factor of biased antenna area over the 

entire metasurface area (F = w/Λ for the metasurface shown in 

Fig. 2). We further write 0

( )t

s

r

ab

n
Q

g g c




 , where transparency

gain 1

1lntrg R   , and is obtained from numerical 

simulations such as described in Sec. II. Using the relation 
2

1 0 2GI R I c E   and combining Eq. (7) and (8), we can 

define a field enhancement factor M as 
2

1

2

0

1

2(1 )

( )tr

E R G
M

R G g g nhFE


 


.         (9) 

The output intensity is written as 2(1 )outI R TI  . With 

0

2

0 0 4I nc E and
0

2 2 2I c r E   we can write the output 

intensity as: 

2

0

2(1 )
out

R T
I I

nM


 .  (10) 

Substituting Eq. (4) and (9) to Eq. (10), using the laser 

threshold condition  
1

2

1 2thR G R T


 , and multiplying by the

metasurface area A, we obtain the total output power as 

 
2

2 2

2 2

2 2 1 2

(1 )

1 ln( )

ln( )

( )

opti

eff

out p th

eff

T Rh
P N

R

e R

T
I I

R T R T





 



 
  ,    (11) 

and 
2

1 2ln( )p

th

eff

leak

eL R R
AF

T
I J

 

 
 







.   (12) 

A. Modal Nonuniformity

The derivation so far doesn’t account for the effects of modal

non-uniformity and spatial hole burning. For example, the 

effect of modal nonuniformity is to reduce the slope efficiency 

near threshold, as the injected current is effectively wasted in 

regions with low modal intensity. The effect of spatial hole 

burning is particularly acute in THz QC-lasers, due to the long 

length scale of the standing wave (~10 μm) compared to the 

lateral diffusion lengths of the inverted carrier population 

(estimated at a few hundred nm). As derived in Ref. [42], this 

effect results in a nonlinear P-I curve, however near threshold a 

linearized expression can be derived, and included through an 

additional “uniformity efficiency” factor ηu ≤ 1 into Eq. (11). 

The slope efficiency near threshold can then be written: 

p opt i u

dP h

dI e
N


  .         (13) 

Since the electric field is polarized almost entirely in the

z-direction within metal-metal waveguides (see Fig. 3(b) main

text), the uniformity factor associated with the microcavity

mode can be written as

4 4
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2 2

2 2
( , )

( , )

act A

act A

z

u

act z

x y

x

E dA dA

A E dA A Ay d






   
   
   



 

 
.             (14) 

The first factor describes the modal uniformity within each 
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Fig. 7. Schematics of three QC-VECSEL cavity designs: (a) plano-conave mirror Gaussian cavity; (b) plano-plano Fabry-Pérot cavity; (c) plano-plano compact 

cavity inside a cryostat. 

microcavity, and the second factor describes the uniformity of 

the slowly varying cavity mode profile incident upon the 

metasurface. While ηu can be solved exactly from numerical 

results, for a uniform cavity mode and the sinusoidal 

dependence of the mode within the microcavity described by 

Eq. (6), ηu = 2/3 (very close to the value of 0.65 extracted from 

a finite element simulation (inset of Fig. 3(b))). If the transverse 

beam ψ(x,y) within the cavity is not uniform, then ηu will be 

further reduced. This function is plotted for a Gaussian beam 

with spot size w0 on a square metasurface, where only the 

center circular area of diameter 2a is biased. The uniformity is 

shown in Fig. 6 and suggests that under-filling a metasurface 

with the beam will cause a significant reduction in output 

power. Transverse mode confinement factor Γt as defined in 

Eq. (17) in the Appendix is also plotted in Fig. 6, which exhibits 

a trend opposite to ηu. This suggests a tradeoff between these 

two factors in the metasurface bias area design.  

Fig. 6. Uniformity factor ηu according to Eq. (14) and transverse confinement 

factor Γt according to Eq. (17) in the Appendix for Gaussian beam with spot 
size waist w0 on a square metasurface where only the center circular area with a 

diameter of 2a is biased. 

The effects of modal uniformity and spatial hole burning 

illustrate one of the largest differences between the metasurface 

VECSEL and conventional Fabry-Pérot waveguide QC-lasers. 

While longitudinal spatial hole burning in a semiconductor 

laser also results in a reduced ηu for any given mode, in a 

Fabry-Pérot laser multi-mode oscillation “washes-out” the 

overall field nonuniformity and allows for the most efficient 

use of the available gain. Hence ηu typically does not appear in 

most conventional expressions for the slope efficiency. 

However, in a VECSEL cavity, all of the various longitudinal 

modes in the external cavity interact with the active material 

through the same metasurface resonance, and have the same 

uniformity factor ηu. This may lead to a suppression of 

multi-mode operation – more work is needed to fully 

understand this phenomenon. However, we should also point 

out that this effect may be “engineerable” by designing 

spectrally and spatially inhomogeneous metasurfaces.  

IV. CAVITY DESIGN

 QC-VECSELs have been demonstrated in a variety of 

external cavity types. The first demonstrations of 

QC-VECSELs were made with a gold concave mirror external 

to the cryostat in conjunction with the active metasurface 

mounted within to form a hemispherical cavity, as shown in 

Fig. 7(a) [43]. While the concave mirror provides nearly unity 

reflection to the cavity, outcoupling is not possible unless a hole 

is drilled in the mirror. Given that partially transmitting 

spherical mirrors are not readily available in THz range, we 

soon turned to using flat output couplers to build plano-plano 

Fabry-Pérot (FP) cavities by as shown in Fig. 7(b). It is possible 

to use an off-the-shelf wire grid polarizer as an output coupler 

[29]. A particular advantage of this approach is that the output 

coupling efficiency is tunable with the polarizer's orientation, 

enabled by the polarized response from both the metasurface 

and the polarizer. This allows optimization of the power 

“on-the-fly” simply by turning the output coupler to reach the 

optimum coupling point. However, the polarization eigenstate 

for the circulating cavity mode is non-trivial, and a function of 

orientation, which complicates analysis.  

Fig. 8. Calculated round-trip cavity loss induced by beam walk-off due to 
angular misalignment vs. misaligned angle for three types of cavity: 

plano-plano Fabry-Pérot cavity, focusing-metasurface (FCMS)-plano 

near-Gaussian cavity, concave mirror-plano Gaussian cavity. All the other 
sources of loss are neglected.  

Meanwhile, we designed and fabricated a number of THz 

output couplers (OCs) based upon either inductive or capacitive 

metal meshes of different mesh sizes on a crystal quartz 

substrate to provide different amounts of reflectance [44, 45]. 

Due to the FP effect of the substrate, the 

transmittance/reflectance of these OCs changes with frequency 

in a oscillating manner, which we measured exactly using a 

FTIR spectrometer (see Appendix). Unlike using a polarizer as 

OC, these metal mesh OCs are insensitive to polarization. In the 
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recently demonstrated focusing metasurface QC-VECSEL 

[46], we used these metal mesh OCs to form a cavity, instead of 

a wire-grid polarizer, to prevent the polarized response from the 

OC from interfering with the focusing effect. The QC-VECSEL 

based on a focusing metasurface exhibits a higher stability than 

the previous plano-plano FP cavity, resembling a 

concave-plano hemispherical cavity. This is confirmed by the 

numerical modeling of cavity loss change with the misaligned 

angle between OC/concave mirror and metasurface, based on a 

modified Fox-and-Li method [47], which is shown in Fig. 8 

(See Section V for experimental data on focusing metasurface 

VECSELs).  

The third type of QC-VECSEL cavity that we have 

demonstrated is a compact intra-cryostat cavity, as shown in 

Fig. 7(c). The parallelism between the OC and metasurface is 

achieved by fine tuning a specially designed mechanical stage 

at room temperature, which is then mounted inside the cryostat 

and cooled down. While this approach prevents fine alignment 

of the cavity during operation, our experience so far suggests 

that misalignment during cooldown is not a significant problem 

for high performance metasurfaces. In particular, using a 

focusing metasurface and a short cavity length can help to 

reduce the sensitivity to misalignment in this configuration. 

This compact cavity is not only convenient for application, but 

also eliminates any possible loss from the cryostat window and 

the atmosphere. The lasing threshold for this cavity has been 

found to be much lower than the external FP cavity counterpart 

with the same OC and metasurface (see Fig. 13). 

V. EXPERIMENTAL RESULTS

Fig. 9. Measured lasing spectra for some demonstrated QC-VECSELs based on 

various metasurfaces designed with different ridge widths (labels above each 

spectrum show the nominal width) and periods  fabricated on different active 

QC-laser materials.  

A. Spectral Engineering

So far we have demonstrated various QC-VECSELs lasing

in a range from 2.5 – 4.4 THz. This is achieved by designing 

metasurfaces with different periods  and ridge widths w and 

pairing them with various resonant-phonon QC-laser active 

region designs [4, 30]. Fig. 9 shows a family of lasing spectra 

from different THz QC-VECSELs, all of which were taken 

using the OC outside the cryostat (except the 4.4 THz 

demonstrated with a intra-cryostat cavity). As expected, there is 

an approximate inverse relationship between ridge width w and 

the lasing frequency. Typically the lasing is in single-mode 

when the cavity length is optimized to achieve a maximum 

power output. This is attributed to the frequency dependence of 

the metasurface gain response, in conjunction with the etalon 

filter effect of the cryostat window. A ~3-mm thick 

high-resistivity silicon window is typically used in order to 

minimize the loss (estimated round-trip loss of 7%) – however 

the large index of Si creates a strong Fabry-Pérot filtering 

effect. As the cavity is tuned away from its optimum length, 

hopping between longitudinal modes separated by the 

window's free spectral range and lasing in multiple longitudinal 

modes are occasionally observed. Temperature change can also 

induce a longitudinal mode hop [29].  

B. Metasurface QC-VECSELs paired with different OCs

One advantage of THz QC-VECSEL is the freedom of

controlling output coupling efficiency by either turning the 

polarizer as explained in [29] or simply using different metal 

mesh OCs. This not only allows the optimum coupling 

efficiency to be readily achieved, but also provides an approach 

to study the loss from a passive metasurface, similar to 

extracting the waveguide guide loss by measuring lasers of 

various ridge length [48]. For this study, we used four output 

couplers (labeled as OC-1 to OC-4) fabricated all on one 

~100 m-thick quartz substrate and comprised of either 

capacitive or inductive metal meshes of different sizes to 

systematically vary the reflectance R2. We measured the 

transmittance T2 (spectra shown in Appendix) such that that 

R2=1– T2 . Fig. 10(a) shows four power-current-voltage (P-I-V) 

curves for the same metasurface paired with each OC. The 

metasurface is a uniform design with w = 11.5 m and Λ = 70 

m. Due to the dependence of the OC's reflectance on 

frequency, the VECSEL lasing frequencies are slightly 

different. The slope efficiency dP/dI and the threshold current 

density Jth are extracted for each P-I-V and fitted with the 

expressions for slope efficiency and threshold current density 

based on Eq. (11), (12), and (13). We estimate 18% round-trip 

loss comprising 7% Si window loss and 11% diffraction loss 

obtained from Fox-and-Li cavity modeling (for this uniform 

metasurface-plano FP cavity of 9-mm cavity length), such that 

T
2
 = 0.82. Fig. 10(b) and (c) show the extracted dP/dI and the 

threshold current density Jth, with the curve fitting result. Fitting 

the data yields values of R1 = 0.62, i u 0.29  , and Jleak = 343

A/cm
2
. The measured passive reflection is close to the 

simulated value of 0.76 at resonance frequency of 3.4 THz. If 

we assume u 0.65  , this implies that the internal quantum 

efficiency at 77 K is i 0.45  . These values are relatively 

insensitive to the estimated value of T
2
. The bulk gain increase 

per injected current density was extracted as eff peL = 

0.64 cm/A. This value was obtained assuming 

ξ = 1.63×10
-2

 cm from simulation data as in Sec. II; however 

there is some uncertainty in ξ if VECSEL is in fact lasing 

slightly detuned from the metasurface resonance. Direct 

measurements of the metasurface reflectance and gain will be 

necessary in the future to directly measure this value. 
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Fig. 10. (a) Measured 77 K pulsed P-I-Vs for QC-VECSELs built with one 
metasurface and four OCs. The inset shows the lasing spectra for each 

VECSEL. (b) Slope efficiency change with the OC reflectance R2. The black 

dashed line is the fitted curve. (c) Threshold current density Jth change with the 
OC reflection R2 represented in -lnR2. The black dashed line is the fitted curve. 

C. Focusing metasurface QC-VECSELs

Inspired by reflectarray antennas, we demonstrated

high-performance THz QC-VECSELs using a focusing 

metasurface design, which the exhibited a significant 

improvement in beam pattern and cavity stability [49]. The 

focusing effect was achieved by spatially modulating the 

metallic microcavity width to design an inhomogeneous phase 

response over the metasurface to mimic a concave mirror's 

phase front [46]. Fig. 11(a) presents the measured P-I-V for a 

QC-VECSEL based on a 2-by-2 mm
2
 focusing metasurface 

designed with an effective curvature radius of R = 20 mm for 

3.5 THz. The metal mesh OC is mounted outside the cryostat 

with a cavity length of ~9 mm and its transmittance is measured 

to be 0.14 at the lasing frequency. A near-diffraction limited 

beam pattern with ultra narrow full-width half-maximum 

(FWHM) beam divergence of 3.4°-by-3.3° [50]. This is among 

the narrowest beam directly produced by a THz QC-laser 

reported so far. The measured result agrees with the calculated 

FWHM divergence of 3.5° for an ideal semispherical Gaussian 

cavity with a concave mirror of 20 mm curvature radius. The 

M
2
 beam pattern is further measured for the beams generated 

from some focusing metasurface QC-VECSELs, which gives a 

low value of M
2
 = 1.3 in both x- and y- direction, and leads to a 

high brightness (Br = P/(Mx
2
My

2
λ

2
)) of 1.86 × 10

6
 Wsr

−1
m

−2

given a measured output power of P = 27 mW [46, 51]. We also 

observed a degradation in beam quality with M
2 
increased to 2.2 

– 2.5 when the cavity length is close to the designed curvature

radius for the focusing metasurface, likely as a result of the 

increased diffraction occurring on the metasurface edge.  

Fig. 11. (a) Measured 77 K pulsed P-I-V for a QC-VECSEL based on a R = 20 
mm focusing metasurface paired with a metal mesh OC. The set is the lasing 

spectrum. (b) Measured 2D beam pattern for the focusing metasurface 

QC-VECSEL and 1D cuts of the beam in x and y direction. Black dashed lines 
are the Gaussian curve fits. (c) Measured threshold current density change with 

δx and δy for QC-VECSELs based upon three different metasurfaces. (Figures 

originally published in [46]).  

The focusing designs were found to be easier to align and 

more tolerant of misalignment than uniform metasurface 

designs. The cavity stability improvement is further quantified 

by first optimizing the alignment of the cavity to achieve 

parallelism, and then intentionally introducing angular 

misalignment in either the x or y axis by tilt angles δx and δy 

respectively. At each misalignment setting, a P-I-V was 

measured and the threshold current density Jth was recorded. 

We performed this measurement for three metasurfaces: 

focusing metasurfaces of R = 10 mm and 20 mm, and a uniform 

metasurface similar to the design in [29]. As shown in Fig. 

11(c), Jth increases with the tilt angle in both axes in a modest 

manner for the two focusing metasurface QC-VECSELs – 

devices still lase even with 4° misalignment. In contrast, the 
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uniform metasurface exhibits a dramatic rise in Jth with 

misalignment, and ceases to lase for misalignments greater than 

3.5°. This effect is particularly notable for longer cavities due to 

larger walk-off losses. So the focusing design is beneficial for a 

cavity with OC external to the cryostat, which has a cavity 

length no less than ~9 mm due to the experimental constraints.  

D. Intra-cryostat cavity QC-VECSEL

To further improve the compactness and performance of

QC-VECSEL, it is possible to contain the entire cavity within 

the cryostat, as shown in Fig. 7(c). This avoids any loss and 

etalon effect associated with the cryostat window and 

atmosphere. A miniature mount was designed to hold the OC in 

parallel with the metasurface, which is fine tuned at room 

temperature and then mounted inside the cryostat. After 

cooldown, it is possible that thermal contraction may introduce 

angular misalignment of OC and we lack access to correct it. To 

mitigate this effect, it is helpful to use short cavity lengths of 

2–3 mm in order to keep the cavity loss due to OC 

misalignment at a low level. Use of a focusing metasurface is 

also helpful, although not essential, to reduce the effects of 

misalignment.  

Fig. 12. (a) Measured 77 K pulsed P-I-V for an intra-cryostat cavity 

QC-VECSEL based on a uniform metasurface. paired with a metal mesh OC 
mounted inside the cryostat. The inset shows the spectra change with the 

current injection level. (b) Measured 2D beam pattern for the intra-cryostat 

cavity QC-VECSEL and 1D cuts of the beam in x and y direction. Black dashed 
lines are the Gaussian curve fits. 

Some of the best performing QC-VECSELs to date have 

been achieved in this configuration. An example is a device 

with a high peak power of 140 mW in pulsed mode at 77 K, 

based on a 2-by-2 mm
2
 uniform metasurface with 11.5-m 

ridge width and 70-m periodicity, and with a center circular 

area of 1 mm diameter biased. The slope efficiency is a record 

high 745 mW/A for a THz QC-laser at 77 K, which corresponds 

to roughly 0.33 photons emitted per electron per stage above 

threshold. The peak wall-plug efficiency was 1.5%. The OC 

used has its transmittance at 18-20% in the lasing frequency 

range. The measured spectra show lasing in two neighboring 

longitudinal modes at low biases, which gradually evolves to a 

dominant high frequency mode with a higher bias due to the 

Stark effect in quantum wells. At the peak power bias, the 

lasing is essentially single-mode. The two modes are separated 

by 61 GHz (measured with a FTIR spectrometer with 7.5 GHz 

resolution), from which we can infer that the cavity length is 2.5 

mm. Accompanied with the high power output is a

near-Gaussian circular beam pattern with a FWHM divergence

angle of 4.9°-by-4.3°.

Fig. 13. Measured threshold current densities for focusing metasurface 
VECSELs based on an identical metasurface design with the only difference in 

the diameter of the center circular bias area.  They are paired with the same OC 

in two cavity geometries: OC mounted outside and inside the cryostat with 
cavity length of ~9 mm and 2–3 mm respectively.  

We attribute the high power and efficiency performance 

from this compact cavity QC-VECSEL to the removal of 

cryostat window loss and air absorption loss, as well as the 

shortened cavity length that reduces the cavity diffraction loss. 

This is reflected in the reduced threshold current density as the 

OC is placed inside the cryostat, as shown in Fig. 13. The loss 

minimization is also very critical to achieving cw operation at a 

high temperature (at or above 77 K). In another compact cavity 

demonstration, we used a focusing metasurface designed with a 

smaller than usual bias area (circle of 0.7-mm diameter) and 

observed 83 K cw operation with a considerable amount of 

power ~5 mW. This is larger than previous records for cw 

power at 77 K, which are typically 1–2 mW at best in 

metal-metal waveguides [22, 30, 52]. The only drawback of 

reducing bias area is the resulting increase in threshold current 

density shown in Fig. 13, due to the reduced transverse 

confinement factor Γt (see Fig. 6). This high-power cw 

performance illustrates a further advantage of the metasurface 

VECSEL approach. The active material is essentially diluted 

over a large area in sparse ridge microcavities; this decreases 

the power dissipation density and provides a more favorable 

geometry for cooling than for a single wider ridge waveguide. 

Putting aside improvements in the underlying QC-active 

material, further improvements in cw performance from 

VECSELs are likely possible by (a) improving heat removal via 

better heat sinking (no substrate thinning has been performed 

for the current devices), (b) reducing the bias area to reduce the 

total drive current, (c) increasing the sparsity of the metasurface 

(by using patches rather than ridges for example [53, 54]).  
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VI. CONCLUSION

We have reviewed the state-of-the-art for THz 

QC-VECSELs in terms of the metasurface theory and design, 

laser model for idealized QC-VECSEL, cavity design, 

frequency engineering, output coupling efficiency analysis, and 

some recent high-performance achievements. QC-VECSELs 

have exhibited a significant improvement to THz QC-lasers in 

many aspects, including a directive, near-diffraction limited 

beams of 3.4°-by-3.3° FWHM divergence, a high pulsed output 

power of 140 mW with a high slope efficiency of 745 mW/A at 

77 K, and cw operation with ~5 mW power output at 77 K. The 

QC-VECSEL approach paves a promising way to make 

high-performance QC-lasers. Higher power output and 

improved performance at cw or high temperature are projected 

by scaling up the metasurface area, and optimizing the thermal 

dissipation efficiency through metasurface design and thermal 

engineering. Furthermore, advanced metasurface designs 

enable QC-VECSELs with new functionality such as 

electrically-switchable polarization [50].  

APPENDIX 

A. Output couplers

The measured transmission spectra for the four metal mesh

OCs used in Fig. 4 are shown in Fig. 14. Measured transmission 

spectra for four metal mesh OCs. They are all fabricated on one 

quartz substrate of ~100-m thickness.  

Fig. 14. Measured transmission spectra for four metal mesh OCs. 

B. Relationship to conventional formalism

The formalism defined in Sec. III can be linked to a more

common form for semiconductor lasers, if one defines the 

threshold gain gth in terms of a loss coefficient αcav (prorated 

over the cavity round trip length 2L) according to: 

 2
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th cav
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where Γ = ΓlΓt is a modal confinement factor which describes 

the overlap of the mode with the QC-active material (satisfying 

the polarization selection rule). It can be defined using a 

standard expression, 
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which can be conceptually separated into a longitudinal 

confinement factor Γl(ν) and a transverse confinement factor Γt. 

The longitudinal confinement factor contains the field 

enhancement effects of the microcavity resonance M(ν). For 

large cavity lengths, and using the field in Eq. (6), we can 

approximate  
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This expression has undesirable feature that it depends upon the 

threshold gain Gth. However, in the limit of a high finesse 

cavity, R1, R2, T, and Gth are all close to unity. In this limiting 

case, Γl is directly proportional to the fitted ξ parameter 

extracted from the numerical metasurface simulation: 

2 lL n   (see Eq. (1)). 

When the transverse extent of the mode is smaller than the 

biased area of the metasurface, the transverse confinement 

factor Γt is unity (see Fig. 6 for the dependence of Γt on the 

filling of a metasurface with different mode sizes). However, 

for cases where only a section of the metasurface receives 

current injection over a “bias area,” we can use 

bias area
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Note, if we assume a lossless transmittance for the external 

cavity, i.e. T = 1, the optical coupling efficiency in Eq. (11)

reduces to
opt m cav   where 2ln 2m R L   is the prorated 

output mirror loss coefficient. The threshold current density 

becomes  

lea

p

th cav

eff

k

eL n
J J

 
 , (18) 

These are the classic formulas for Jth and dP/dI for waveguide 

based QC-lasers. The factor of n in these definition results from 

the fact that the prorated loss coefficients are over a length 2L in 

vacuum, while the gain coefficient is defined in the 

semiconductor medium with refractive index n.  
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