
Emission control of  
Terahertz Quantum Cascade  

microresonators
Andrea Ottomaniello 

XXXII CICLO DI DOTTORATO  
  Dipartimento di Fisica “E. Fermi” 

Pre-Thesis



A. Ottomaniello PhD Pre-thesis, 22 Ottobre 2018 

Introduction

“Quantum Cascade” concept

F. Capasso, Optical Engineering, 49(11), 111102 (2010)

Quantum Cascade Laser (QCL)

Design the width of wells and barriers

• active region (optical transition) 

• injector (resonant tunneling)
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1994 – Mid-IR QCL demonstration (J. Faist, F. Capasso et al., Science 264, 553) 

2002 – Quantum Cascade Lasers in the THz range (R. Köhler, A. Tredicucci et al.,  Nature 417, 156)  

Redrawn from K. Fukunaga et al., Proc. of SPIE Vol. 7391 73910D-1, (2009) 

• Medical imaging, bio-sensing ! Not invasive, sensitive to water content 

• Security, Quality control ! Plastic is transparent, material fingerprints 

• Observational astrophysics

Introduction
Terahertz (THz) radiation

from 100 GHz to 10 THz

from 30 μm to 3000 μmλ

ν
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Introduction
THz QCL challenges

Technological challenges: 

• Low-T operation due to longitudinal phonon emission (III-V, phonon energy GaAs: 
36 meV) and thermal back-filling, record lasing @~200K (not considering 
magnetic field confinement) 

• Broad-band operation for spectroscopy, small and low frequency tuneability 

• Low efficiency light extraction and beam shaping

waveguide engineering

QCL miniaturization in sub-wavelength devices
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Merging features from

Whispering gallery mode (WGM)  
               resonators

Photonics Electronics

Dipole-antenna emitters

• Simple geometrical objects 

• Efficient far-field coupling

• High quality factors 

• High confinement factor
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Subwavelength devices with regular vertical beam patterns
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Adding a dipole antenna (suspended air-bridge wire):

Device description
Concept
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emitting distributed feedback QCLs with a definite phase relation that
interact in the far field20. This concept has recently allowed highly
collimated emission in the THz range under pulsed conditions.
Microdisk resonators operating on whispering-gallery modes

(WGMs) are known to yield lasers with very low threshold currents
thanks to their combination of a small size and high mode quality
factors21. For the same reason, however, efficient light extraction is a
rather problematic issue and is even more so in the vertical direction22;
a recent theoretical proposal suggested that the same metal-sandwiched
microdisk cavity could act as a radiating patch antenna23, but the
concept appears difficult to implement due to the high losses of
the mode under consideration. Even more extreme miniaturization is
possible by employing laser resonators based on inductance-capacitance
(LC) circuits5, but to date, this type of laser has displayed only very
limited performance.
In this paper, we introduce a novel resonator concept that merges

whispering-gallery cavities into a linear dipole antenna emitter. Our
hybrid design combines the advantageous high quality factor of
WGMs with the optimal feeding of their emissions into the regular
far-field profile created by the deeply subwavelength antenna.
By placing two subwavelength microdisk resonators in close

proximity, we induce the formation of supermodes, whose
Q-factors (with simulated values of 39 and 41 for the lowest
and the highest energy ones, respectively) easily guarantee low-
threshold continuous-wave lasing action near 3.5 THz. If the
coupling between these resonators is ‘guided’ by a suspended
metallic wire, dipole symmetry is imposed on the modes, which
gives rise to a dipole antenna-like field pattern with a resulting
strong out-of-plane emission. Additionally, our suspended wire
naturally acts as an electrode that allows the QCL heterostructure to
be biased without the need for potentially field-perturbing bond
wires in contact with the disks.

MATERIALS AND METHODS
Modeling and numerical simulations
The device design was conceived from single double-metal microdisk
resonators24,25. This geometry embeds the 11-μm-thick QCL active
region within a cylindrical mesa structure, which is covered with a
200-nm-thick metal layer and placed over a metallic, semi-infinite
ground plane. The resonator eigenfrequencies associated with the
intersubband-allowed TM-polarized modes were computed with the
open-system approximation using a finite element method solver, with
assumed refractive indexes of 3.6 and 225–319i for the semiconductor
stack and the metal, respectively, at 3.5 THz. The simulations returned
complex eigenvalues, from which the Q-factors were obtained by
considering the ratio between the real part and twice the imaginary
part of the eigenfrequencies. Because they were axially symmetric, all
the eigenmodes belonged to the Cn group, which is the group of
rotations with angle 2π⧸n. In the case of a microdisk with a radius of
20 μm, the WGMs with frequencies near 3.5 THz belong to the C3
group, which means that the field components have six nodes and
anti-nodes (three positive and three negative).
If two such resonators are then placed laterally close to each other,

the resonant modes couple. The resultant supermodes can be even or
odd with respect to mirroring along the x- or the y-axis (in the
coordinate system shown in Figure 1a), which results in four possible
mode combinations (Figure 1b), which we label M2n,±± , where 2n
indicates the number of anti-nodes of the mode of a single disk and
the first (second) ± indicates even or odd symmetry with respect to
the x- (y-)axis. Once the eigenmodes have been computed, their
respective far fields can be extracted by employing the Stratton-Chu
formula26. Their intensity profiles (Figure 1c, left panel) show that
most of the modes presented strong radial contributions and, in
general, that the emission in the vertical direction was strongly
suppressed. However, when the two microdisks were coupled through
a suspended metallic wire (in our case, the wire was 14.5-μm-long,
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Figure 1 (a) Sketch of the device. Two etched WGM resonators (1) are connected by a suspended wire (2). A larger electrode (3) connects the resonant
device to the bonding pad (4), where a bias can be applied from the top metal layer to the bottom ground plane. (b) Simulated Ez for all the possible
symmetry modes of the two coupled WGM resonators with no wire and with n=6. The odd modes for x-mirroring are the interesting ones in terms of vertical
emission, and the ones naturally occurring in our device have a ground node in the center of the suspended wire. (c) Far-field emission (in the coordinate
system of a for the simulated modes of b for devices without (left) and with (right) a suspended wire. (d) Energy profile of the M6-+ mode, on a log scale, for
both cases. Note the large energy density along the connecting wire.
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emitting distributed feedback QCLs with a definite phase relation that
interact in the far field20. This concept has recently allowed highly
collimated emission in the THz range under pulsed conditions.
Microdisk resonators operating on whispering-gallery modes

(WGMs) are known to yield lasers with very low threshold currents
thanks to their combination of a small size and high mode quality
factors21. For the same reason, however, efficient light extraction is a
rather problematic issue and is even more so in the vertical direction22;
a recent theoretical proposal suggested that the same metal-sandwiched
microdisk cavity could act as a radiating patch antenna23, but the
concept appears difficult to implement due to the high losses of
the mode under consideration. Even more extreme miniaturization is
possible by employing laser resonators based on inductance-capacitance
(LC) circuits5, but to date, this type of laser has displayed only very
limited performance.
In this paper, we introduce a novel resonator concept that merges

whispering-gallery cavities into a linear dipole antenna emitter. Our
hybrid design combines the advantageous high quality factor of
WGMs with the optimal feeding of their emissions into the regular
far-field profile created by the deeply subwavelength antenna.
By placing two subwavelength microdisk resonators in close

proximity, we induce the formation of supermodes, whose
Q-factors (with simulated values of 39 and 41 for the lowest
and the highest energy ones, respectively) easily guarantee low-
threshold continuous-wave lasing action near 3.5 THz. If the
coupling between these resonators is ‘guided’ by a suspended
metallic wire, dipole symmetry is imposed on the modes, which
gives rise to a dipole antenna-like field pattern with a resulting
strong out-of-plane emission. Additionally, our suspended wire
naturally acts as an electrode that allows the QCL heterostructure to
be biased without the need for potentially field-perturbing bond
wires in contact with the disks.

MATERIALS AND METHODS
Modeling and numerical simulations
The device design was conceived from single double-metal microdisk
resonators24,25. This geometry embeds the 11-μm-thick QCL active
region within a cylindrical mesa structure, which is covered with a
200-nm-thick metal layer and placed over a metallic, semi-infinite
ground plane. The resonator eigenfrequencies associated with the
intersubband-allowed TM-polarized modes were computed with the
open-system approximation using a finite element method solver, with
assumed refractive indexes of 3.6 and 225–319i for the semiconductor
stack and the metal, respectively, at 3.5 THz. The simulations returned
complex eigenvalues, from which the Q-factors were obtained by
considering the ratio between the real part and twice the imaginary
part of the eigenfrequencies. Because they were axially symmetric, all
the eigenmodes belonged to the Cn group, which is the group of
rotations with angle 2π⧸n. In the case of a microdisk with a radius of
20 μm, the WGMs with frequencies near 3.5 THz belong to the C3
group, which means that the field components have six nodes and
anti-nodes (three positive and three negative).
If two such resonators are then placed laterally close to each other,

the resonant modes couple. The resultant supermodes can be even or
odd with respect to mirroring along the x- or the y-axis (in the
coordinate system shown in Figure 1a), which results in four possible
mode combinations (Figure 1b), which we label M2n,±± , where 2n
indicates the number of anti-nodes of the mode of a single disk and
the first (second) ± indicates even or odd symmetry with respect to
the x- (y-)axis. Once the eigenmodes have been computed, their
respective far fields can be extracted by employing the Stratton-Chu
formula26. Their intensity profiles (Figure 1c, left panel) show that
most of the modes presented strong radial contributions and, in
general, that the emission in the vertical direction was strongly
suppressed. However, when the two microdisks were coupled through
a suspended metallic wire (in our case, the wire was 14.5-μm-long,
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Figure 1 (a) Sketch of the device. Two etched WGM resonators (1) are connected by a suspended wire (2). A larger electrode (3) connects the resonant
device to the bonding pad (4), where a bias can be applied from the top metal layer to the bottom ground plane. (b) Simulated Ez for all the possible
symmetry modes of the two coupled WGM resonators with no wire and with n=6. The odd modes for x-mirroring are the interesting ones in terms of vertical
emission, and the ones naturally occurring in our device have a ground node in the center of the suspended wire. (c) Far-field emission (in the coordinate
system of a for the simulated modes of b for devices without (left) and with (right) a suspended wire. (d) Energy profile of the M6-+ mode, on a log scale, for
both cases. Note the large energy density along the connecting wire.
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Characterization

pyroelectric detector (PYRO 1000 from Infrared System Development,
Goldenrod, FL, USA) and use a lock-in detection technique (which
was particularly necessary in the far-field measurements). Note that
the detector was preliminarily tested against a properly company-
calibrated THz pyroelectric detector (GENTEC-EO, INC., Lake
Oswego, OR, USA). The voltage drop across the device was measured
using a 4-wire connection scheme, and the total emitted power was
obtained by integrating the far field scanned at a distance of 7 cm and
a collection angle of 50°.
As shown in Figure 3b, a remarkably low lasing threshold was

observed. It varied from 5.7 to 6.3 mA (which corresponded to a
current density of 250–275 A cm− 2) as a function of the heat sink
temperature. Despite its very subwavelength size, with a resonator
volume of 2× 11 μm (πR2)≈2.5× 104 μm3 at a wavelength of
λ3≈1× 106 μm3, the laser provided strong emission with an integrated
power of up to 220 μW, a slope efficiency of approximately
160 mWA− 1, and a wall-plug efficiency of approximately 0.26%.
The measured threshold current at 7 K was slightly smaller than the

one observed for a ridge waveguide fabricated with the same
heterostructure as a reference (300 A cm− 2 at 10 K). Although this
difference could be attributed to the larger Q-factor of our resonator,
uncertainties spanning from the estimate of the active area and the
actual laser operating temperature did not allow us to make any
quantitative conclusion regarding comparing the thresholds of in the
two devices.
The 10 K emission spectrum near maximum power (13 V bias, see

Figure 4a) shows two lasing modes, which can be attributed to mode
M6-- (weaker peak) and to mode M6-+ (stronger peak); they are
expected to be simultaneously active in the far field with relative
contributions that are proportional to the ratio of the intensities of the
related emission lines IM6‐‐=IM6‐þ ¼ 0:04. Whereas mode M6-- had a
slightly lower threshold than mode M6-+, when the injection bias was
increasing, the M6-+ peak quickly dominated the spectrum, thanks to
the better output and collection efficiency of the collimated beam (see
the inset in Figure 4a). It is worth adding that the spectral
measurements in Figure 4 were collected by an f/1 parabolic mirror
placed at the same distance from the pyroelectric detector as in the far-

field experiment. The collection angle was then roughly the same as
that scanned in the far-field measurements. Although it is true
that this was a rough approximation, it was at least reasonable
to assume that the relative contribution of the modes to the
far-field measurements corresponded to the relative intensity recorded
in the spectra.
The emission patterns were collected at a distance of 7 cm, and IV

and LI curves were simultaneously enacted to examine the complete
evolution of the emission with the laser driving conditions. Whereas
we saw a mostly diffused pattern just above the threshold, as soon as
mode M6-+ became dominant, an intense central spot with a
divergence of ± 10° appeared in the vertical direction (Figure 4b).
The simulated (Figure 4c) far-field maps were created by extracting
the field components of modes M6-- and M6-+ using the Stratton-Chu
formula and weighting the respective intensity maps with the intensity
ratio deduced from the spectral measurements (see above). The
comparison with Figure 4b shows nearly perfect agreement with the
experimental emission profile.

CONCLUSIONS
Combining the optimal photonic properties of WGM resonators and
the efficient radiation patterns provided by metallic antennas, we
realized subwavelength THz microresonators that display extremely
low laser thresholds (o6 mA) with 220 μW vertical output power in
continuous-wave and in a very regular beam profile. Together with the
expected benefits for practical applications that require miniature THz
sources featuring low power consumption and high brightness, the
proposed device concept opens the path to more visionary perspec-
tives by borrowing concepts that traditionally belong to different fields.
Intriguingly, a device with a similar geometry could indeed be used
for experiments in which mechanical vibrations affect the laser action
itself29. It has been seen that the fundamental optical mode in
conceptually similar devices is somewhat related to the one of LC
resonators5 in which the two regions of the heterostructure behave as
capacitors connected by inductance, which, in our case, is the
suspended wire. Note that for the geometrical parameters reported
in this manuscript, the simulated frequency of the LC-like mode is at

20 µm

a

b

5 µm

16
0 50 100 150 200

Current density (A cm–2)

250 300 350

14

12

10

V
ol

ta
ge

 (
V

)

P
ow

er
 (

µW
)

8

6

4

2

0
0.0 1.1 2.2 3.3

Current (mA)
4.4 5.5

7 K
35 K
50 K

6.6 7.7
0

50

100

150

200

250

300

350

400

Figure 3 (a) Scanning electron microscope image of the microresonator. Inset: an enlargement of the suspended wire. (b) Current–voltage (IV) and light–
current (LI) characteristics. The IV was recorded with a DC current bias and is practically unchanged for every chosen temperature even when the bias is
modulated at 33 Hz. The LI curves are shown for three operating temperatures and are a modulated drive current.
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Continuous wave laser operation of a dipole-antenna terahertz microresonator,  

L. Masini, A. Pitanti, (…), A. Tredicucci, Light: Science & Applications 6, e17054 (2017)

• CW-operation 
• ~ 250 µW power 
• < 6 mA threshold 
• Vertical, regular emission

Device description

10 μm
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Optomechanics
Basic idea

! Completely suspended bridge

Bridge fundamental mechanical mode

Radiation pressure induced OM coupling

Δx
Δx

Whispering gallery mode

Ez
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Optomechanics
OM coupling strength

Hamiltonian formalism

Ĥ = ℏωcav ̂a† ̂a + ℏΩm b̂†b̂ − ℏg0 ̂a† ̂a(b̂† + b̂)

Ĥ0 Ĥint

g0 = G xZPFwhere Vacuum OM coupling strength

Finite-Element simulations
Mechanical simulation Optical simulation

Ωm

eigenfrequency

meff = ρ
∫

V
| ⃗u |2 dV

maxV | ⃗u |2

effective mass
G

frequency shift per displacement 

ωopt

u
ω0

xZPF =
ℏ

2 meffΩm
and Zero point fluctuation 

 amplitude
Optical frequency shift  

per displacement
G =

∂ωopt

∂Δx
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Single particle coupling looks low

g = g0 nc

Optomechanics
FE simulations

g0 ∼ 100 Hz

Field-enhanced OM coupling strength

nc ≃
P

ℏω0
τrad =

P
ℏω0

Qrad

ω0
∼ 108 g ≃ 60 kHz

> 100 Δλ

Dynamic frequency tuning at  Ωm ∼ 10 MHz

W (um) W (um) L (um) L (um)

R=13µm 
L=10µm

R=13µm 
W=1µm

Vacuum OM coupling Vacuum OM coupling 

Decreasing the WGM order the OM coupling increasesR L
W

OM coupling strength for WGMs



A. Ottomaniello PhD Pre-thesis, 22 Ottobre 2018 

! Symmetric heterostructure 

3-QW LO phonon depletion active region  

(GaAs/Al0.15Ga0.85As heterostructure)

Zc1 Zc2

Zw

Equivalent  
circuit

M. Brandstetter et al. Appl. Phys. Lett. 103, 171113 (2013)

Fabrication
Device architecture

plasmon/contact layer was grown at the bottom of the active
region, and a 100 nm contact layer on top, necessary for good
electrical contact properties, both with a n-type doping density
of n¼ 5" 1018 cm#3 (nþ doping). A direct wafer bonding
process was used to bond a second active region of the same
type on top of the first one. For that purpose, we used an
active region with a 100 nm nþ doped GaAs contact layer on
top and bottom to bond on the first sample, since a 400 nm
plasmon layer on top would lead to significantly increased
waveguide losses. We then defined the Ti/Au (10 nm/400 nm)
top contact/waveguide layer by a lithography/metallization
step, which is then used as self aligned etch mask for the sub-
sequent reactive ion etching (RIE) step, defining the laser cav-
ity. The annealed Ge/Au/Ni/Au (15 nm/30 nm/14 nm/200 nm)
ohmic bottom contact layers are defined 15 lm to the left and
right of the laser ridge by an additional lithography/metalliza-
tion step. We cleaved the ridges to a length of 2.5 mm and
mounted them on a copper heat sink. Fig. 2(b) shows a SEM
picture of a cleaved facet of a finished device. No boundary
between the bonded active regions is visible, indicating good
interface quality.

We performed all measurements in a liquid helium flow
cryostat attached to an FTIR spectrometer. The laser emis-
sion is measured using a deuterated triglycine sulfate
(DTGS) detector. We determined the absolute output power
by a calibrated thermopile detector which is mounted inside
the cryostat. The measured data are not corrected for collec-
tion efficiency. For a characterization of the active region,
we fabricated devices employing DM waveguides. The devi-
ces were operated in pulsed mode, with a pulse duration of

tP¼ 200 ns, a repetition frequency of frep¼ 10 kHz, gated
with a frequency of fgate¼ 10 Hz. Fig. 3(a) shows the meas-
ured voltage/intensity vs. current density (LIV) characteris-
tics for a device with 100 nm highly doped top and bottom
contact layer. For an applied negative/positive bias (electron
flow in/against the growth direction), the maximum operat-
ing temperatures are 151 K/145 K, and the maximum output
powers are 3.4 mW/3.1 mW, respectively. The spectral char-
acteristics in the inset shows a nice spectral overlap of the
gain for both operating directions at the same injected cur-
rent, which is necessary for the flip-chip wafer bonded sam-
ples. The LIV for a device with a DM waveguide and
400 nm highly doped GaAs top and 100 nm bottom contact
layer is shown in Fig. 3(b). Due to the increased absorption
of the generated light in the thicker top GaAs contact layer,
higher waveguide losses emerge. Therefore the devices show
a lower temperature performance with negative/positive
applied bias of 125 K/100 K and a reduced output power of
2.7 mW/1.6 mW, respectively, compared to the device with
thinner top contact layer.

Fig. 4(a) shows the LIV of a THz QCL with SI-SP
waveguide and an active region thickness of 10 lm. The
lasers were operated in pulsed mode with a pulse duration of
tP¼ 100 ns, a repetition frequency of frep¼ 5 kHz, gated
with a frequency of fgate¼ 10 Hz, and a bias polarity for elec-
tron flow in growth direction. The maximum output power is
128 mW and the maximum operation temperature is about

FIG. 2. (a) Schematic of the device fabrication. The left picture illustrates
the wafer bonding process, where one active region is attached upside down
on top of the other one. The right image shows a schematic of a finished de-
vice. (b) SEM picture of a THz QCL with wafer bonded active region and
SI-SP waveguide. No interface between the bonded active regions is visible,
indicating good bonding quality. A closer look at the facet reveals a slightly
tilted alignment of the top and bottom active region visible in the irregular
cleaving edge of the top sample.

FIG. 3. Measured voltage/intensity vs. current density plots for devices with
DM waveguides with (a) 100 nm and (b) 400 nm thick top contact layers.
The devices show a maximum operating temperature for negative/positive
bias direction (electron flow in/against the growth direction) of 151/145 K
and 125/100 K for the 100 nm and 400 nm top contact layers, respectively.
The insets depict the measured spectrum at the same absolute value of the
injected current and show that the gain spectrum overlaps in both operating
directions.

171113-3 Brandstetter et al. Appl. Phys. Lett. 103, 171113 (2013)

Current Density (kA/cm )
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E-beam patterning ICP etching

heterostructure

Fabrication
Procedure

Non-conventional 
wafer bonding

5 nm Cr 5/250 nm 
 Cr/Au

10 μm10 μm

SI GaAS substrate

100 μm
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Resin-based wafer bonding 
on CaF2 substrates 

(R. Colombelli, University Paris VII)

E-beam patterning ICP etching

Conductiv
e  

residues

heterostructure

Fabrication
Procedure

Non-conventional 
wafer bonding

5 nm Cr 5/250 nm 
 Cr/Au

10 μm10 μm

SI GaAS substrate
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From one to two non-suspended electrodes 

V
V

V

Injection engineering
Double-injection scheme

Au 
pad

Au 
pad

SiO2

electrodes

Collaboration with G.Conte

• Standard heterostructure  
     (standard waferbonding) 

• Additional tuning knob to control single 
disk emission 

20 μm
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Both over lasing threshold D1 over lasing threshold, D2 “cold”

M6-+

M6--

Pumping one disk and closing the other on a tunable load RL

Injection engineering
Double-injection scheme
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Varying the           ratio 
 the pumping of each disk is controlled

Rw /RL

Rd1 = Rd2 = 1 kΩ
Rw = [1 , 20] ΩV
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D1 D2
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Injection engineering
FE simulations

Electrical pumping simulated through the imaginary part of the disk refractive index

D1

D2

k1 k < 0
Gain

Complex eigenvalues ν
Im(ν) > 0 Im(ν) < 0

k > 0

Loss
not-lasing lasingk2

D1

D2

D1

D2

D1

D2

D1

D2

3.48 THz

3.53 THz

3.502 THz

3.505 THz

M6++

M6+−

Exceptional point (EP)
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1 µm wide,  
100 nm thick 
    Au

  
 QC HS 

hBN-graphene-hBN 
heterostructure 
1.5 µm radius 

10 nm hBN

20 nm hBN

Graphene-based waveguide
hBN-graphene-hBN heterostructure

Monolayer graphene incapsulated in two hexagonal boron-nitride (hBN) membranes

limited scattering from extrinsic disorder sources: 

Boosted graphene electronic properties 
Highly confined low-loss plasmon polaritons 

• C. R. Dean, et al., Nature Nanotech. 5, 722 (2010)  
“Boron nitride substrates for high-quality graphene electronics”  

•

• A. Woessner, et al., Nature mat. 14, (2015)   
• “Highly confined low-loss plasmons in graphene–boron nitride heterostructures”

• L. Wang, et al., Science 14, (2013)   
• “One-Dimensional Electrical Contact to a Two-Dimensional Material”

Exfoliated 
monolayer 
graphene 

FP =
3

4π2

λc

n3

3 Q
VM

> 8 × 105

Purcell factor enhancement 

Extreme miniaturization

TM00
EF = 0.1 eV

Fer
x

z
y

Ez

EF = 0.2 eV EF = 0.4 eV

Electric tunability  
of laser emission

Ultra-small  
threshold current

1)

2)

Collaboration with V. Leccese
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Conclusions and perspectives

Combining electronics and photonics new functionalities can be accessed for THz QCL: 

                                   dipole-antenna THz microresonator 

                                     

• Vertical emission 
• CW operation, high power 
• Low-threshold, sub-wavelength dimension

New waveguide design based on hBN-graphene-hBN heterostructure 
                             Extreme miniaturization  
        Strong Purcell factor enhancement (threshold-free laser) 
Emission control (far-field and frequency) by electrostatic gating

Implemented functionalities

• Dynamic frequency tuning of the laser emission via optomechanical interaction 
                        Platform for active cavity optomechanics  

• Emission control (far-field and frequency) via injection engineering 
                          Platform for laser physics around EPs 
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Completion of devices fabrication

100 μ m

20 μ m
20 μ m

Optomechanics Injection control Graphene waveguide

Lasers characterization
• IVL characteristics 
• Spectra 
• Far-field profile

FET measurements
• Fermi energy 
• Mobility

Emission control of THz QCL 
 via external optomechanics 

(self-mixing technique)

Suspended SiN membranes  
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Experimental setup
Optical bench and signal analysis. The optomechanical laser setup is sketched in Fig. 1(a). The optical 
bench is a compound cavity working as a displacement sensor7–9,15. The source includes a Littrow external cavity 
diode laser (ECDL), with lasing wavelength λ � 945nmL . The light-emitting, active medium is coupled to a 
Littrow angle reflection grating, placed at a distance L =  1 cm from the left facet of the diode. The zeroth diffrac-
tion order is reflected outside the ECDL and focused by an achromatic doublet (focal length 75 mm) onto a gold 
mirror placed on top of a silicon nitride trampoline membrane10–12. The membrane is mounted on a piezo ceramic 
actuator and placed inside a vacuum chamber, in order to drive its motion and control the environment pressure 
when needed. The piezo actuator is a polymer covered multilayer, capable of elongating in one direction when 
biased, at a maximum frequency of some hundreds of kHz. The chip frame with the membrane is directly glued 
on its top surface and therefore is moving integrally with it. The membrane is then aligned to the optical path in 
such way that light is reflected back into the ECDL to form a compound cavity. As the membrane moves, it 
changes the oscillation condition of the cavity. Normally this would simply cause a frequency shift in the lasing 
modes of the cavity: in our case, thanks to the feedback interferometric effect this translates into a modulation of 
the field amplitude in the laser cavity7–9,18. The resulting laser radiation emitted from the right active region (AR) 
facet (labeled as 1 in Fig. 1(a)) is collected by an integrated photodiode (labeled as PD in Fig. 1(a)), which returns 
an electric potential proportional to the emitted power. For a fixed current bias, this potential, called readout 
voltage in the following, is composed by a static part V0, and a dynamic term ∆ V(t). V0 is measured with an oscil-
loscope, while ∆ V(t) is acquired by a spectrum analyzer and read out in the frequency domain. This is the essen-
tial quantity to be measured in order to demonstrate the working principle of the setup: by recording the 
modulation in the laser emitted power, informations about the motion of the membrane are recorded. A micro-
graph of the silicon nitride trampoline membrane employed in this work is shown in Fig. 1(b). A square-shaped, 
5/45 nm Ti/Au layer is deposited on top of the 200 nm nitride, in order to improve its reflectivity. The first reso-
nant mechanical mode oscillates orthogonally to the mirror surface, bending the tethers while keeping the central 
square parallel to the substrate. The mode frequency is f0 =  73279.0 ±  0.3 Hz with a quality factor Q =  34000 ±  3000 
(at 0.0083 mbar), limited by both squeeze film effect19,20, and thermoelastic damping of the four tethers21. When 
the motion of the membrane is driven by a phase-coherent external displacement source, such as a piezo-ceramic 
actuator, the two quadratures of motion can be measured through the readout voltage. A typical measurement of 
amplitude and phase spectrum is shown in Fig. 1(c).

Figure 1. (a) Sketch of the setup. The laser block is composed by: an active region (light orange bar in the 
picture), with an anti-reflection coated facet (labeled as 2); an external Littrow grating (multi-colored milled 
bar) placed at distance L from the facet 2; a coupling mirror (grayscale bar near the Littrow grating); an 
integrated photodiode (labeled as PD). The emitted radiation is focused by a lens (sky blue curved bar) onto 
an external mirror (yellow bar) placed at distance Lext from the facet 2, and then reflected back into the laser in 
order to form a compound cavity. Within a traveling wave approximation, the lasing conditions can be found as 
function of the effective right and left reflectivities calculated at the facet 2 interface. The radiation emitted by 
the facet labeled as 1 is collected by the integrated photodiode, and the resulting voltage V0 +  ∆ V(t) is recorded 
by an oscilloscope and a spectrum analyzer. In the main experiment the external mirror is a gold layer deposited 
onto a silicon nitride membrane, which is mounted on a piezo actuator in order to drive its displacement by a 
voltage VD. The resulted device is placed inside a vacuum chamber in order to control the environment pressure. 
When the membrane is displaced along the optical axis, the output signal is modulated according to equation 
(1). (b) SEM image of the Si3N4 membrane. The yellow-colored square at the center of the membrane is the 
deposited gold layer. The white bar is 200 µm. (c) The spectrum analyzer reports the power spectral density, and 
the total amount of displacement can be obtained through proper calibration. An example of measurement is 
reported for the membrane moved by the piezo actuator. The homodyne approach enables to collect the two 
motion quadratures of the membrane.

Measurements next November  
in Leeds

Collaboration  
with V. Leccese

Collaboration with G. Conte
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