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ABSTRACT OF THE DISSERTATION

Development of Terahertz Quantum-Cascade VECSELs

by

Christopher Curwen
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 2019

Professor Benjamin S. Williams, Chair

Terahertz (THz) quantum-cascade lasers (QCLs) are an emerging semiconductor source of
compact, high-power THz radiation. Though first realized more than 15 years ago, THz
QCLs continue to suffer from poor beam quality and outcoupling efficiency due to the sub-
wavelength nature of the semiconductor ridge-waveguides typically used. In this thesis, a
new technique is discussed for obtaining high power and good beam quality from THz QCLs,
the THz quantum-cascade external cavity surface emitting laser (QC-VECSEL). The con-
cept of the QC-VECSEL is to use THz QC-gain material to design a millimete-scale reflective
amplifying surface, or metasurface, for free space THz waves and incorporate it into a free-
space THz resonant cavity to provide feedback to the amplification and form a laser. In this
manner, the beam shape is determined by the external cavity, which supports fundamental
Gaussian solutions. Further, the metasurface itself is composed of a subwavelength array
(to prevent diffraction) of surface-coupled QQC-elements whose properties, such as phase and
polarization response, can be engineered on a unit cell basis allowing for a variety of unique

experiments.

The power output power of the QC-VECSEL can be scaled by either increasing the size of
the metasurface, or increasing the density (or fill factor) of QC-elements across the surface. In
this work, large area metasurfaces with high fill-factor have been studied and demonstrated

up to 1.35 W of peak output power for a QC-VECSEL operating at 3.4 THz at a heat sink
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temperature of 4 K. A peak wall-plug efficiency of ~2% is demonstrated, but observation
of self lasing from the metasurface at high bias (when no external cavity is provided) in
combination with a simultaneous roll-off in VECSEL output power suggests even higher
efficiency can be achieved with improved suppression of self-lasing modes. The output beam

is well fit to a Gaussian distribution with a 4° full-width half-maximum divergence angle.

In addition to power and beam quality, the QC-VECSEL opens the door to many inter-
esting and unique studies via engineering of the metasurface properties and external cavity.
Much of this thesis describes frequency tuning of QC-VECSELs based on broadband meta-
surfaces by varying the length of the external cavity. By making the external cavity extremely
short (comparable to the operating wavelength), we are able to push all other external cavity
modes outside of the gain bandwidth of the metasurface and demonstrate more than 20%
fractional single-mode tuning around a center operating frequency of 3.5 THz. Because there
are almost no diffraction losses at such a short cavity, the size of the metasurface could be
reduced, allowing for continuous wave lasing with up to 20 milliwatts of output power at a
heatsink temperature of 77 K, though the output power is highly variable as the reflectance
of the output coupler has a strong frequency dependence. At the time of writing this, these
are record performances in both frequency tuning and high-temperature continuous wave
operation for lasers based on THz QC-gain material. The amount of tuning that be achieved
with this approach is limited by the phase response of the metasurface, which squeezes the
external cavity modes closer together in the spectral domain. Development of metasurfaces
with lower electrical power consumption and higher conversion efficiency for the purpose of
improving continuous wave performance. A sparse, patch-based metasurface with reduced
power consumption is demonstrated, though the design was not optimal and only showed
a 20% reduction in current draw compared to the previously demonstrated metasurfaces.

Routes towards improving the performance are discussed.

The last subject discussed is the design of a mid-infrared (IR) QC-VECSEL. Due to the
large metal losses at mid-IR frequencies compared to THz, the technique used to develop

THz QC-VECSELSs cannot be directly extended to the mid-IR. We propose a scheme based
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on a diffraction grating to provide surface coupling of the QC-gain material. Progress on

experimental realization is discussed, but lasing has not yet been observed.
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1.1

1.2

1.3
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1.5

LisT OoF FIGURES

Electromagnetic spectrum with the terahertz range indicated between the mi-

crowave and infrared spectral domains. Figure taken from Reference [1] . . . . .

(a) Band diagram of an interband laser based on recombination of electrons and
holes across the semiconductor material bandgap. Lasing frequency is given by
the size of the bandgap per E=hr. (b) Band diagram of an intersubband laser
based on electrons making radiative transitions between two confined states in
the conduction band. The energy separation and thus lasing frequency can be
engineered using the controllable widths of the quantum wells and barriers. Figure

taken from Reference [2]. . . . . . . . .. Lo

Summary of reported QCL lasing frequencies and operating temperatures. Lower
frequencies require lower temperature operation as the photon energy becomes
comparable to kg T, making it difficult to maintain a population inversion. Figure

taken from Reference [3]. . . . . . . ... oL o oo

Basic quantum-cascade design concept. (a) Unbiased chirped superlattice. The
bottom states of the wells form a step function with the period of the design.
(b) Biased structure showing alignment of the bottom states of the wells, and
(c) splitting of the aligned states into a miniband of coupled resonances and the

resulting electron transport indicated. Figure taken from Reference [4]. . . . . .

(a) Depiction of three-level laser model for a QCL. (b) [llustration of intersubband
scattering mechanisms. At higher temperatures, the average in-plane momentum
of the carriers in a subband rises, enabling non-radiative LO-phonon scattering

that prevents population inversion. Figure taken from Reference [1]. . . . . . ..
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1.6

1.7

1.8

1.9

2.1

Development of THz QCL active regions (a) First demonstrated THz QCL based
on the bound-to-continuum’ design [5]. (b) First THz QCL using phonon de-
population of the lower radiative state, the ’'resonant-phonon’ design [6]. (c)
"Hybrid resonant-phonon bound-to-continuum’, a modified version of which will
be used through most of this thesis [7]. (d) A two-well resonant-phonon design

that currently holds the record for operating temperature [8].. . . . .. .. . ..

(a) Ilustration and SEM of metal-metal waveguide for THz QCLs. The simulated
field profile in the waveguide is plotted along with a measured output beam
pattern which is observed to be very diffracted. (b) Surface-plasmon waveguide
illustration, simulated waveguide fields, and measured output beam pattern. The

beam is considerably improved thanks to the larger mode profile. . . . . . . ..

Selection of power outcoupling schemes. (a) 3"¢-order distributed-feedback laser
arrays [9]. (b) End-fire surface-plasmon coupling scheme [10]. (c¢) Superimposed
4th_order and 2"-order surface coupling scheme [11], (d) Surface-coupled patch

array [12]. . . . .

(a) Photograph of the upGREAT 4.7 THz local oscillator (including power sup-
ply, optics, electronics, etc.). Dimension are 100x23x23 cm. (b) Sample data
collected with the upGREAT system. Contour plot shows velocity integrated in-
tensity map of [O I] emission from star cluster NGC3603, one of the Milky Way’s

most active stellar nurseries. Figures taken from Reference [13]. . . . . . . . ..

(a) Hlustration of an optically pumped interband VECSEL utilizing a dielectric
Bragg mirror for the bottom reflector. The gain chip sandwiched between two
heat sinking layers to allow for higher pump and output powers. (b) Illustration
of the THz QC-VECSEL. The copper ground plane acts as a reflector, removing
the need for a Bragg mirror, and no pump laser is required as the metasurface is

electrically pumped. . . . . . . ..
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2.2

2.3

24

2.5

(a) Bird’s eye illustration of typical metasurface with the biased area and tapered
terminations indicated. (b) Illustration of a small portion of the metasurface
with the TMy; field profile and corresponding radiation mechanism indicated.
(c) FEM simulated reflectance spectra as a function of applied intersubband gain
for a metasurface designed to operate at 3.4 THz (A=70 pm, w=11.5 um), and

(d) the corresponding fields from the simulation. . . . . . . ... ... ... ...

(a) Peak reflectance as a function of gain for metasurfaces with varying qual-
ity factor (resulting from varying the ridge width w while the period A is kept
constant). Peak reflectance increases with quality factor because the THz waves
spend more time in the metasurface accumulating gain. (b) Color plot showing
the full reflectance spectrum as a function of quality factor (again by varying w
while A is kept constant). A strong anticrossing is observed when the resonant
frequency of the Bragg mode (associated with A, flat line at ~4.25 THz) is equal

to the resonant frequency of the ridge elements (associated with w. . . . . . ..

(a) Confinement factor I' and optical fill factor F,,; as a function of the ratio of
the beam waist of the presumed Gaussian mode profile to the width of the bias
diameter. I' decreases as the beam waist grows larger than the bias diameter
while F',,; approaches a limit of F',;45., which is a constant value of 0.5 for a

sinusoidal standing wave pattern. . . . . .. ... .. L L.

(a) Hlustration of Fox and Li method taken from Ref. [14]. To simulate a QC-
VECSEL with an active metasurface, every other aperture should be assigned an
amplification factor and phase, and the alternate apertures should be assigned a
loss factor to reflect the output coupler. (b) Simulations of a 2 mm metasurface
with 5 mm cavity length at 3.4 THz. The black line indicates results for a
passive cavity with per-pass diffraction power loss =100x(1-0.987?)=2.6%. Blue
line indicates the threshold condition with metasurface amplification factor =1.05.

The mode shape is plotted in theinset. . . . . . . .. ... ... ... ......
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2.6

2.7

2.8

(a) Comparison between results using the Fox and Li model (lines) versus full
FEM modeling (circles) as a function of the length of the external cavity. Results
for both uniform (blue) and focusing (red) metasurfaces are shown. The focus-
ing metasurface is represented as a perfect quadratic reflection phase, while the
metasurface parameters for the FEM simulation were taken from Ref. [15]. (b)
Comparison (using Fox and Li modeling only) between a 2 mm metasurface and
a 3 mm metasurface. Both uniform and focusing results are shown. (c-d) Field
plots of FEM simulated cavities clearly shoing the reduction in diffraction loss

when using a focusing metasurface. . . . . . .. ... .. L L.

(a) Comparison of confinement of the mode on a 2 mm metasurface to the central
0.7 mm (calculated using FEM simulations) for a focusing and uniform metasur-
face. The confinement is much better for the focusing surface because the lossy,
unbiased portions of the metasurface are detuned from the resonance and do not
couple much field intensity into the ridges. (b) Comparison between focusing and
uniform metasurfaces when the whole metasurface is biased and when only a cen-
tral portion is biased. The affect of the confinement factor is observed to be much
more detrimental to the threshold gain of the uniform metasurface compared to

the focusing. . . . . . . ..

(a) Mlustration of QC-VECSEL setup with the metasurface inside of the cryostat
and the output coupler outside, with an HR-Si window in between. As indicated,
the output coupler is a wire-grid polarizer whose reflectance can be tuned by
rotation of the wire-grid with respect to the orientation of the metasurface ridges.
(b) Beam pattern from the first demonstrated QC-VECSEL, and (c¢) the measured
pulsed L-I-V curves at 6 K and 77 K. The 77 K figure includes L-1-V data at
several output coupler angles, though the actual reflecance values have not been
measured. The power has been corrected from Ref [16], as described in Ref [17].

Figures are taken from Ref [16]. . . . . . .. .. ... ... .00 L.
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2.9

2.10

2.11

2.12

(a) Illustration of early QC-VECSEL configurations with the output coupler ex-
ternal to the cyostat and an HR-Si window in between. (b) Calculated effective
reflectance of the HR~Si window in combination with the output coupler (assumed
to have a flat reflectance of 0.5). Though early reporting of results assumed oper-
ation on the transmission peaks of the window (red circles), it seems more likely
that operation would occur on the reflection maximums (green circles) as the

threshold should be lower. . . . . . . . . . . . . . .

(a) Pulsed L-I-V data collected at 77 K for a 2x2 mm? metasurface (A=70p,
w=11.5um) with a 1 mm bias diameter. The cavity length is ~2.5 mm, intracryo-
stat, and the output coupler has a reflectance of ~19%. The slope efficiency of
745 mW /A is a record at 77 K at the time of writing this. (b) Measured far-field

beam pattern. Figure taken from Ref. [18]. . . . . . . ... ... .. ... ...

(a-c) Illustrations and photographs of a typical intracryostat QC-VECSEL setup
(output coupler inside the cryostat). (b) First published results with an intracryo-
stat QC-VECSEL and a 2x2 mm? focusing metasurface with a 0.7 mm bias di-
ameter. Most notably, up to ~5 mW of continuous wave power was demonstrated

at a measured heat-sink temperature of 82 K. Figures taken from Ref. [19]. . . .

(a) Simulated magnitude and phase of a metasurface reflectance as the excitation
frequency is kept constant, but the ridge width is varied. (b) Using the ridge width
to control the reflection phase, the reflection phase can be varied spatially across
the metasurface to approximate a quadratic phase response (spherical mirror).
(¢) The simulated diffraction losses for the (presumed) cavity tested, and the
experimentally measured threshold as a funtion of misaligning the mirror external
to the cryostat. It is observed that the diffraction loss was simulated to be
very large, without even considering the optical thickness of the silicon window.

Figures taken from Ref. [20]. . . . . . . .. ... . o o
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2.13 (a) SEM of fabricated polarization switchable device metasurface. (b) Illustration

3.1

3.2

3.3

of the VECSEL setup, and (c) birds eye illustration of metasurface design. The
different shades of blue indicate sets of ridges designed to lase at orthogonal
polarizations. (d-f) Measured polarization characteristics and beam pattern of
the VECSEL output beam. The two sets of ridges did not quite lase orthogonally,
but at about 80° to each other. Figures taken from Ref. [21] . . . . .. ... ..

Cross-sectional illustration with transverse field profile of a metasurface unit cell
operating on the (a) TMy; resonance and (b) TMy3 resonance. The magnetic
dipoles are indicated on the sidewalls and observed to be the same between the two
designs. (c) Areal illustration of a TMgz metasurface (fill factor is to scale) with
absorbing, tapered facets and wire bonding area indicated. (d-e) Comparison of
simulated reflectances of infinite metasurfaces with a constant period but varying
fill factor to operate on the TMy;, TMgs, and TMys. 40 cm ™! of gain is applied

(f) Simulated field plots for the different ridge resonances. . . . . . .. ... ..

(a) Measured and simulated transmittance for the high reflectance inductive mesh
(OC1). The mesh was designed to have a 15 pm period and metallic lines 2.5 pm
wide. The simulated parameters that best match the measured result, however,
is a period of 15 um with line widths of 2.7 um. (b) Measured and simulated
transmittance for the low reflectance capacitive mesh (OC2). The mesh was
designed to have a 17 um period and metallic squares 14.5 um per side. The
simulated parameters that best match the measured result, is a period of 17 pum

with squares 15.7 pm perside. . . . . . . . . ..o

(a) Pulsed-mode poser and voltage vs. current characteristics from a TMoz3 VEC-
SEL (3x3 mm? with a 1.5 mm bias diameter) using a highly reflective output
coupler with a measured transmittance of ~9%. (b) Normalized FTIR spectra
collected as the VECSEL cavity length is tuned via a piezoelectric stepping stage,
and corresponding output power as a function of frequency at 77 K and 6 K. (c)

VECSEL far-field beam patterns. . . . . . . . . . . ... ... ..
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3.4

3.5

3.6

4.1

4.2

(a) P-I-V data from a TMyz VECSEL using a low reflective output coupler
(OC2) with a measured transmission of ~18%. The beam pattern and spectrum
are indicated in the insets. (b) FTIR spectra collected collected with OC2 as the
cavity length is tuned using the piezoelectric stage. The power was not tracked
as the device tuned through a strong atmospheric absorption at ~3.33 THz. The

spectra have intentionally not been normalized so the absorption is apparent. . .
Fitting 1-D beam pattern cuts to Gaussian curves for (a) OC1 and b) OC 2. . .

(a) Wall plug efficiency as a function of electrical pump power for the TMo;
metasurface. Results for both OC1 and OC2 at 77 K and 6 K are presented. (b)
Measured I-V and dI/dV curves from the TMy3 metasurface when no output
coupler is used. Onset of such self lasing may be the cause of the roll-off in wall

plug efficiency at higher bias. . . . . . . .. . ... ... ... ... ... ...

Typical frequency tunable diode laser external cavity configurations using diffrac-
tion gratings. (a) The Littrow configuration is generally more efficient. The beam
steers while tuning. (b) Littman-Metcalf configuration, less efficient, but beam
position is fixed. Both techniques require anti-refelction coatings on the facet of

the laser ridge. Figure taken from RP-Photonics [22]. . . . . . ... .. ... ..

(a) Simulations of the metasurface reflectance and reflection phase spectra when
25 cm~! of intersubband gain is added to the ridges. Two metasurface periods
are simulated for comparison, A = 70 ym and 41.7 ym. The trade-off between
bandwidth and amplification is apparent. (b) Cavity eigenfrequencies vs. cav-
ity length for both a bare Fabry-Perot cavity neglecting reflection phase (dashed
lines), and complete cavity modes including metasurface phase (solid lines). Col-
ored boxes indicate the particular cavity modes over which tuning is presented
in this work. Insets show the E-field magnitude at the two extremes of the m=2

mode. ..o,
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4.3

4.4

4.5

4.6

(a) Hlustration of intracryostat VECSEL setup with piezoelectric stacks added
to allow the cavity length to be tuned. (b) Measured transmittance of inductive
mesh output coupler with a period of 10 um and a line width of 4 ym. Substrate
is ~130 pm of crystal quartz. Measurement was done with room temperature

DTGS detector. . . . . . . .

a) Simulated reflectance spectrum of a 60 pum metasurface with 40 cm™! of gain
applied. (b) Measure I-V and corresponding dI/dV, which clearly indicates the
lasing threshold. (c) Spectra collected as the bias on the piezoelectric stacks is
increased, and two sample beams collected at different frequencies. The dips in

the intensity line-up well with atmospheric absorption lines. . . . . ... .. ..

(a) Tuning spectra collected from a focusing metasurface (20 mm bias diameter)
using the piezoelectric stacks. some of the spectra show two nearby modes lasing
simultaneously. (b) Beam patterns collected at different frequencies. Higher order

beams are observed. . . . . ...

(a) SEM of fabricated device. Metasurface is 1.5x1.5 mm? with a period of
41.7 pm and a ridge width of 11.9 pum. Current is only injected into a circular
central bias area 500 pum in diameter, indicated with a dashed line. The ridges
are tapered out to lossy terminations that also serve as wire-bonding areas. (b-
d) photographs of the setup from the front, side, and back of piezoelectric setup
respectively. The output coupler has been removed in (b) so that the metasurface
and piezoelectric stage are visible. The inset in (b) illustrates the setup for clarity,

and the inset in (c) offers a close-up on the location of the actual QC-VECSEL
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4.7

4.8

4.9

4.10

(a) High reflectance, and (b) low reflectance output couplers used for tuning
experiments. Main plot shows output coupler efficiency and phase, while the
simulated and measured reflectances are plotted in the insets. The output coupler
in (a) is an inductive mesh designed to have a period of 10 pum and metallic lines
3 pm wide, but is best fit by simulations using a line width of 2.65 yum. The

output coupler in (b) is the same as that from Chapter —, Figure — . . . . . .

Measurement results on longitudinal mode m=4 with 19% fractional tuning at 77
K(a) Single-mode FTIR spectra and (b), beam patterns measured as the piezo-
electric stage is stepped with OC3, tuning the VECSEL’s external cavity length
and lasing frequency. It is noted that the tuning is not linear with cavity length

as the reflection phase of the metasurface is frequency dependent. . . . . . . ..

(a) Output coupler transmission measured using FTIR. (b) Threshold and peak
current density in pulsed-mode as the QC-VECSEL frequency is tuned. (c) Peak-
pulsed and (d) continuous wave power and slope efficiency as a function of lasing
frequency. Faded curve in (c) indicates atmospheric transmission features within
the demonstrated tuning range simulated from the HITRAN database. (e) Pulsed
and continuous wave P-I-V curves taken at 3.75 THz, and (f) pulsed L-I-V curve
indicating two distinct lasing regions at 3.18 THz and 3.68 THz (separated by
the cavity FSR). . . . . . .

Measurement results on longitudinal mode m=2 with 25% fractional tuning at 77
K. (a) FTIR spectra collected as the external cavity length is tuned. The region
in which multimode lasing is observed is indicated by the blue shaded area. (b-d)
Selected spectra and beams taken between the longest cavity (b) and the shortest
cavity (d). The beam quality is observed to degrade at shorter cavity lengths and
at high bias. . . . . . . ..

XVvil



4.11

4.12

4.13

4.14

4.15

Numerical modeling of THz QC-VECSEL cavity. (a) Effect of the THz beam
shrinking as the external cavity length is reduced, leading to stronger confinement
of the beam to the biased portion of the metasurface. (b) Normalized electric field
magnitude of the output beam at the surface of the output coupler extracted
from FEM eigenmode simulations, and numerical Fox and Li simulations for
comparison. Narrowing of the emitted beam is observed as the cavity length is
reduced (leading to a broader beam in the far-field). (¢) QC-VECSEL Threshold
gain as a function of external cavity length for the first three modes of the 2-D
cavity. Plots of the electric field in the full 2-D VECSEL cavity for the first three

modes. Inset shows close-up of fields at the metasurface. . . . . ... ... ...

Threshold gain and corresponding field plots of various cavity modes as a function
of the number of metasurface ridges with gain (which is equivalent to the bias

area diameter). The simulated cavity length is Lpc=63.5 ym. . . . . .. . . ..

Effect of cavity misalignment on threshold gain. Threshold gain and correspond-

ing field plots of VECSEL cavity as a function of output coupler misalignment.

Selectivity between TEM modes is reduced with even small degrees of misalignment. 77

Data collected over 6.6% fractional tuning around 3.34 THz at 77 K using OC2.
(a) FTIR laser spectra and (b) beams collected as the external cavity length
is tuned. (c) OC2 transmission measured using FTIR. (d-e) Threshold current
density, peak current density, peak-pulse power, and slope efficiency as a function
of lasing frequency. Faded curve in (e) indicates atmospheric transmission features

within the demonstrated tuning range. . . . . . . . . .. ... L

Effects of cavity length on VECSEL. (a) Threshold current and peak power as a
function of cavity length. At longer cavity lengths, diffraction loss becomes too

large and lasing is not observed. (b) 1-D beam cuts as a function of cavity length.

Narrowing of the beam to reduce diffraction loss at longer cavity lengths is observed 80
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4.17

4.18

4.19

Fitting the measured VECSEL threshold current densities and simulated thresh-
old gain values to the model for gain in equation 2.16. The cavity length of the
data collected in Figure 4.15 is not know for sure because the FSR was not ob-
served, but it must be less than ~700 pm for this to be the case, so a set of fits
are shown assuming the data in Figure 4.15 is centered around (a) 340 pm, (b)

430pm, (c¢) 520 pm, and (d) 610 pm. . . . . ...
(a) Calculated internal quantum efficiency 7; using equation 4.3. . . . . . . . ..

(a) Simulated phase and (b) reflectance of a double-ridge broadband metasurface
(A= 41.7 pm, ridge widths are 9.45 ym and 13.65 pm, and uniform spacing of
9.3 um). The total phase accumulation across the metasurface is 47 (though the
high frequency tail is cutoff). (c) Eigenfrequencies vs. cavity length for both a
bare Fabry-Perot cavity neglecting reflection phase (dashed line), and complete
VECSEL cavity including metasurface phase (solid lines, FEM simulated). The
colored boxes indicates the maximum single-mode tuning that could be expected
given the observed gain bandwidth of the underlying QC-material. Insets show
the E-field magnitude at the extremes and center of the m=2 mode. The field
is concentrated in the narrower ridge at high frequencies, and the wider ridge at

low frequencies. . . . . . . . . L

(a) Spectrum collected while tuning the cavity length of a double-ridge metasur-
face (2x2 mm? with a 1 mm bias diameter) using piezoelectric stacks. Cavity
length is estimated to be centered around ~300 pm. Inset shows alignment
of spectral dips with atmospheric absorption features [23]. Total cavity length
change is one FSR, ~45 um. (b) Sample L-1-V collected at 3.4 THz. (c) Collec-

tion of beams measured throughout the tuning range. . . . . . . . . ... .. ..
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4.20

4.21

4.22

4.23

5.1

Spectrum collected while tuning on the m=2 and m=3 modes of a double-ridge
metasurface VECSEL (2x2 mm? with a 1 mm bias diameter) using piezoelectric
stacks. Cavity length is estimated to be centered around ~90 pm. Inset shows
alignment of specral dips with atmospheric absorption features [23]. Total cavity
length change is one FSR, ~45 pm. (b) Collection of beams measured throughout

the tuning range; they are clearly non-ideal. . . . . . . . . .. ... ... ....

(a) Simulated group-delay dispersion (GDD) of three different metasurfaces. The
more broadband, low-Q metasurfaces show significantly reduced GDD. (b) Sim-
ulated GDD for the two output couplers from Figure 4.7. The higher reflectance

output coupler shows lower GDD. . . . . . . . . ... ... L.

(a) Metasurface phase and resulting GDD measured by time-domain spectroscopy
at Los Alamos National Laboratory by Hou-Tong Chen. (b) Corresponding sim-

ulated GDD is in relatively good agreement. . . . . . . . .. ... L.

Measured -V and spectra for the 2x2 mm?, 1 mm bias diameter double-ridge
metasurface with a ~5 mm long external cavity and a higher reflectance output
coupler (Figure 4.3). The corresponding d//dV is also plotted. Spectra show
multimoded behavior throughout, and at high bias (post-NDR), four modes are

observed to lase simultaneously. . . . . . . . ... ..o

Simulation of patch-based metasurfaces with different periodicity. Reflectance
plots with gain show that a patch surface with a square unit cell 50 ym on each
side has a similar quality factor as a ridge-based metasurface with a period of
70 pm. This is not surprising as the diagonal of the 50 pym unit cell is 70.7 pm.
Insets show a bird’s eye illustration of the patch metasurface, simulated electric

fields, and simulated reflectance data as a function of frequency. . . . . . . . ..
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5.2

5.3

5.4

9.5

0.6

(a) Simulated reflectance from a patch metasurface designed to operate at 3.4
THz. The width of the connecting ridges is varied, but shows little effect on
the targeted TMg; mode (b). (c) A 2"-order distributed feedback mode is also
observed, but the mode is largely confined to the connecting ridges, which are

not biased. The frequencies of these solutions are indicated in (a). . . . . . . ..

(a) Simulated reflectance spectra for narrowing patch elements. 30 cm™! of gain is
applied in all cases. As indicated in (b), narrowing of the patch elements increases

the threshold gain considerably . . . . . . ... ... ... ... ... ......

Experimental result using patch-based metasurface. A 2x2 mm? metasurface
was tested with a 0.75 mm bias diameter. The device was able to operate in
continuous wave mode at 77 K, and a relatively good beam pattern is observed.
Inset shows SEM of fabricated device. Current densities are large compared to
previous devices from this wafer, indicating significant leakage current into the

connecting ridge elements. . . . . . . . ... Lo

(a) Proposed designs for metasurfaces with the QC-material removed from the
middle of the ridges (where there is little optical stimulation, but significant
electric current draw). Omne option is to fill the empty space in with BCB, the
other is to use a polymer that can be subsequently removed by an isotropic oxygen

plasma etch. . . . . . ... oL

Plot of uniformity factor and threshold gain as a function of the gap size in the
ridge. The simulation indicates that much more efficient use of the QC-material
can be obtained with little-to know effect on the threshold gain (even with BCB

in the cavity). . . . . . . . .
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6.1

6.2

6.3

6.4

(a) Overview of mid-IR VECSEL design. A large-area metallic grating is pat-
terned into the upper cladding layer of the QC-growth to provide coupling of the
QC-gain to the surface direction (down through the substrate in this case). A ni-
tride layer is used to allow for selective biasing of a circular portion in the middle
of the grating area, the device is mounted epi-down to a heat sink, and feedback
is provided by either the back of the substrate or an external output coupler.
(b) Simulated electric fields for the radiating solution in the infinite case, and (c)

simulated reflectance of the infinite structure as a function of applied QC-gain. .

Eigensolutions of an infinite grating structure as a function of the width of the
grating tooth. A strong coupling is observed when the plasmonic mode supported
by the metallic grating is in tune with the waveguide mode. Electric field profiles
are plotted at various points in the figure. The relative losses associated with
each mode are plotted above. Within the shaded region, the self-lasing threshold

for all modes is >50 e ™Y, . . . .. L

Eigensolutions of an infinite grating structure as a function of the width of the
grating tooth for etch depths of (a) 280 nm, (b) 380 nm (same as Figure 6.2),
and (c) 480 nm. Within the shaded region, the self-lasing threshold for all modes
is >50 ecm~!. The point of strongest feedback is also indicated, as determined by

finite device simulations (see Section 6.2.2). . . . . .. ... ... ... ...

Eigensolutions of an infinite grating structure as a function of the width of the
grating tooth for upper cladding thickness (separation between grating and waveg-
uide) of (a) 1.3 pum, (b) 2.3 um (same as Figure 6.2), and (c¢) 3.3 pm. Within
the shaded region, the self-lasing threshold for all modes is >50 cm™!. The point
of strongest feedback is also indicated, as determined by finite device simulations

(see Section 6.2.2). . . . . ..
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6.5

6.6

6.7

(a) Threshold gain values of a finite grating structure as a function of the width
and depth of the grating tooth. Simulations with a 2.3 pm upper cladding thick-
ness (separation between grating and waveguide) are plotted as solid lines, while
the dashed line is plotted for a simulation with a 1.3 um upper cladding thickness.
(b) Threshold gain plotted as a function of the length of the grating (2.3 pm up-
per cladding, Wipon=1.1 pm, tie, =380 nm). (c) Sample E-field solutions of the
mid-IR VECSEL cavity simulation. PEC boundaries were used to take advantage
of symmetry and only simulate half of the cavity, and impedance boundary condi-
tions are added to the other end of the simulation to mimic a dielectric reflection
with free space (as would be present in the actual cleaved device). Feedback from
reflections at this boundary seem to have minimal impact, again suggesting a
strong coupling coefficient. The substrate has no loss in the x-direction so as to
isolate the effect of the diffraction grating on the threshold. The cavity length
shows little to no effect on the threshold gain thanks to the large size of the

surface compared to the wavelength. . . . . . .. .. ... ... ... ...

Power-current-voltage (P-1-V) data and emission spectra collected from ridge
waveguides fabricated from the wafers made by IQE. Two types of wafers were
tested, both using the 8 ym active region design in Reference [24], but one grown
on a highly doped substrate (1-4x10'" cm™3), and one on a lower doped substrate
(2-5x10' cm™3). Both wafers were grown in the same chamber at the same time
and so should otherwise be equal. Measurements were performed at both 78 K
and room temperature. At 78 K, the threshold current densities are lower, and
the center of the lasing spectrum is red-shifted from ~8.2 ym to ~8.0 pm. These

results are courtesy of Sudeep Khanal, who fabricated and tested these devices.

Fabrication process for mid-IR 2"¢-order grating based QC-VECSEL. The grating
is not drawn to scale, but is actually much finer (hundreds of periods long). Figure

courtesy of Sudeep Khanal. . . . . . .. ... ... ... ... ...,
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6.8

6.9

6.10

6.11

6.12

SEMs of the fabricated grating designed to operate at 8 um. The period of the
grating is 2.57 pm. The intended width of the grating tooth (at the top) was 1.14
pm, but the fabricated width was ~1.27 ym. The intended etch depth was 380
nm, but actual was ~320 nm. Cross-sectional cuts were taken by cutting into the

grating with a focused-ion-beam etcher (ruining the sample locally). . . . . . . .

Photographs of fabricated devices. Sample contains 8 individual devices - 4 de-
signed to operate at 8.2 um, and 4 designed to operate at 7.9 pum. Every device
has a 2x2 mm? grating, but each set consists of 4 different bias areas - 400 pm,
550 pm, 750 pm, and 1000 pum. The apertures on the backside are all circular

with a 2.5 mm diameter. . . . . . . . . .

(a) Measured current-voltage (/-V) data from a 400 pum bias diameter grating
surface at 77 K and room temperature. (b) /-V for a 750 um diameter device at

77 K. Lasing was not observed from either device. . . . . . . .. ... ... ...

(a) Comparison between the [-V raw data collected from the 750 pm diameter
grating surface and a ridge waveguide. (b) Comparison after correcting for the
grating surface data for an assumed series resistance and offset voltage, an issue
that is more apparent with the VECSEL surface due to its very large current draw
compared to the ridge device. The corrected curve shows the expected result, that

there is noteworthy current spreading at low bias, where the QC-material is less

conductive, but the spreading is reduced and almost not noticeable at higher bias. 124

Transmission through a 350 pm thick InP substrate (sulfur doped at 2-5x 106
cm~3) with the IR QC-gain material grown on the surface. The absorption should
be largely dominated by the first pass through the wafer given that the Fabry-
Perot fringing is quite small. The backside of the substrate is not polished, so

some of the losses could be associated from scattering off this rough surface.
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6.13 (a) Illustration of electrostatic simulation of the mid-IR QC-VECSEL structure.

8.1

8.2

8.3

8.4

A portion of the QC-gain material is biased at the top (at 16 V), and the ground
contacts are off to the sides, leaving an aperture for the light to emit. The bias
diameter is kept at 750 pm, and the substrate doping is 3.5x10'® cm™3. (b)
Voltage difference between the edge and the center of the biased region as a

function of two parameters - substrate thickness and aperture size. (c) Sample

curves plotting the voltage distribution across the bias area under various conditions. 129

Metal-metal waveguide QCL fabrication procedure including oxide layer for se-

lective biasing. . . . . . . . L

Collection of pulsed and continuous wave LIVs corresponding to the data in

Figures 4.8 and 4.9. Pulsed data is in solid lines, continuous wave data in dashed

FTIR measured transmission of 3.3 mm HR-Si window with antireflection pary-

lene coatings on both sides targeted at 3.4 THz. . . . . . . ... ... ... ...

(a) Single period of DRA-based mid-IR metasurface design and resulting fields
for the target radiating solution. The asymmetric field profile in the verticle
direction is associated with gain and surface coupling, similar to the THz design.
(b) Reflectance spectrum as a function of gain for the infinite structure. The
reflectance is very weak as a result of the weak confinement of the mode to the
gain. (c) Comparison of the reflectance from a DRA design and a 2"-order

grating design. . . . . . . .o
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CHAPTER 1

Introduction

1.1 Terahertz technology

The terahertz (THz) portion of the electromagnetic spectrum is often defined as the frequency
range from 0.1-10 THz [25-27]. THz frequencies lie below the infrared range and above the
microwave range (see Figure 1.1), but THz technologies have remained relatively undeveloped
compared its neighbors. This is because THz frequencies lie in an awkward position where
free carrier losses become too severe for traditional electronic techniques used by the RF
and microwave communities, and photon energies are too small to utilize traditional optical
techniques (typically based on semiconductor interband interaction). Therefore, THz work
has developed into a rather multidisciplinary field that has encouraged engineering and
development of a variety of novel optical and electronic techniques. One such technology,

the THz quantum-cascade laser (QCL), is the subject of this thesis.

Terahertz applications generally stem from the strong interaction between THz waves and
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Figure 1.1: Electromagnetic spectrum with the terahertz range indicated between the mi-
crowave and infrared spectral domains. Figure taken from Reference [1]



many atomic, molecular, and crystal vibrational and rotational resonances, making THz a
viable candidate for spectroscopic applications. Further, like many RF and microwave fre-
quencies, THz waves are often transparent to materials such as plastics, fabrics, papers, etc.,
while simultaneously, the frequency and resolution are higher in the THz. This makes the
THz range a good candidate for applications such as non-destructive evaluation and security
screening. Presently, there are little to no large-scale applications in the THz range as the
technology is simply not that developed, but there are many smaller companies developing
products for specialty application (Virginia Diodes, LongWave Photonics, TeraSense, Tydex,

Teraview, and more).

Perhaps the most notable and impactful THz technology (in the scientific community)
has been THz time-domain spectroscopy (TDS), first demonstrated in the late 80’s [28,29].
THz TDS is a pump-probe technique for measuring the actual time-varying electric field of
a THz signal (typically an ultra-short pulse). The technique has allowed for phase-resolved
spectroscopy of ultrafast dynamics in various materials and even single molecules from any-
where between ~0.1 to >40 THz in the most advanced systems [30-32]. THz pulses are
typically generated from a femto-second optical laser either using optical rectification or
conversion in a photoconductive antenna, and the pulses are similarly probed in time by the
delayed optical pulse using the reverse nonlinear mechanisms (Pockel’s effect or a photocon-
ductive antenna). THz TDS is typically a table-top setup as it requires high-power ultrafast
lasers, but with the increasing ubiquity of ultrafast fiber lasers, more compact versions of
the system are becoming available from large companies such as Newport, Thorlabs, Menlo

Optics, and Toptica Photonics.

Aside from TDS, there are still many applications such as imaging and high-resolution
spectroscopy that require development of more traditional components. Currently, the lead-
ing sources for continuous THz power appear to be diode multiplier chains [33], molecular gas
lasers, THz QCLs [34], and difference frequency generation either in a photomixer pumped
by two diode lasers or in a two-frequency infrared (IR) QCL [34]. Both photomixers and

diode multipliers are electronic techniques that see significant roll-off in power with increas-



ing frequency and are extremely weak above 3-4 THz (though improvements are still being
made every day). Difference frequency generation in IR QCLs is a very compact and broadly
tunable technique that can cover a range of ~1-5 THz, limited by the Reststrahlen band of
the IR QCL material, but is limited to microwatt power levels as it is based on parametric
nonlinear conversion in the QC-material, which can be notoriously inefficient. THz QCLs
are perhaps the best candidate for compact, high-power in the 1-5 THz range (again limited
by the Reststrahlen band of the QC material), regularly generating tens of milliwatts of
continuous wave power and in some cases >100 mW [35]. The down side of THz QCLs is
that they must operate at cryogenic temperatures, and it is difficult to efficiently extract the
THz power into a usable beam. It should be noted that free-electron lasers exist as a class
of their own and are capable of generating high-power THz radiation at any frequency, but

they are very large and expensive systems that can be maintained by few laboratories [36].

1.2 Quantum-cascade lasers

Quantum-cascade lasers are a type of unipolar semiconductor laser based on intersubband
transitions between carefully designed electron states in the conduction band of a semicon-
ductor heterostructure. Unlike traditional interband semiconductor lasers, where the laser
emission wavelength is fixed by the band gap between the conduction and valence band of
the material, the emission wavelength of an intersubband QCL can be chosen arbitrarily by
simply adjusting the width of the quantum wells. Further, the energies of intersubband tran-
sitions can be made much smaller than any typically available material bandgaps, extending
semiconductors to longer wavelengths than ever before. The currently covered wavelength
range for QCLs is from 1.2 THz (250 pm) - 2.6 pm, with a gap from 5.4 THz (55 pum) - 28.3
pm due to the Reststrahlen band between the LO- and TO-phonon resonances of the semi-
conductor material, which restricts propagation of light [37-40]. By applying a DC magnetic
field to further quantize the electron states into Landau levels, the lasing frequency can be
reduced to 0.68 THz (440 um) [41]. The shortest wavelength that can be emitted by a QCL

is limited by the band offset of the materials used in the heterostructure, while the longest
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Figure 1.2: (a) Band diagram of an interband laser based on recombination of electrons
and holes across the semiconductor material bandgap. Lasing frequency is given by the size
of the bandgap per E=hv. (b) Band diagram of an intersubband laser based on electrons
making radiative transitions between two confined states in the conduction band. The energy
separation and thus lasing frequency can be engineered using the controllable widths of the
quantum wells and barriers. Figure taken from Reference [2].

wavelength is limited by thermal excitation of carriers preventing population inversion (i.e.
the energy of the laser transition is on the order of kpT'). A mostly up-to-date collection of

lasing frequencies and operating temperature are shown in Figure 1.3 [3].

1.2.1 Active region design

The first QCLs were demonstrated in the mid-IR using the InGaAs/AllnAs/InP material
system, grown in a molecular-beam epitaxy (MBE) chamber. Early designs essentially used
a chirped superlattice consisting of a series of ~10 sequentially narrowing quantum wells,
and this module is cascaded tens of times for a total active region thickness of 1-2 pym. At
zero-bias, the band diagram (tracking the lowest state in each well) has a sawtooth shape,
with the step size designated by the intended lasing energy. As bias is applied, the ramp
of the sawtooth levels out as the states align into a miniband that allow transport between
modules via resonant tunneling (Figure 1.4). The structure can be described as a 3-level

laser where the objective is to maintain a population inversion between states 2 and 3 (quick
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Figure 1.3: Summary of reported QCL lasing frequencies and operating temperatures. Lower
frequencies require lower temperature operation as the photon energy becomes comparable to
kg T, making it difficult to maintain a population inversion. Figure taken from Reference [3].

depopulation of the lower level and long lifetimes for the upper level). The key elements of

the design that allow for such a population inversion are:

e A large transition energy associated with the mid-IR photons (on the order of hun-
dreds of meV) that increases the lifetime of the upper laser level thanks to a reduced
non-radiative scattering rate. LO-phonons are the primary non-radiative scattering
mechanism out of state 3, but because the LO-phonon energy is much smaller than
the mid-IR transition, such a transition involves a large change in momentum and
occurs with a low probability (small spatial overlap between the states). Non-radiative

scattering times of several picoseconds are easily achieved.

e Fast depopulation of the lower laser level 2 into level 1. This is often accomplished
by designing the energy separation between these states to be resonant with the LO-

phonon. LO-phonon scattering is extremely fast when resonant, typically sub picosec-
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Figure 1.4: Basic quantum-cascade design concept. (a) Unbiased chirped superlattice. The
bottom states of the wells form a step function with the period of the design. (b) Biased
structure showing alignment of the bottom states of the wells, and (c) splitting of the aligned
states into a miniband of coupled resonances and the resulting electron transport indicated.
Figure taken from Reference [4].

ond.

e Efficient injection from level 1 into upper laser level 3 of the neighboring module via

the miniband.

The first demonstrated mid-IR QCL (Faist, et al. 1994, Ref. [42]) operated in pulsed
mode at cryogenic temperatures, lased at 4.2 ym, and emitted a peak power of ~10 mW,
but significant interest in the field led to rapid improvements. By 2002, continuous wave

operation was demonstrated at room temperature [43], and today, up to 30 W of continuous
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Figure 1.5: (a) Depiction of three-level laser model for a QCL. (b) Illustration of intersub-
band scattering mechanisms. At higher temperatures, the average in-plane momentum of
the carriers in a subband rises, enabling non-radiative LO-phonon scattering that prevents
population inversion. Figure taken from Reference [1].

wave output power has been demonstrated at room temperature from a single frequency

source at 4.8 pm [44].

Though lasing in the THz (i.e. below the Reststrahlen band) was predicted by the seminal
paper in 1994, the first THz QCL was not demonstrated until 2001 due to challenges in
maintaining a population inversion between subbands with such small energy separations
(order of magnitude smaller than mid-IR energies). These challenges typically amount to
issues with selectively injecting into the upper laser state and not the lower, and similarly,
selectively depopulating the lower laser state and not the upper. Other considerations include
the need for a narrow miniband to avoid reabsorption of emitted photons and to prevent
LO-scattering out of the upper laser state, the need to operate at cryogenic temperatures
to suppress thermally activated LO-phonon scattering between the upper and lower lasing
states (see Figure 1.5), and the need to develop low-loss, high confinement THz waveguides

as dielectric waveguiding is not feasible at such long wavelengths (see below).

In 2002, the first demonstrated THz QCL by Kohler, et al. (4.4 THz, 2 mW peak power,
50 K maximum temperature, Figure 1.6(a)) was effectively an extension of the mid-IR design

concept, but the lower radiative state is directly depopulated by the miniband, skipping
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Figure 1.6: Development of THz QCL active regions (a) First demonstrated THz QCL based
on the 'bound-to-continuum’ design [5]. (b) First THz QCL using phonon depopulation of
the lower radiative state, the 'resonant-phonon’ design [6]. (c) 'Hybrid resonant-phonon
bound-to-continuum’, a modified version of which will be used through most of this thesis
[7]. (d) A two-well resonant-phonon design that currently holds the record for operating
temperature [8].

the intermediate step of depopulating the lower radiative state into the miniband via an
LO-phonon [5]. In 2003, Williams, et al. demonstrated the first design based on phonon-
depopulation of the lower radiative state (3.4 THz, 2.5 mW, 65 K maximum temperature,
Figure 1.6(b)) [6]. Use of phonon-depopulation has proved over the years to result in higher
temperature performance than miniband designs as phonon scattering is extremely fast,

though miniband based designs operate at a lower bias, reducing their power consumption.



Interestingly, the record high operating temperature (in pulsed mode) is currently held by
a 2-well phonon-depopulation design involving three states, the simplest possible phonon-
depopulation scheme [8]. The success of the approach is attributed to this minimization
of states. Bosco, et al. effectively argue that by minimizing the number of states per-
module, it is easier to force a larger fraction of the population to the upper laser state
while the lower laser level is still efficiently depopulated by the phonon resonance. By this
logic, it seems possible that the lower laser level may also contain a larger fraction of the
carriers, but presumably proper design can lean in the favor of adding more to the upper-
state than the lower. Indeed, for many years now, increased temperature performance seems
to be associated with simpler phonon-depopulation designs with fewer wells and states per-
module [45,46]. The downside of the 2-well design is that strong leakage channels result
in very large current draw, making it a very bad design for continuous wave operation.
Control of these leakage channels has been the subject of much investigation [47-49], but
strangely the best temperature performance has come from a design that seems to embrace

this leakage, as long as it does not affect the simulated population inversion.

The active region design that will be used for most of the devices in this thesis is based
on a design by Amanti, et al. in 2009, which has been, from the author’s experience, one of
the most successful designs in terms of reliability and power [7]. The design is similar to the
first resonant phonon design in Ref [6], but the lower laser level is not directly in resonance
with the upper level of the phonon transition, and instead an extra well has been added
between. This extra well in combination with a diagonal lasing transition appears to reduce
non-radiative scattering out of the upper laser level while maintaining fast depopulation of
the lower laser levels via resonant-phonon scattering. The possibility of radiative transitions
between the upper radiative state and 3 possible lower radiative states (each separated by

several meV) seems to result in very broad gain bandwidth as well.



1.2.2 THz QCL waveguides design

An equally important development in realizing QCLs in the THz regime was the design of
low-loss, high confinement waveguides. Mid-IR QCLs can use dielectric waveguides as the
thicknesses of the active region and cladding layers can be made proportional to the lasing
wavelength (a couple micron given the refractive index of the material). This approach
cannot be extended to THz frequencies as the wavelengths are an order of magnitude larger,
but current semiconductor technology does not allow growth of QC-active regions or cladding
layers that are an order of magnitude thicker, and such a doped semiconductor waveguide
would be highly lossy anyways. Two solutions have become commonplace in the field: single

surface-plasmon (SP) waveguides [5] and metal-metal (MM) waveguides [50].

SP waveguide design sandwiches the QC-active material (typically 5-10 pum thick) be-
tween a metallic waveguiding layer on top and a buried, highly-doped SP waveguiding layer
underneath. The surface plasmon layer offers improved confinement of the THz field to
the active material compared to a purely dielectric interface, but there are still substan-
tial evanescent THz fields that leak into the substrate, so the substrate is made of high-
resistivity semiconductor to minimize optical losses, and the current is instead extracted
laterally through the SP layer. This modal leakage is both the advantage and disadvantage
of the approach in that it offers improved outcoupling efficiency and beam quality compared
to the MM waveguide, but it also results in higher threshold gain and worse temperature

performance.

The MM waveguide design is similar to the SP design, except that both of the waveguiding
layers are metallic. The advantage of the MM waveguide is that the higher confinement factor
and low-losses associated with the double metal waveguiding layers results in lower threshold
gains and higher temperature performance compared to SP waveguides. The disadvantage
is that the extremely subwavelength confinement of the mode results in very high reflectivity
facets and a very diffracted beam pattern [51,52]. In response, a long list of alternative
coupling techniques (primarily grating based) have been investigated including, but not

limited to:
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Figure 1.7: (a) Illustration and SEM of metal-metal waveguide for THz QCLs. The simulated
field profile in the waveguide is plotted along with a measured output beam pattern which
is observed to be very diffracted. (b) Surface-plasmon waveguide illustration, simulated
waveguide fields, and measured output beam pattern. The beam is considerably improved
thanks to the larger mode profile.

o Surface coupling using a 2"*-order distributed feedback (DFB) grating [53-55]: by in-
troducing a 2"%-order diffraction grating with period A equal to the guided THz wave-
length, surface emission occurs as dictated by the diffraction condition that incident
wavevectors couple to wavevectors offset by an integer multiple of the grating wavenum-
ber: Efzgiimggrating. If EZ is equal to Egmtmg and m=1, then Ef = 0, which gives a
wave propagating in the out-of-plane direction. This approach has the advantage of
a large radiating aperture that should produce a narrower beam (albeit an elliptical
beam as the ridge is much longer than it is wide), but has seen little success as the
grating coupled waveguide has two solutions with opposite symmetry; one that radi-
ates and one that does not (dark mode). Typically, the dark mode will lase by virtue
of a lower threshold gain, but in a finite structure the laser operates slightly off the
grating wavenumber and a small amount of power is coupled out of the surface into an

multilobed beam. Such was the case for the first 2"¢-order THz QCLs, but a couple of
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modified techniques have found ways around this problem:

— Surface coupling using a graded 2**-order DFB [56]: In Xu et al., a design is

2"_order grating whose period was varied parabolically

presented using a graded
along the length of the ridge. This results in a parabolic photonic bandstructure
that leads to a large frequency difference between the bright and dark modes of
the cavity, allowing the designers to push the dark mode outside of the QC-gain
bandwidth, forcing it to lase on a bright mode. Up to 50 mW of power was

achieved with a slope efficiency of 230 mW/A.

— Surface coupling using a hybrid 2**- and 4"-order grating [11]: Perhaps the most
clever and simplistic scheme, a 4**-order grating is superimposed on a 2"-order

2"d_order grating which

grating. The 4"-order grating is phase shifted from the
introduces constructively radiating apertures for the previously dark 2"?-order
mode (which should otherwise be minimal effected by the addition of the 4
order grating). The phase-shift acts as a knob that can tune the degree of radiative
coupling. High peak power of 170 mW and record slope efficiency of 993 mW /A

was demonstrated.

o Surface coupled photonic crystals [57-59]: effectively a 2-D extension of the 2"¢-order
grating coupled scheme. Improved beam patterns with up to 10’s of mW of single-mode

pulsed power have been demonstrated.

e Edge emitting 3"-order DFB [9,55,60-62]: The key principle in this approach is to
design the refractive index of the metal-metal waveguide ridge (using control of ridge
width) to be exactly n = 3, and to introduce a 3"%-order grating. In this manner, if
we again consider the diffraction equation above, we find that if the THz waveguide
has an effective refractive index of 3, and the Eizl.Sx/;gmtmg, then the first diffracted
mode has an effective refractive index n = 1, the second n = -1, and the third n =
-3. Therefore, the grating provides both feedback and coupling to free space (n = 1).

37%-order gratings have demonstrated excellent beam patterns, but the phase matched
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condition is difficult to hit (waveguide with an index of exactly 3).

e FEnd-fire antenna-coupled grating structure [10]: In this approach, a metallic grating is
patterned into the top contact of a THz QCL and is used to couple the waveguided
mode to an SP mode propagating in free space on the top side of the contact. The
resulting standing wave radiates efficiently in the end-fire direction through the SP
mode acting as a source of coherent radiators. The devices generated excellent beam

patterns, but peak power was limited to a couple milliwatts.

o Surface coupling with an array of patch antenna [12,63]: Demonstrated milliwatt level
power into a relatively directive surface emitting beam using a 3x3 array of circular
patch antenna integrated at the end of a metal-metal ridge waveguide, separated by a

small coupling gap.

Other noteworthy examples not discussed include [64-67].

1.3 THz QCLs for remote sensing

An application that has drawn particular attention for THz QCLs is remote sensing of
interstellar dust clouds using frequency agile heterodyne spectroscopy [68-71]. Heterodyne
detection is a passive technique for detecting small signals at a very specific frequency in
a noisy environment. The key elements are the detector, the mixer (sometimes one in the
same), and the local oscillator (LO). The incoming, noisy signal is received by the detector
and mixed with a reference signal (the LO) at the desired frequency in a nonlinear element
(the mixer), and the resulting beat note is observed on a spectrum analyzer, indicating the
exact magnitude and frequency of the incoming signal. Astronomers have expressed interest
in several molecular lines including a fine carbon line [CII] at 1.9 THz [72], an oxygen line [O]]
at 4.7 THz, and a hydrogen deuterium [HD] line at 2.7 THz. These measurements must be
performed from a space-based platform, or at least high altitude as atmospheric absorption

in the THz is much too large to make observations from Earth’s surface. For years, diode
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Figure 1.8: Selection of power outcoupling schemes. (a) 3"%-order distributed-feedback laser
arrays [9]. (b) End-fire surface-plasmon coupling scheme [10]. (c) Superimposed 4‘*-order
and 2"%-order surface coupling scheme [11], (d) Surface-coupled patch array [12].

frequency multipliers have been the go-to source for high-frequency local oscillators as they
are compact and reliable, but as mentioned above, the power from diode multipliers drops
exponentially as the frequency is increased [33,73,74]. Above 2-3 THz, it is difficult to
obtain more than microwatt power levels, which may be enough to pump a single detector,
but for more reasonable observation times, the community is pushing for large array detectors
[70]. THz QCLs are perhaps the leading candidate to replace diode multipliers at higher

frequencies as THz QCLs are compact, high power, and perform very well in the 2-5 THz
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range, but difficulties with poor beam qualities and inefficient coupling have made realization

of such systems challenging.

To date, two QCL based heterodyne instruments have been utilized in the field, both at
4.7 THz (63 pum). One instruments was a single-pixel 4.7 THz heterodyne receiver designed
for the Stratospheric Terahertz Observatory 2 (STO-2), a balloon based mission in Antarctica
managed by NASA and the University of Arizona [75,76]. The detector used a 3"4-order
DFB THz QCL developed at MIT as the LO, however communications with the controller
for the QCL failed and no useful data could be collected. A follow-up balloon mission,
the Galactic/Extragalactic ULDB Spectroscopic Terahertz Observatory (GUSTO), is set to
launch in December of 2021 and will implement a 2x4 detector array, again pumped by a
3r-order DFB developed at MIT [77]. The second instrument is the German Receiver for
Astronomy at Terahertz frequencies (GREAT), and subsequent upGREAT, which have flown
since 2014 on the Stratospheric Observatory for Infrared Astronomy (SOFIA), an airplane
based observatory developed and managed jointly by NASA and the German Space Agency
(DRL) [13,78,79]. GREAT was a single pixel detector utilizing a 4.7 THz surface-plasmon
QCL with a lateral 1¥-order DFB grating. The laser generated 6 mW of power directly
from the facet, while 1.2-2.2 mW of power were actually available after passing through the
cryostat window and beam shaping optics. A mechanical Stirling cooler (7 W cooling power)
was used to maintain a heat sink temperature of 50 K. Only temperature control was used
for frequency stabilization, and the linewidth was estimated at ~1.6 MHz (using the edge
of a methanol line as a frequency discriminator). The active region design was a ‘modified
bound-to-continuum design’ where the bottom state of the miniband scatters into the upper
laser level of the neighboring module via LO-phonon scattering. The design was intended to
take advantage of phonon scattering to rapidly deplete the miniband while having lower bias
requirements compared to a resonant-phonon design. The total thermal load of the device

was ~2.5 W (500 mA and 5 V).

GREAT operated during six flights on SOFIA between May 2014 and January 2015,
after which it was replaced by upGREAT a 7-pixel version of the system. Two QCLs (both
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Figure 1.9: (a) Photograph of the upGREAT 4.7 THz local oscillator (including power
supply, optics, electronics, etc.). Dimension are 100x23x23 cm. (b) Sample data collected
with the upGREAT system. Contour plot shows velocity integrated intensity map of [O ]
emission from star cluster NGC3603, one of the Milky Way’s most active stellar nurseries.
Figures taken from Reference [13].

4.7 THz) have been utilized with the upGREAT system [80]; the same DRL laser used
with GREAT, as well as a laser based on the design developed by Bosco et al. at ETH
Zurich [12] using a 3x3 patch array at one end of the device. The Bosco device is based
on the hybrid bound-to-continuum resonant-phonon active region [7] and provided 2.4 mW
with a frequency stability of <1 MHz. For both lasers, distribution of the LO-power into the
seven identical beams for the seven pixels is accomplished with a Fourier grating [81]. The
grating is reported to have 90% efficiency and <0.5% power fluctuation between the seven
beams. Waveguide coupled NbN hot-electron superconducting bolometers have been used
as the detectors/mixers in all studies [82,83]. Using the data from upGREAT, astrophysicist
have primarily studied the outflow of [OI] from protostallar jets (see Figure 1.9) [84-88].
Understanding the details of star formation and lifecycle is crucial as it is one of the primary
mechanisms by which matter is created and distributed throughout the universe. This was

the subject of many measurements performed by the Herschel Space Observatory (managed
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by the European Space Agency, operated from May, 2009 - June, 2013). The Herschel
Observatory was capable of performing measurements from 55-672 pm, where emission is
strongest from warm (30-100 K), dust shrouded star forming regions [89,90]. Measurements
targeted at investigating water and oxygen content outflow from protostars (forming stars
that are still accumulating mass from an accretion disk, prior to the onset of fusion at the
star’s core) indicated a larger outflow of atomic oxygen [O I] than was expected, prompting
a call for more data with higher spatial and spectral resolution to perform velocity resolved
measurements [71,91]. The “Origins Space Telescope” (OST) is one of the four “Flagship
Surveyor Missions” being studied by NASA for consideration by the 2020 Decadal Survey of
Astronomy and Astrophysics [92,93]. The OST is envisioned to have a telescope diameter
between 8 m and 12 m, which would be a factor of 3 larger than the Herschel’s primary
mirror. For a nominal diameter of 10 m, the diffraction-limited beam width is 4”7 at A =
158 pm (1.9 THz). However, the regions of interest are few to tens of arcminutes in size,
requiring observations of thousands to tens of thousands of positions in order to follow the
rapidly-varying kinematics and chemistry. To carry this out in reasonable amounts of time
thus requires heterodyne focal plane arrays. A Heterodyne Receiver for OST (HERO) has
been proposed for this platform with several frequency bands ranging from 0.5 THz to 2.7
THz and an optional band at around 4.7 THz [94]. Pumping such large arrays with diode
mixers up to 4.7 THz may be difficult, but researchers in that field have proposed a 64-pixel
detector for OST at 4.7 THz using diode multipliers, arguing that only 3 uW of power is
needed per pixel, given that the signal and LO are superposed in orthogonal polarizations
so there are no beam splitter losses. Regardless, QCLs may be able to provide the necessary
power more efficiently, and offer enough power to pump even larger arrays, but work is still
needed on the performance and reliability of QCLs to make them viable candidates for a
space based telescope. Most of this thesis is focused on such improvements with regards to

output power, beam quality, and tunability of THz QCLs.
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CHAPTER 2

The THz QC-VECSEL

2.1 Introduction

The THz quantum-cascade vertical-external-cavity surface emitting laser (QC-VECSEL) is
a new approach for designing THz QC-lasers developed in Prof. Benjamin Williams’ lab at
UCLA and first published in 2015 [16]. The fundamental concept is to use THz QC-active
material to design a large-area, reflecting THz amplifier that can be inserted as a gain chip in
an external cavity laser. The advantage of this approach is that the radiating aperture of the
THz amplifier and external cavity optics can be made large (millimeter scale) compared to
the THz wavelengths (on the order of 100 um). Therefore, a high-quality, Gaussian shaped
beam can coupled out of the cavity, and further, the laser power can be scaled by simply

scaling the dimensions of the THz amplifier.

The VECSEL concept is borrowed orginally from the solid state laser community (often
refered to as 'disk lasers’), where the technique was developed, similarly, for the purposes of
high-power and good beam quality compared to ridge waveguide devices [95]. The VECSEL
typically consists of a optically pumped solid state gain material on top of a reflective surface.
The gain chip is then placed in an external cavity resonator to form a laser. The concept has
been extended to semiconductor lasers, where the gain chip consists of a multiple quantum
well gain material grown on top of a dielectric Bragg mirror that provides low-loss and
high-reflectivity to normally incident waves (Figure 2.1(a)). Most interband VECSELs are
optically pumped as electrical contacts would normally prevent surface coupling. Electrically
pumped devices have been demonstrated but must be small in size, defeating much of the

purpose [96]. In addition to high-power and beam quality, the external cavity bases for
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Figure 2.1: (a) [lustration of an optically pumped interband VECSEL utilizing a dielectric
Bragg mirror for the bottom reflector. The gain chip sandwiched between two heat sinking
layers to allow for higher pump and output powers. (b) Illustration of the THz QC-VECSEL.
The copper ground plane acts as a reflector, removing the need for a Bragg mirror, and no
pump laser is required as the metasurface is electrically pumped.

VECSELSs have given access to a variety of techniques for mode-locking, broadband tuning,

and nonlinear generation with semiconductor lasers [97-101].

The VECSEL concept cannot be directly extended to QQC-lasers because the intersubband
gain cannot be coupled to the in-plane polarization of the of waves in a vertical cavity.
Therefore, a scheme must be implemented that rotates the in-plane polarization of normally
incident THz waves, coupling them to the gain material and subsequently re-radiating the
amplified waves back in the surface direction. In this chapter, we review the basic design and
techniques used to realize such a surface-coupled QC-amplifier, henceforth to be referred to

as the metasurface, and the subsequent results from early THz QC-VECSEL lasers.
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2.2 QC-VECSEL metasurface design

The original metasurface design is illustrated in Figure 2.2. The metasurface consists of
an array of narrow metal-metal ridge waveguides loaded with THz QC-gain material. The
ridges are spaced with subwavelength periodicity to avoid diffraction effects (A < Ao, hence
the term ‘metasurface’) and are coupled to surface incident radiation on a unit-cell basis via
the TMy, transverse cutoff resonance at vy ~c/(2nw), where w is the width of the ridges
and n is the refractive index of the quantum cascade material filling the ridge. The odd
symmetry of the fields on the two sidewalls of the ridge result in magnetic dipoles that

constructively interfere, given by:

M, =2 x E. (2.1)

Normally, phase variation along the length of the ridge would cancel such radiation or
result in leaky wave radiation at an angle, but at the cutoff frequency, the group velocity is
zero and there is no phase variation along the length of the ridges giving constructive inter-
ference in the surface direction. This is the same formalism used to describe the operation of
patch antenna, which are ubiquitous in the microwave community and have been utilized by
the THz and mid-IR QC-laser communities as well. Free-standing aeroth-order resonators
for THz QCLs were first investigated by Tavallaee, et al. but were found to be too lossy to
lase without feedback, partly inspiring the QC-VECSEL concept [102-104].

Periodic finite-element (FEM) simulations of an effectively infinite metasurface can be
performed with COMSOL Multiphysics. In Figure 2.2(c), reflectance spectra of a metasur-
face with a period A=70 pym and ridge width w=11.5 um are plotted for varying applied
intersubband gain. When no gain is applied, an absorbing dip is observed at the designed
frequency, and when sufficient gain is applied, it changes to an amplifying peak around the
same frequency. The gain at which the metasurface switches from absorbing to amplifying
(when reflectance R=1) is referred to as the transparency gain. The maximum amplifica-

tion factor that can be achieved sets the limit on the amount of loss (output coupler and
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Figure 2.2: (a) Bird’s eye illustration of typical metasurface with the biased area and tapered
terminations indicated. (b) Illustration of a small portion of the metasurface with the TMq,;
field profile and corresponding radiation mechanism indicated. (¢) FEM simulated reflectance
spectra as a function of applied intersubband gain for a metasurface designed to operate at
3.4 THz (A=70 pm, w=11.5 pm), and (d) the corresponding fields from the simulation.

diffraction) that can be tolerated in the external cavity. As expected, there is a 2w phase
shift associated with the metasurface as well. This is an important point as it gives access
to a host of developed techniques for designing flat optics based on metasurfaces. A focusing
metasurface, for example, is discussed below in Section 2.4. This phase also becomes relevant

when considering frequency tuning techniques for the QC-VECSEL (see Chapter 4).

Another important observation about the metasurface is that it has a very broad spectral

response. This is a result of the large radiative losses compared to stored energy in the
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Figure 2.3: (a) Peak reflectance as a function of gain for metasurfaces with varying quality
factor (resulting from varying the ridge width w while the period A is kept constant). Peak
reflectance increases with quality factor because the THz waves spend more time in the
metasurface accumulating gain. (b) Color plot showing the full reflectance spectrum as a
function of quality factor (again by varying w while A is kept constant). A strong anticrossing
is observed when the resonant frequency of the Bragg mode (associated with A, flat line at
~4.25 THz) is equal to the resonant frequency of the ridge elements (associated with w.

metasurface, i.e. the metasurface has a low quality factor:

140 o

Q-2 — (2.2)

B E 2W(aabs + arad)7

where 14 is the center frequency of the metasurface resonance, Av is the full-width half-
max (FWHM) bandwidth of the resonance, and ags and ., are the loss coefficients (in
terms of power) resulting from material absorption and radiation respectively. For the THz
metasurfaces discussed in this thesis, typical Q values are =~ 5 - 10. The low quality factor
of the metasurface is an important conceptual point as it is what allows the metasurface to
operate as an amplifier, rather than a self-lasing structure. High-Q metasurfaces capable of
self-lasing into a narrow surface-directed beam have been demonstrated by Kao et al. [21,105].
Such a self-lasing metasurface is very interesting as it also offers high beam quality and

scalable power while doing so in a monolithic package. By moving to a low-Q metasurface
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in an external cavity, the setup is modestly more complex, but the functionality of a single
metasurface can be greatly increased, namely in broad tunability of the lasing frequency and
outcoupling efficiency. A large number of self-lasing high-Q metasurfaces would be needed to
cover the same parameter space, which becomes a significant problem as the wafer material
is extremely expensive and metasurfaces are very large area devices. In order to prevent self-
lasing of the individual ridges of the metasurface presented in this thesis, tapered termination
have been added to the ends of each ridge to prevent strong facet reflections for propagating

waveguide modes. These tapered ends lead to a large area for wire-bonding.

The radiative loss of the metasurface, and thus the quality factor, can be tuned by adjust-
ing the period of the metasurface (see Figure 2.3(b)). This can be understood by considering
coupled mode theory. The eigensolutions of an infinite metasurface are a superposition state
of the radiating TMj; ridge resonance and a bound Bragg mode associated with the grating
period. This coupling to the Bragg mode gives the metasurface solution a certain degree of
in-plane momentum and reduces the radiative losses in the surface direction, increasing the
quality factor of the metasurface. This bound in-plane coupling is of particular importance
when considering a finite metasurface as it effectively results in a form of diffraction loss of
energy off the edges of the metasurface traveling in the in-plane direction. As the resonances
become closer, the degree of in-plane coupling and resulting diffraction loss increases. To pre-
vent excessive losses, simulations of finite metasurfaces indicate that the metasurface period
should be kept less than ~ 80% of the free space wavelength. Eventually, when period of the
grating becomes greater than the wavelength of the TMy; resonance, the energy begins to
couple to diffracted waves reflected at an angle: Asin(#)=mA\, where A and A are the grating
wavelength and lasing wavelength respectively, and m is the diffraction order. Operating
away well away from the diffraction condition so that the properties of the metasurface are
primarily dependent on the unit cell design, not the period of the structure is, of course, the

fundamental basis of the metamaterial field.

A second, similar way to think about the problem is based on array theory and represent-

ing the sidewalls of the ridges as dipoles. As the ridges become more sparse, the radiative
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efficiency in the surface direction is reduced, and the quality factor and passive absorption
increase. For the in-plane direction, there is effectively a phase mismatch between the grating
wavenumber and the free space wavenumber of the lasing frequency. In an infinite meta-
surface, this prevents the constructive build-up of any energy propagating in the in-plane
direction. In a finite metasurface, however, the symmetry is broken at the edges and some
uncompensated radiation can leak out. As the phase mismatch becomes smaller (the grat-
ing period approaches the free space wavelength), the coherence length of the interference

process gets longer, and more energy escapes out of the edges.

2.3 Full-cavity model

For a complete understanding of the QC-VECSEL’s properties, the properties of the meta-
surface must be incorporated in a model for the full external cavity structure. This can be

done both using an analytical model and with FEM simulations.

2.3.1 Analytic model

An analytical model for the QC-VECSEL is described in Ref. [18] The key concepts are
summarized here, with some minor modifications. The basis of the model assumes that the

reflectance of the metasurface can be represented as:

Rurs = RiG = ¢£0a=a). (2.3)

where Ry=e~¢)9 is the passive (unbiased) reflectance of the metasurface, and G=ef®)9
is the intensity gain. The intersubband gain coefficient is given by ¢, and gy, is the trans-
parency gain value. The spectral properties of the metasurface are incorporated by the
frequency dependent fitting factor £(v). Using equation 2.3, we can write an expression for

the threshold gain of the QC-VECSEL based on the condition that the roundrip intensity
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change is unity:

1 = Rys(v)RoT? = Ry (v) RyT?e8W)9n (2.4)
- —ln(Rl(V)R2T2) o o IH(RQTZ)
W= ey T T 29

where T? is the roundtrip transmission through the cavity (primarily effected by diffrac-

tion losses if the cavity is built in a vacuum cryostat).

Equation 2.5 tells us that the threshold gain of the VECSEL will decrease if the metasur-
face absorption is reduced, metasurface quality factor (reflected by £(v)) is reduced, trans-
mission loss is reduced, or output coupler reflection is increased; all logical conclusions. For
a given metasurface modeled by equation 2.4, Ri(v) and £(v) are not independent variables,
so it is also useful to consider equation 2.5 in terms of transparency gain, as shown on the
right-hand side of equation 2.5. For the ridge-based metasurface, it’s observed in Figure
2.3(a) that the transparency gain is relatively constant while the other three knobs in the

second term can be tuned independently.

Next, we want to estimate the laser output power and slope efficiency as a function of
the metasurface pump current. We start by writing an expression for the total fields in the

VECSEL during stable operation:

N
E= ‘%E-i-wmode(xa y) <€ikoz + 1 V Gthe_ikoz) + 2E0¢mode(xa y)wridge<w)7 (26)

_ =1
.

~-
. . ~~
External cavity fields Fields in metasurface ridges

where Z is the in-plane direction, and 2 is the surface-normal direction. The expression
consists of a forward and backward wave propagating in the external cavity with peak field
values of E and r1v/Gy E,, and a standing profile in the ridges with a peak field intensity
of Fy and a sinusoidal variation across the width. The shape of the external cavity mode
is given by ¥mede(2,y) (preferably a Gaussian type profile), and the shape of the transverse

mode in each ridge is given by 1,44 (), which is a sinusoidal standing wave shape in the
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case of all demonstrated metasurfaces. Both functions are normalized such that 1% has a

maximum value of 1. Gy,=(R1R,T?)™! per equation 2.4.

What we want to calculate is intensity P, (W) as a function of the pump current. We

start by writing:

Rm:ﬂ—&ﬁﬂz/‘LW%m@mww, (2.7)
mode

where P, is the power of the output beam, P_ is the power incident on the output
coupler after being amplified by the metasurface, and I,,; is the peak intesity of the output

beam.

To relate P, to the pump current in the metasurface, we start by determining the
relationship between the power ciculating in the external cavity and the energy in the meta-

surface.

dU . CL)OUO

P —P =— =
" dt Qabs ’

(2.8)

where P is the power of the incoming wave (after reflecting off the output coupler), wy
is the resonant frequency of the metasurface, ()., is the non-radiative quality factor of the

metasurface given by:

won

Qabs = m, (2.9)

where g is the QC-material gain coefficient, assumed to be uniform every where (circu-
lating intensity is small compared to the saturation intensity), and n is the refractive index

of the QC-material. Uy is the energy stored in the metasurface given by:

fmode wznode (.I', y) dl’dy fridge 77/}1%z'dge (I)dl‘

1 w
2
U() == —GTEQIE()‘ hA K A s (210)
2 ., Wridge
~~~ ~~ ~ ~ ~
Felc Fmode Fridge
Fopt
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where F';. is the fill factor of the gain material across the metasurface, and F,, is the fill
factor of the electric field in the ridges (see Figure 2.4). Typical metasurface designs with a
sinusoidal standing wave would have F',,;=0.5. Equation 2.8 can be written as an expression

in terms of peak forward and backward field intensities:

woly

Al = 1) = G P

(2.11)

By substituting equation 2.9 and 2.10 into 2.8, and using relationships I _=R; GI ,=ceq E* /2,
we can solve for the ratio of the peak intensity in the ridges and the intensity of the outgoing
plane wave (note that this expression and equation 2.9 have been corrected from [18], which

had a sign error):

B 2(RG — 1)

M= - .
‘E*|2 RlG(g - gtr)nhFelcFridge

(2.12)

We can write the follow expression for the peak output intensity of the VECSEL beam:

(1—=Ry)T

L= (1—Ry)TI_ =
= 2) nM

Iy, (2.13)

where Iy=ncegE2/2 is the peak field intensity in the metasurface.

Now, the intensity in the ridges must be related to the gain coefficient and current draw
in the QC-material. We start by writing a general expression for the QC-gain coefficient as

a function of intensity:

_ gO(J) _ (J - Jleak)aTeff 1 (2 14)
141/ eL, 1+ 1/1 '

where go(J) is the small signal gain coefficient, I is the field intensity, I is the saturation
intensity, J is the total current density draw, J.q; is a leakage current term (technically a
function of gain g, but it should be relatively constant through the small bias range over

which lasing occurs), o is the stimulated emission cross section (and is technically frequency
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dependent), e is the fundamental charge, and L, is the length of a QC-module. The effective
lifetime of the population inversion is given by 7.fr=nT,y-(1-n)72, where the upper state
lifetime (assuming a 3-level laser model) is given by 7,,=73(1-72/732), and 1 accounts for
non-unity injection efficiency. The saturation intensity is given by [ =hv/o(7,,+72). Setting

g=gu, and solving equation 2.14 for I gives the following:

B hv Teff J — Jth

_ , 2.15
eL, To + Tefr  Gen ( )
L
Ll T S (2.16)
UTeff

To account for the mode profile across the ridge width and write an expression for I,

we assume an effective uniform circulating intensity of F',;q4.10, giving the expression:

1 hv Teff J — Jth

IO ==
F'ridge eLp T2+ Teff gth

(2.17)

So finally, we can substitute equations 2.12 and 2.17 into 2.13, and use relationships
RiGy=(RyT?)™, gp=-("'In(Ry), and gy, from equation 2.5 to obtain an equation for
output intensity as a function of pump current density:
hv Teff (T — Rg)ln(RQTQ)

]ou = Np—
TP e 4 1epp (1 — RyT?)In(Ry Ry T?)
——

Fee(J = Jin). (2.18)

N

-~

3

i opt
Labels in equation 2.18 indicate how the expression can be broken into classical elements
of a laser model including internal quantum efficiency 7); indicating the fraction of the pump

current that is converted into photons, and optical efficiency 7,,: reflecting the fraction of

generated photons that are coupled into the output beam. By multiplying both sides by the
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integral of ¥?(z,y), the expression can be converted back to power and absolute current:

Pous = Ny (1 = T (2.19)

According to equation 2.19, the slope efficiency of the laser shows no dependence on the
optical fill factor F,,. This is because the model has assumed that only optically active
portions of the metasurface contribute to current draw above threshold (i.e. according to
equation 2.17, if there is no optical field in the ridge, the current density is locked at the
threshold value). This is equivalent to a laser in which the active region voltage is locked
above threshold, such that the differential resistance goes to zero. In this case, it is true
that the fill of the mode across the metasurface has no affect on the slope efficiency; a given
amount of total current over threshold will always generate the same number of photons.
In reality, this is not a correct representation of QC-gain material, which exhibits a finite
differential resistance above threshold due to non-zero lower state lifetimes and parasitic
resistances within the active region. As a result, the voltage bias (which is constant across
the area of the device), increases above threshold, which results in a local increase in the
population inversion, and the material gain (i.e. spatial hole burning) in regions of the
metasurface and ridge with reduced optical intensity. Incorporation of this effect will result
in some reduction to the slope efficiency, but the effect has not been investigated in detail

at the moment.

The above discussion assumes that all of the metasurface is biased, but in reality, only a
small central portion of the metasurface is usually biased to reduce pump power and promote
lasing on the fundamental mode of the external cavity. In this situation, the only effect is

to see an increase in threshold gain by a confinement factor I'; (see Figure 2.4):

gin €Ly
Ft OTeff

Jth,modal = + Jleaka (220)
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— fbiasarea ¢2 (CC’ y)dA
fallarea wQ (Z’, y)dA

I, (2.21)

This confinement factor should not be expected to affect the slope efficiency of the VEC-

SEL, and this can be proved by replacing equation 2.3 with the expression:

EW)(9—9tr)
Rys=RG=e Tt . (2.22)
Replacing equation 2.9 with the expression:
won
Qabs = r 5 (223)
(g - gtr)c '

and replacing equation 2.17 with the expression:

1 hv Teff r J — Jth

Iy = t
Fm'dge eLp T2 + Teff Gth

(2.24)

The I' factors in equations 2.23 and 2.24 cancel when inserted into equation 2.13.

2.3.2 Numerical modeling

The Fox and Li approach is significantly less computationally intentisve than FEM modeling,
and is the technique presented in most of the published THz QC-VECSEL work to date.
The technique was first proposed with regards to maser design in 1961 (Ref. [14]), and is
nothing more than application of a Huygen’s integral to a wave bouncing back and forth in
a cavity until a stable solution is reached. Huygen’s theory assumes that the propagation

of an electromagentic wave can be modeled as the sum of an infinite number of spherical

_ e—dkoR

point sources described by E(R)=F%

, where kg is the free space wavenumber and R is the
observation point relative to the source. Converting to 1-D (cylindrical wave sources rather

than spherical) and integrating over the excitation wavefront ¢(z), the field at each point
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Figure 2.4: (a) Confinement factor I' and optical fill factor F,,; as a function of the ratio of
the beam waist of the presumed Gaussian mode profile to the width of the bias diameter.
I' decreases as the beam waist grows larger than the bias diameter while F',,;, approaches a
limit of F';;q4e, which is a constant value of 0.5 for a sinusoidal standing wave pattern.

on the observation plane is given by:

7 e~k 1 + cosh
E(R)_,/A—O/ (o) e, (2.25)

where )\ is the free space wavelength. To find the eigensolutions of an optical cavity, we

assumes an initial field distribution (a plane wave, for example), use equation 2.29 to calculate
the fields on the output coupler after propagating across the cavity length, use equation 2.29
again to propagate the field reflected by the output coupler back to the metasurface (with

the desired output coupler reflectance imposed), and repeat until a stable solution is reached:

it (2.26)

Subscripts n and n+1 indicate the number of passes through the cavity. The per-pass
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loss or gain coefficient for the cavity (in terms of field) is given by is . For a passive cavity
with no material losses and PEC mirrors, v gives the per-pass diffraction loss.

a) Fox and Li method:

1.5
1
08 f 3
s
LIJC 061 E
w 05 — n=150
0.4 ) et

-1 0 1
x-position (mm)

/

02+ E,/E, =0987

0 50 100 150 200 250
Number of cavity passes (n)

Figure 2.5: (a) Illustration of Fox and Li method taken from Ref. [14]. To simulate a
QC-VECSEL with an active metasurface, every other aperture should be assigned an am-
plification factor and phase, and the alternate apertures should be assigned a loss factor to
reflect the output coupler. (b) Simulations of a 2 mm metasurface with 5 mm cavity length at
3.4 THz. The black line indicates results for a passive cavity with per-pass diffraction power
loss =100x(1-0.987%)=2.6%. Blue line indicates the threshold condition with metasurface
amplification factor =1.05. The mode shape is plotted in the inset.

This concept is illustrated in Figure 2.5(a), and a sample 1-D calculation for a plano-
plano 3 mm long cavity with 2 mm wide PEC reflectors at 3.4 THz is shown in Figure 2.5(b)
(comparable to a typical THz QC-VECSEL setup). In this passive case, the model converges
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on a solution with 2.6% per-pass diffraction power loss, and the output field profile is shown
in the inset. 2-D Fox and Li modeling can be done, but adds significant computation time
while diffraction loss for a 2-D cavity can be approximated as simply twice that of a 1-D
cavity. Amplitude and phase characteristics can be added to the mirrors to represent the
metasurface. For example, in the inset of Figure 2.5(b), a uniform amplification factor of
1.05 has been added to compensate for the diffraction loss, resulting in a solution that con-
verges to a constant value. This required amplification factor can then be related back to
the required QC threshold gain using the FEM results for an infinite metasurface. However,
if a finite bias area is to be considered, or a non-uniform design is used, the detailed local
reflection characteristics of the metasurface are unknown. Further, effects of coupling to
in-plane momentum (as discussed in Section 2.2) are not considered either. Therefore, only
FEM simulations that incorporate the exact metasurface structure can accurately model the
full VECSEL cavity. The disadvantage of FEM simulations is that it becomes computa-
tionally intensive to model longer cavities (while cavity length has no effect on Fox and Li

computation time). To investigate more closely, we consider a number of basic scenarios.

In Figure 2.6(a), diffraction losses calculated using a 1-D Fox and Li model are plotted as
a function of cavity length for a 2 mm metasurface operating at 3.4 THz. Results are plotted
for both a plano-plano cavity and a plano-focusing cavity (focusing radius of 20 mm). PEC
surfaces are used so that only diffraction loss is considered. As expected, the plano-focusing
cavity shows a strong improvement over the plano-plano cavity at shorter cavities (<10 mm),
but at longer cavity lengths, diffraction loss increases sharply. This is due to the finite size
of the metasurface - around 10 mm cavity length, the divergence of the beam over the cavity
length becomes significant enough that the majority of the power is simply lost off the edges
of the metasurface (note, the fundamental stability requirement for a plano-focusing cavity
is that the radius of curvature of the mirror, R, is less than the cavity length, so this is not
the cause of the increase in diffraction loss). This effect is further demonstrated in Figure
2.6(b) by the simulated diffraction loss when the metasurface is increased to 3x3 mm?. For

comparison, the 2-D FEM simulated threshold gain (no selective biasing) is plotted for both
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Figure 2.6: (a) Comparison between results using the Fox and Li model (lines) versus full
FEM modeling (circles) as a function of the length of the external cavity. Results for both
uniform (blue) and focusing (red) metasurfaces are shown. The focusing metasurface is
represented as a perfect quadratic reflection phase, while the metasurface parameters for the
FEM simulation were taken from Ref. [15]. (b) Comparison (using Fox and Li modeling
only) between a 2 mm metasurface and a 3 mm metasurface. Both uniform and focusing
results are shown. (c-d) Field plots of FEM simulated cavities clearly shoing the reduction
in diffraction loss when using a focusing metasurface.

a uniform (A=70 pum, and w=11.6 pm) and focusing metasurface, using a PEC boundary in
place of an output coupler. The focusing metasurface is implemented using a variable ridge

width to spatially control the reflection phase of the metasurface, and is based on the design
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Figure 2.7: (a) Comparison of confinement of the mode on a 2 mm metasurface to the central
0.7 mm (calculated using FEM simulations) for a focusing and uniform metasurface. The
confinement is much better for the focusing surface because the lossy, unbiased portions of
the metasurface are detuned from the resonance and do not couple much field intensity into
the ridges. (b) Comparison between focusing and uniform metasurfaces when the whole
metasurface is biased and when only a central portion is biased. The affect of the confine-
ment factor is observed to be much more detrimental to the threshold gain of the uniform
metasurface compared to the focusing.

in Ref. [15].

The trend in the threshold gain for the uniform metasurface is in very good agreement
with the Fox and Li simulated diffraction loss. The diffraction loss cannot be directly ex-
tracted from the simulation, but can be inferred from the reflectance required from the
metasurface in the FEM simulation. For example, at a cavity length of 18 mm, the FEM
simulated 2-D threshold is 32 cm™!, and the Fox and Li simulated roundtrip diffraction
power loss is 23.8 %. From FEM simulation of an infinite metasurface, we find that 32 cm™!
of applied QC-gain gives a metasurface power amplification factor of 1.27, giving a roundtrip

condition of 1.27x(1-0.238)=0.97. The expression is relatively close to 1, indicating that the

Fox and Li model and FEM simulation are predicting similar diffraction loss values.

For the focusing metasurface, the Fox and Li model and FEM simulations show a rel-
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atively similar trend, but diverge a little at longer cavity lengths. This deviation may be
partially a result of the fact that the spatially varying gain of the focusing metasurface is not
accounted for in the Fox and Li model, and partially because the metasurface is discrete in
nature, but represented by a continuous fit in the Fox and Li model. Actually, this spatially
varying amplification, and thus spatially varying absorption in the passive case, should be
of significant advantage when moving to metasurfaces with small bias diameters (important
for continuous wave operation). This is because the unbiased ridges in the outer edges of the
focusing metasurface are significantly detuned from the target frequency, reducing the losses
that the outer edges of the beam experience compared to the case of a uniform metasurface.
In other words, the confinement factor I' (from equation 4.3) of the external cavity mode
to the central portion of the metasurface is significantly higher for a focusing metasurface
than a uniform one. This confinement factor can be extracted from FEM simulations, and is
plotted in Figure 2.7(a) for a 2-D, 2 mm wide focusing and uniform metasurface. In Figure
2.7(b), FEM simulated threshold gain values are plotted for a 2-D uniform and focusing
metasurface, both 2 mm wide with the central 0.7 mm biased (a common configuration that
has been demonstrated, see Section 2.4). It is observed that the focusing metasurface shows
considerably more improvement over the uniform metasurface when a small central bias area

is used compared to the entire metasurface biased.

More realistic 3-D FEM modeling of the metasurface becomes far too computationally
intensive, and 2-D Fox and Li models also become considerably more intensive. However,
the 3-D results can be estimated from the 2-D results (in the case of FEM, 1-D in the case
of Fox and Li). Moving to 3-D simulation should have the effect of doubling diffraction loss

and reducing confinement. A quick bit of algebra yields the expression:

1 2 T
Gth2D = E(gth,lD + Eln(ﬁ))- (2.27)

In order to estimate gy, 2p from FEM simulation alone, one would need to simulate the
threshold gain with both lossy and lossless materials to isolate diffraction loss, requiring

a lot of simulation work. Alternatively, one could save simulation work by estimating the
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diffraction loss using the Fox and Li model while g;,2p and I';p can be extracted from a
single FEM simulation. In the case where the entire metasurface is biased (I'=1), the 3-D

threshold can be interpolated from the 2-D result using the expression: g 2-p = g +

2X(gtha—D-Gtr)-

2.4 Early results

Results from the first demonstrated THz QC-VECSEL are shown in Figure 2.8 (Ref. [16]).
The metasurfaces were made by the author of this thesis, while the data was collected by

L. Xu. The metasurface was 1.5x1.5 mm?

and designed to operate at 2.94 THz with a
ridge width of 13 um and a period A of 90 um. The entire square area was biased, but
not the tapered terminations. The VECSEL was constructed with the metasurface inside
a cryostat, while the output coupler was outside of the crystat (Figure 2.8(a)). As the
cryostat window was part of the external cavity, a high-resistivity silicon (HR-Si) window
was used to minimize round-trip cavity losses. It is more desirable in terms of threshold gain
to construct the whole external cavity inside the cryostat, but for the initial demonstration,
it was assumed that having the output coupler outside would be beneficial as it allows the
user to play with the cavity alignment while testing. A wire-grid polarizer was used as
the output coupler, which allows the output coupler reflectance to be tuned while testing
by rotating the angle of the polarizer relative to the orientation of the metasurface ridges
(which only couple to radiation orthogonal to the length of the ridges), however the exact
reflectance is unknown. The output power was originally reported as 5.5 mW at 4 K with
a slope efficiency of 16.7 mW/A. These are quite low values, and the authors have since
declared an error in calibration of the detectors, and corrected power levels to ~30 mW at
4 K with a slope efficiency of ~100 mW /A; still not impressive values, but more reasonable.
The maximum current density is significantly reduced compared to a typical metal-metal
ridge resonator (Appendix 8.1), reflecting the non-uniformity of the TMjy; field profile across
the width of the ridge. Most importantly, a good quality beam pattern was observed with a
FWHM divergence angle of ~5°.
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Figure 2.8: (a) Hlustration of QC-VECSEL setup with the metasurface inside of the cryostat
and the output coupler outside, with an HR-Si window in between. As indicated, the output
coupler is a wire-grid polarizer whose reflectance can be tuned by rotation of the wire-grid
with respect to the orientation of the metasurface ridges. (b) Beam pattern from the first
demonstrated QC-VECSEL, and (c¢) the measured pulsed L-I-V curves at 6 K and 77 K.
The 77 K figure includes L-I-V data at several output coupler angles, though the actual
reflecance values have not been measured. The power has been corrected from Ref [16], as
described in Ref [17]. Figures are taken from Ref [16].

It was presumed that the laser was operating on a transmission peak of the Si window,
and the cavity length was reported to be ~ 6 mm resulting in a roundtrip diffraction loss
of 7%. However, the author of this thesis calculates 7% to be the single-pass loss, giving a
roundtrip power loss of 14%. Further, these number are based on a 1-D Fox and Li model, so
the proper roundtrip power loss for the actual 2-D metasurface would be 28%. And further
yet, the effect of the refractive index of the silicon window on the optical cavity length was
neglected. When this is incorporated, the optical cavity length is increased to 12 mm (3 mm
silicon with n~3), and the expected roundtrip diffraction power loss is increased to ~65%,

requiring a uniform metasurface reflectance of ~2.2. This is a rather significant difference
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Figure 2.9: (a) Illustration of early QC-VECSEL configurations with the output coupler ex-
ternal to the cyostat and an HR-Si window in between. (b) Calculated effective reflectance
of the HR-Si window in combination with the output coupler (assumed to have a flat re-
flectance of 0.5). Though early reporting of results assumed operation on the transmission
peaks of the window (red circles), it seems more likely that operation would occur on the
reflection maximums (green circles) as the threshold should be lower.

from the assumed conditions, though FEM simulations indicate that the peak reflectance
of the metasurface can approach 2.2 with ~50 cm™! of intersubband gain. This is a high
threshold, and it will only be larger by the introduction of output coupler loss. However,
the author of this thesis believes it more plausible that the length of the external cavity
was effectively the distance form the metasurface to the front of the Si-window (~1-2 mm),
and the Si-window and output coupler together act as an effective reflector with frequency

dependent field reflection coefficient given by [106]:

/r’l _.I_ TQ’effe_j2kSiLSi

1 + T1T2y€ff6_j2kSiLSi ’ <228)

Teff =

where 7 is the reflection coefficient between vacuum and silicon, Lg; is the thickness of

the silicon window, kg, the wavenumber in silicon, and 7, .f¢ is the reflection coefficient of
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the Fabry-Perot cavity defined by the exterior face of the Si-window and the output coupler

using the same equation:

_/r-l + roce_ijO Latm

1 — ',"1/,"0067.7'2]60 Latm

’I"eff72 = s (229)

where kg is the freespace wavenumber, and L., is the distance between the cryostat
window and the output coupler (typically reported as 1-2 mm). This concept is illustrated
in Figure 2.9. Under these conditions, effective diffraction loss is reduced to ~5%, and a
high output coupler reflectance is maintained, resulting in a much lower threshold VECSEL
than one operating on the transmission peak of the window. This calculation for effective
reflectance is standard and can be cascaded to incorporate as many reflections as desired.
Full treatment of the VECSEL with an external output coupler should include a fourth
mirror for reflection from the backside of the output coupler. Inclusion of this fourth mirror
adds a modulation to the whole r.ss term with frequency. Typically, thin output couplers
have been used, which would result in a very slow modulation of r.;; compared to the
silicon window and Lg,. This discussion does not take away from the operation principle
of the QC-VECSEL in terms of power and beam quality, just modifies the analysis of the
results. For example, Ref. [18] estimates the value of the internal quantum efficiency of the
QC material and the passive reflectance of the metasureface (n; and R; respectively from
Section 2.3) on the basis that Ry was equal to the reflectance of the output coupler. The
result will surely be different assuming the conditions in Fig. 2.9, however it may be futile
to try and make more accurate estimates as the cavity length is not known very precisely,
and neither is the alignment of the metasurface with the window, which will also affect the
feedback and diffraction loss in the cavity. Though much of the early data was collected
with an external output coupler and may be a bit confused, intracryostat configurations
were developed soon after and have been used exclusively ever since, allowing for better

understanding of the VECSEL’s performance and potential.

The output power and slope efficiency of the VECSEL were quickly increased primarily

by switching to a more high power active region design based on Ref [107], and also by
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Figure 2.10: (a) Pulsed L-I-V data collected at 77 K for a 2x2 mm? metasurface (A=70p,
w=11.5um) with a 1 mm bias diameter. The cavity length is ~2.5 mm, intracryostat, and
the output coupler has a reflectance of ~19%. The slope efficiency of 745 mW /A is a record
at 77 K at the time of writing this. (b) Measured far-field beam pattern. Figure taken from
Ref. [18].

moving to intracryostat VECSEL construction, which allows precise cavity alignment, short
cavity lengths, and and a more controllable output coupler reflectance. The thicknesses
of the Aly15GaggsAs/GaAs active region layers in a single module were, starting from the
injection barrier: 51/103/17/107/37/88/37/172 A, where the barrier layers are in bold and
the central 88 Aof the underlined will is Si-doped at 5x10'® cm~3. The wafer was grown at

Sandia National Labs by John Reno and was labeled wafer VB0739. With this wafer, up to
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Figure 2.11: (a-c) Ilustrations and photographs of a typical intracryostat QC-VECSEL
setup (output coupler inside the cryostat). (b) First published results with an intracryostat
QC-VECSEL and a 2x2 mm? focusing metasurface with a 0.7 mm bias diameter. Most
notably, up to ~5 mW of continuous wave power was demonstrated at a measured heat-sink
temperature of 82 K. Figures taken from Ref. [19].

140 mW of peak pulse power was demonstrated at 77 K with a slope efficiency of 745 mW /A
(a record high for 77 K at the time of writing this) using uniform TM,; metasurface 2x2
mm? with a bias diameter of 1 mm (see Chapter 3 for high power TMg;z results). The output
coupler was ~19% transmittive, and the cavity was built inside the cryostat with a cavity
length of ~2.5 mm. Further, continuous wave power up to 5 mW has been demonstrated at
77 K using a 2x2 mm? focusing metasurface with a bias diameter of 0.7 mm. The continuous
wave device was built intracryostat with an output coupler reflectance >95%, and at the
time of publishing was the highest continuous wave output power ever demonstrated from a

THz QCL operating above 77 K (Figure [19]).
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Other noteworthy demonstrations with the THz QC-VECSEL include:

e Investigation of a focusing metasurface based on the principle that the laser operates at
a single frequency, so the phase of the metasurface reflection can be controlled by vary-
ing the ridge width (Figure 2.12. In Ref. [20], this technique was used to implement a
parabolic phase shift across the metasurface, mimicking reflection from a spherical mir-
ror, presumably resulting in a more stable cavity with less diffraction loss compared to
the previous plano-plano demonstrations (Figure 2.6). Results indicated that focusing
metasurfaces were more robust to cavity misalignment, however, this was investigated
using an output coupler placed outside of the cryostat, so effect of misalignment on
threshold gain is considerably more complicated than was presumed. Regardless, the
focusing effect seemed to work, and although cavity alignment does not appear to be an
issue with intracryostat cavities, focusing metasurfaces still have significant potential
to reduce threshold gain values at longer cavity lengths (as discussed above in Section

2.3.2). Proper investigation of this aspect should be undertaken in the future.

e Investigation of a polarization switchable metasurface. Metasurfaces designed to be
electrically switchable between two orthogonal polarizations were investigated in Ref.
[21]. The intention was to effectively have two interdigitated arrays of patch resonators,
with one array of patches rotated 90° from the other. In reality, each array must be
electrically connected for biasing, so the resulting structure utilizes narrow connecting
elements that were carefully designed to reduce cross-polarization scattering. Exper-
imental results indicated that both sets of patches lased with ~75-80° difference in
polarization between the two. Failure to obtain exact 90° switching is likely due to
fabrication error, or error in estimated material properties in the simulation. However,
a variety of self-lasing modes have been observed from the metasurface, and results
seem to be sensitive to the output coupler position. Further, an external output cou-
pler was used for this experiment as well, so the exact nature of the cavity is uncertain.

Investigations into the properties of the metasurface are still underway.
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Figure 2.12: (a) Simulated magnitude and phase of a metasurface reflectance as the excitation
frequency is kept constant, but the ridge width is varied. (b) Using the ridge width to control
the reflection phase, the reflection phase can be varied spatially across the metasurface to
approximate a quadratic phase response (spherical mirror). (c¢) The simulated diffraction
losses for the (presumed) cavity tested, and the experimentally measured threshold as a
funtion of misaligning the mirror external to the cryostat. It is observed that the diffraction
loss was simulated to be very large, without even considering the optical thickness of the
silicon window. Figures taken from Ref. [20].
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Figure 2.13: (a) SEM of fabricated polarization switchable device metasurface. (b) Illustra-
tion of the VECSEL setup, and (c) birds eye illustration of metasurface design. The different
shades of blue indicate sets of ridges designed to lase at orthogonal polarizations. (d-f) Mea-
sured polarization characteristics and beam pattern of the VECSEL output beam. The two
sets of ridges did not quite lase orthogonally, but at about 80° to each other. Figures taken
from Ref. [21]
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CHAPTER 3

High-power TM,3 THz QC-VECSEL

3.1 Introduction

One of the most important characteristic of THz QCLs is their ability to produce much
higher THz power than any other source of similar size, even considering the poor outcou-
pling efficiency of typical ridge waveguide based devices. At the time of writing this, the
largest peak power that has been demonstrated is >2.8 W from each facet of a heavily mul-
timoded surface-plasmon waveguide device (~0.7% total wall-plug efficiency, ~0.35% per
facet). This high power was achieved by using a ridge with 20 pum of active material, made
by wafer bonding two 10 pm thick active regions. The thicker ridge helps to both add more
power (more photons per electron passing through) and improve outcoupling efficiency at the
facet. Other approaches to achieving high-power and single-mode behavior were discussed in
Chapter 1. With the advent of the THz QC-VECSEL, we now have a way to fully control the
outcoupling efficiency in a power scalable device, providing a way to extract the maximum
potential from any active region. In this chapter, we investigate scaling the QC-VECSEL to
higher output power by means of an increased metasurface fill factor. Greater than 1 W of

peak power is demonstrated.

3.2 Higher order metasurface designs

To increase the THz output power of the QC-VECSEL, there are two obvious routes: a)
make the metasurface larger, or b) make the metasurface more dense (larger fill factor).

Making the metasurace larger has a considerable drawback of consuming the valuable QC-
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wafer material in a less efficient manner, as well as placing higher demands on fabrication
quality to produce such large areas without any flaws. The most obvious way to increase the
fill factor of the metasurface is to reduce the period. An alternative approach is to increase
the width of the metasurface ridges to operate on a higher order resonance - all odd ordered
TM cutoff modes of the ridges (TMg;, TMg3, TMgs, etc.) should couple to surface radiation
in the same manner because they all have the same odd symmetry in the fields at the two
sidewalls (see Fig. 3.1(a) and (e)). So, which approach is better? The answer lies in the

difference of metasurface quality factor.

Based on the discussion in Chapter 2, reducing the period of the metasurface leads to
stronger radiative coupling in the surface direction, which leads to lower quality factor,
reduced amplification, and requires higher reflecting output couplers. Keeping the period
constant while moving to a higher order resonances, on the other hand, should increase the
quality factor of the metasurface as the total stored energy has increased, but the density of
radiating apertures has not. What we find in simulation though is that the TMg3 metasurface
has a very similar quality factor to the TMg; surface with the same period (Fig. 3.1(d) and
(e)). Presumably, this is because the more uniform distribution of the radiating dipoles in the
TMpy3 geometry results in more efficient radiative coupling in the surface direction compared
to the more peaked distribution associated with the TMg; ridges and could be proved with
some basic array theory. The TMy; metasurface shows an increase in quality factor, which
again, without doing an array analysis, all we can say is the radiative loss relative to the

energy stored has apparently been reduced.

With regards to output power, if we assume no diffraction loss (7' = 1 in equation 2.4),

equation 2.13 reduces to (at threshold):

]out - hF(gtr - gth)TIO- (3]‘)

Given that gy, is largely independent of the quality factor (as material losses are similar

for all modes), equation 3.1 indicates that the same output power would be achieved with
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Figure 3.1: Cross-sectional illustration with transverse field profile of a metasurface unit
cell operating on the (a) TMy; resonance and (b) TMg3 resonance. The magnetic dipoles
are indicated on the sidewalls and observed to be the same between the two designs. (c)
Areal illustration of a TMys metasurface (fill factor is to scale) with absorbing, tapered
facets and wire bonding area indicated. (d-e) Comparison of simulated reflectances of infinite
metasurfaces with a constant period but varying fill factor to operate on the TMg;, TMg3, and
TMos. 40 cm™? of gain is applied (f) Simulated field plots for the different ridge resonances.

a low-Q vs a high-Q metasurface with the same fill factor as long as the output coupler
reflection R, is modified in either case to yield the same threshold gain value gy,. Physically,

this is a reflection the effect of the metasurface quality factor on the confinement of the
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resonating THz energy to the metasurface. For a low-Q metasurface, the output coupler
reflectance is high, but most of the energy is in the external cavity, so the field intensity
incident on the output coupler is larger, and the output power is the same as the high-Q
metasurface with a low Ry but similarly reduced field intensity in the external cavity. This
concept can be verified by considering the enhancement equation 2.12. Given this argument,
however, it should be expected that diffraction loss is more detrimental to a low-Q than a
high-QQ metasurface as diffraction loss effects the fraction of energy stored in the external

cavity. Indeed, when diffraction loss is added, equation 2.13 reduces to:

1—- Ry

o = MG

)(Ger — gin) T Io. (3.2)

In which case, the larger R, required for the low-(Q metasurface to maintain the same
threshold as the high-Q metasurface results in a lower slope efficiency and output power.
Therefore, using a metasurface based on a higher order resonance is a better solution than
using one based on a smaller period. We note from Figure 2.6 that there is relatively little
diffraction loss for short cavity lengths, however, using a high-Q metasurface still has the
advantage of using lower reflectance output couplers, which practically, should make it easier
to find the optimal coupling point as the metasurface is less sensitive to small fluctuations in
feedback. In this chapter, we review experimental results of a high-power TMy3 metasurface

based on wafer VB0739.

3.3 Experimental results

The fabricated TMys metasurface was 3x3 mm? with a central circular bias area 1.5 mm
in diameter. As usual, the ends of the ridges were tapered into wire-bonding areas, as
indicated in Figure 3.1. The device was tested with both a low reflectance (capacitive) and
a high reflectance (inductive) output coupler. The measured transmittance and simulated
efficiencies of these output couplers are plotted in Figure 3.2. For all measurements, the

output coupler was mounted inside the cryostat on a single axis piezoelectric stepping stage
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Figure 3.2: (a) Measured and simulated transmittance for the high reflectance inductive
mesh (OC1). The mesh was designed to have a 15 um period and metallic lines 2.5 pm
wide. The simulated parameters that best match the measured result, however, is a period
of 15 pm with line widths of 2.7 um. (b) Measured and simulated transmittance for the
low reflectance capacitive mesh (OC2). The mesh was designed to have a 17 pm period and
metallic squares 14.5 pum per side. The simulated parameters that best match the measured
result, is a period of 17 um with squares 15.7 um per side.

(see Figure 4.6) that can be used to adjust the cavity length (and correspondingly the
frequency). The cavity is aligned with a He:Ne laser. Having tunablility of the lasing
frequency is not only useful for its fundamental functionality (see discussion in Chapter
4), but it is also interesting as the output coupler reflectance has a strong Fabry-Perot
dependence associated with the thickness of the crystal quartz substrate, so as the frequency

is tuned, we can also observe the effect of Ry on the VECSEL properties.

Results using an inductive mesh output coupler with ~9% transmission (OC1) are plotted
in Figure 3.3. Measurements were taken in pulsed mode (550 ns pulses at a 2 kHz repetition
rate); the large electrical power dissipation (~65 W) prevents continuous-wave operation.
Power vs. current (P-I) curves were measured with a pyroelectric detector (Gentec), and
absolute power levels were measured using a calibrated thermopile. Peak power levels of
0.79 W and 1.1 W were measured at 77 K and 6 K respectively, and the output intensity
with current is observed to be very linear with slope efficiencies (dP/dl) of 380 mW/A
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Figure 3.3: (a) Pulsed-mode poser and voltage vs. current characteristics from a TMgs
VECSEL (3x3 mm? with a 1.5 mm bias diameter) using a highly reflective output coupler
with a measured transmittance of ~9%. (b) Normalized FTIR spectra collected as the
VECSEL cavity length is tuned via a piezoelectric stepping stage, and corresponding output
power as a function of frequency at 77 K and 6 K. (¢) VECSEL far-field beam patterns.

and 420 mW /A at 77 K and 6 K respectively. The cryostat was equipped with a parylene
anti-reflection coated high-resistivity silicon window whose measured transmission is ~90%
(Appendix 8.3) at 3.3 THz; the 10% window absorption has been accounted for in the
reported power data. Spectra were measured using a Fourier-transform infrared (FTIR)

spectrometer with 0.5 cm™!

resolution. By stepping the piezoelectric stage, continuous
tuning of the laser frequency was observed from ~3.27-3.32 THz. This 50 GHz tuning range
is limited by the FSR of the external cavity; as the lasing mode is tuned away from the lowest
threshold point, the adjacent longitudinal mode is tuned closer to the lowest threshold point
and eventually a mode hop occurs. Using this FSR, we can estimate the length of the external

cavity to be ~3 mm, limited by the resolution of the FSR. The piezoelectric stage is operated

with an open-loop controller that does not have a position readout, but we can estimate its
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Figure 3.4: (a) P-I-V data from a TMo3 VECSEL using a low reflective output coupler (OC2)
with a measured transmission of ~18%. The beam pattern and spectrum are indicated in
the insets. (b) FTIR spectra collected collected with OC2 as the cavity length is tuned using
the piezoelectric stage. The power was not tracked as the device tuned through a strong
atmospheric absorption at ~3.33 THz. The spectra have intentionally not been normalized
so the absorption is apparent.

change since we know the cavity length must change by half of a wavelength to hop back to
the starting frequency. The reflectivity of the output coupler is relatively flat through the
tuning range, as is the measured output power and threshold current, which suggests that the
QC-gain material and the metasurface reflectance are also relatively constant through this
range. Two-axis beam measurements were performed using a 2-mm diameter pyroelectric
detector scanned in a spherical pattern at a constant distance of 15 cm from the VECSEL
(0.8° resolution). Circular, high-quality beams are consistently observed as the VECSEL is
tuned with a full-width half-maximum divergence angle of ~4°; 1-D beam cuts with Gaussian

curve fits in Figure 3.5 show excellent fitting down to 25-30 dB in intensity.

Results of the same TMy3 metasurface using the low reflectance capacitive mesh (OC2,
~18% transmittance, see Figure 3.2(b)) are plotted in Figure 3.4. Threshold currents, slope
efficiencies, and maximum powers all increase at both 77 K and 6 K compared to the high

reflectance ouput coupler (OC1), which indicates that the laser is closer to the optimum
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Figure 3.5: Fitting 1-D beam pattern cuts to Gaussian curves for (a) OC1 and b) OC 2.

outcoupling condition. A maximum peak power of ~1.35 W and peak slope efficiency of
767 mW /A is observed in a single mode with a narrow, Gaussian shaped beam and peak
wall-plug efficiency of ~2% at 6 K (see Figure 3.6(a)).
0OC2 was ~3.38 THz, slightly higher than OC1, which lased closer to 3.3 THz. This can

The lasing frequency when using

be explained by observing that OC2 is more reflective at higher frequencies, which results
in lower threshold currents at higher frequencies. The VECSEL was again tuned through
the cavity FSR of ~80 GHz, from 3.31-3.39 THz (Figure 3.4(b), cavity length ~1.9 mm),
however, there is a strong atmospheric absorption line at ~3.335 THz that makes it difficult

to accurately characterize the power and slope efficiency as a function of tuning.

In Ref. [18], results from a TMy; metasurface using the same QC-wafer (wafer VB0739)

and the same period as the TMo3 metasurface (A=70 pm) are presented. Per the discussion
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Figure 3.6: (a) Wall plug efficiency as a function of electrical pump power for the TMg3
metasurface. Results for both OC1 and OC2 at 77 K and 6 K are presented. (b) Measured
I-V and d//dV curves from the TMy3 metasurface when no output coupler is used. Onset
of such self lasing may be the cause of the roll-off in wall plug efficiency at higher bias.

in the introduction of this chapter, because these two metasurfaces have almost the same
quality factor, we would expect the same slope efficiency between the two metasurfaces
when they're paired with the same output coupler; the increased fill factor of the TMys
metasurface should simply result in larger output power by virtue of larger total pump
current. However, in Ref. [18], when the TMy; metasurface is paired with a ~17% output
coupler, a slope efficiency of 745 mW /A is reported at 77 K through the entire dynamic
range of the laser. The TMy3 metasurface, on the other hand, only reached a peak slope
efficiency of 541 mW /A at 77 K when paired with a similar output coupler measuring ~18%
transmittance. The most likely explanation we have for this result is that simultaneous
self-lasing of TMyg modes propagating along the length of the ridges is competing for gain
and reducing the power coupled into the VECSEL mode. In Figure 3.6(b), measured I-
V' curves from the metasurface without an output coupler both at 77 K and 6 K indicate
that self lasing is occurring. The signal from the self-lasing mode could not be measured

by the pyroelectric detector as very little of the self-lasing radiation should be coupled to
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the surface direction, but the distinct discontinuity in the slope of the I-V curve associated
with the onset of stimulated emission is a sure sign of lasing. In fact, at 77 K, the threshold
current density Jy, of the VECSEL with OC2 and the threshold for the self-lasing mode
Jin,sely are measured to be nearly identical at 484 A/ cm?, so modal competition is likely. At
6 K, however, the TMy3 VECSEL with OC2 has J4;=390 A/cm? while Jith serf=415 A/cm?,
potentially allowing for more effective discrimination between the modes. Threshold currents
for the VECSEL when using OC1, on the other hand, are notably below the self-lasing values
(Ji,=421 A/cm? and 363 A/cm? at 77 K and 6 K respectively). This may explain why OC2
shows a much much more significant boost in slope efficiency when going from 77 K and 6 K
operation compared to OC1, and why more linear slope efficiencies are observed with OC1
than OC2. In fact, there is a rather distinct second discontinuity in the /-V curve taken
with OC2 at 6 K that lines up well with a sudden rolloff in the wall-plug efficiency at ~5 A

pump current.

It is a little surprising that self-lasing was observed in the TMy3 metasurface as the
relative length of the absorbing regions at the ends of the ridges are similar to those used
in most TMy; designs. While the propagation losses for the TMyy, mode are slightly larger
in a narrow TMg; ridge compared to a TMjys ridge that is 3x as wide, the difference is
not significant enough to expect issues (g;= 19.8 cm™! for an 11.5 pm wide TMy; ridge
compared to 18.2 cm™! for a 36.3 um TMys3 ridge). Perhaps the power reflected by the facet
at the end of the wire-bond area feeds back more strongly into the wider TMg3 ridges, or
perhaps similar sized TMy; metasurface are coincidentally very close to self-lasing, and the
1-2 em ™! difference in loss made the difference. Self-lasing has been observed from TMjy;
metasurfaces with larger bias areas (1.5 mm bias diameter in a 2x2 mm metasurface). As
long as sufficient loss is maintained at the ends, the author does not see any particular
reason why this approach could not be scaled to even larger metasurfaces and TMg5 designs.
Suppression of the self-lasing alone without increasing the bias diameter has the potential

to increase the power and wall-plug efficiency substantially.
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CHAPTER 4

Broadband tuning of THz QC-VECSELSs

4.1 Introduction

Widely tunable single-mode laser sources are interest for applications such as broadband
spectroscopy, frequency-agile heterodyne receivers, and optical coherence tomography [108,
109]. While there are countless specific techniques for tuning laser emission [110-112], most
can be categorized by modeling the laser as a simple Fabry-Perot (FP) cavity oscillating
at a frequency v,, =mc/2nL. The order of the longitudinal mode is given by m, L is the
physical length of the cavity, and n is the index of refraction of the constituent medium (or
modal effective index in the case of a waveguide). Tuning the frequency over a range Jv
occurs through some combination of tuning n, m, or L; continuous tuning requires control of
n or L. Changing the index n - for example using temperature - usually provides fractional
tuning v /v of not more than 1% since the achievable dn/n is similarly small for most laser
materials. Use of monolithic sampled-grating or coupled-cavity approaches can increase
tuning ranges to a few percent by stitching together tuning regimes [113-115]. Changing
the cavity length L also provides limited tunability since laser cavities are typically orders
of magnitude longer than their lasing wavelengths, resulting in a small tuning range dv ~
FSR before mode-hopping occurs. In most cases, broadband tuning is accomplished by
introducing tunable intracavity spectral filters such as gratings, etalons, prisms, etc. These
techniques typically amount to hopping between longitudinal modes m, while continuous
tuning between modes can often be obtained with fine control of L. If enough parameters
are synchronously tuned, tracking of a mode with constant m over broad bandwidths can

be often be recovered [116,117], but such approaches require careful design and are often
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Figure 4.1: Typical frequency tunable diode laser external cavity configurations using diffrac-
tion gratings. (a) The Littrow configuration is generally more efficient. The beam steers
while tuning. (b) Littman-Metcalf configuration, less efficient, but beam position is fixed.
Both techniques require anti-refelction coatings on the facet of the laser ridge. Figure taken
from RP-Photonics [22].

limited in speed and repeatability.

For example, with semiconductor laser diodes, small scale tuning is typically achieved
with n using either temperature (more broad, but slow), or electrical pump current (narrow,
but fast). Tuning of the cavity length L requires the laser to be coupled to an external
cavity and is very narrowband as diode laser ridges are typically hundreds to thousands of
wavelengths long. With exception of the MEMS tunable diode VCSEL, broadband tuning
of diode lasers is almost exclusively achieved by integrating the laser into an external cavity
utilizing a diffraction grating for feedback, notably the Littrow and Littman-Metcalf con-
figurations (Figure 4.1). The diffraction grating acts as a spectral filter that can be tuned
by simple rotation of the grating about its axis. Using only rotation, however, leads to
mode-hopping across the longitudinal modes of an approximately fixed cavity length. By in-
corporating adjustment of L, the longitudinal modes of the cavity can be tune simultaneously
with the angle of the grating, allowing a single mode to be tracked over broad bandwidths.
In the Littrow configuration, the grating is moved both rotationally and longitudinally. In
the Littman-Metcalf configuration, the grating is fixed while the incidence angle and cavity
length are both tuned by rotation of the second mirror (reflecting the 15 diffracted order).

The advantage of the Littman-Metcalf configuration is that the direction of the output beam
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— the specular reflection of the laser facet output off of the grating — is fixed as the position
of the laser and the grating are fixed. The disadvantage is that the power is often lower
because the efficiency of the grating into the 15 diffracted order is typically quite high to
maintain good frequency selectivity and minimize walk-off losses associated with specular
reflection of the light from the second mirror off of the grating. Despite the lower power,
Littman-Metcalf configurations seem to be the preferred choice in industry and commercially
available systems routinely achieve ~5% fraction tuning, and in some cases >10% [118]. In
some cases, particularly optical coherence tomography (OCT) imaging, mode hopping is ac-
ceptable (assuming the FSR is small), but the speed of the tuning is of more concern for fast
imaging times. A variety of “swept wavelength” sources are commercially available based on
EC diode lasers integrated with a rapidly tunable spectral filter. For example, diode laser
amplifiers can be integrated into fiber laser cavities and the lasing wavelength is swept across
the gain spectrum of the semiconductor material using an acousto-optic tunable filter. In
recent years, MEMS tunable VCSELSs, which use high-reflectivity MEMS Bragg mirrors to
allow cavity lengths of only a few wavelengths, have demonstrated broadband continuous
tuning of a single mode and can also offer the fastest tuning speeds thanks to the high

frequency MEMS and are perhaps becoming the most sought after solution [119].

Quantum-cascade (QC) lasers are particularly appealing for broadband tuning as the
short upper-state lifetimes of the intersubband transitions give QC-material naturally broad
bandwidth. Further, active region designs with different center frequencies can be stacked
to provide even broader gain from a single device. Such stacking is only possible because
intersubband transitions are transparent on either side of the transition energy (unlike inter-
band lasers, which are absorbing on the high frequency side). For example, in the mid-IR,
stacking of up to five different active regions has been used to yield continuous coverage (by
mode hopping) from 7.6-11.4 pm (34% fractional around 9.5 pm) [120]. In Ref. [121], 15%
fractional continuous tuning of a single longitudinal mode around 8.25 pm has been demon-
strated with mid-IR QCL using a modified Littrow configuration with added piezoelectric

control of the cavity length to enable tracking of a single mode. In the terahertz, using a
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stack of three different QC active region designs, continuous octave spanning gain has been
demonstrated from 1.64-3.35 THz (68% fractional coverage around a center frequency of
2.5 THz) [122]. THz QCLs exhibit broader bandwidths than mid-IR devices thanks to the
shorter upper-state lifetime, but are more challenging to implement in EC configurations be-
cause the sub-wavelength sized metal waveguide resonators exhibit extremely poor coupling
to free space [51]. The most successful examples are EC lasers based on QC surface-plasmon
waveguides with facet-mounted silicon lenses. In Ref [123], up to ~4% total fractional tuning
around 4.4 THz was demonstrated using a standard Littrow configuration, but significant

mode hopping occurred and only a handful of modes were observed across the tuning range.

As a result, researchers have turned to more exotic, creative schemes for broadly tuning
THz QCLs. The most successful strategy has been to use a MEMS ”plunger” to perturb
the evanescent fringing fields of a narrow metal-metal waveguide with a 1%*-order distributed
feedback grating [124,125]. The plunger can be actuated with a piezoelectric stage mounted
in the cryostat, and up to 8.6% fractional continuous tuning (no mode-hopping) around 3.85
THz has been demonstrated with this technique, though the power is very small and the
beam pattern extremely poor as the approach is based on a small metal-metal waveguide.
It was reported that the tuning range of the MEMS plunger approach was limited by the
gain bandwidth of the QC-material, not the plunger technique itself. Another noteworthy
demonstration for broadly tuning THz QCLs used EC coupling to a metal-metal waveguide
via surface emission from a second order distributed feedback grating patterned into the
ridge [126,127]. The grating mode and external cavity mode couple together and anticross,
allowing the resonant frequency of the total mode to be tuned by adjusting the length (and
therefor resonant frequency) of the external cavity. This approach has demonstrated up to
5% continuous fractional tuning of a single mode around 3.2 THz, limited by mode-hopping
across the FSR of the external cavity. Presumably, if the EC was made shorter, the spacing
between modes would increase, but the tuning range may not increase much as it will likely
be limited by the narrow bandwidth of the 2"¢-order grating. This surface-coupled EC

approach is effectively the same approach that will be presented in this chapter for tuning
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of the QC-VECSEL, the difference is that the QC-VECSEL is based on very broadband,
low-Q resonant elements that allow for more broad tuning. Aside from these techniques, a
number of less successful attempts have been made to tune terahertz QCLs that have mostly

amounted to very narrow band tuning, and loosely controlled mode hopping.

Broadly tuning a laser’s wavelength using only control of the cavity length L is possible
if the laser resonator can be made extremely short, which forces it to operate on a low-order
longitudinal mode (0v/v=1/(m+1/2) in a simple FP cavity). This is a difficult criterion for
most infrared and optical lasers as such a short cavity requires very highly reflective mirrors
to compensate for the short propagation length within the gain medium. Swept-wavelength
VCSELSs are perhaps the only successful realization of broadband continuous tuning using L.
Up to 12% fractional tuning (close to the material gain bandwidth) has been demonstrated
from optically pumped VCSELS based on an undisclosed InP-based multiple-quantum well
active region operating from 1225-1375 nm [119], and up to 6% fractional tuning has been
demonstrated with an electrically pumped VCSEL based on InGaAs quantum wells operating
from 1010-1070 nm [128]. In both cases, the tuning range was limited by the FSR of the
cavity; a smaller FSR is obtained with the electrically pumped device because the need for
thick current spreading layers limits how short the cavity can be made. While the large
tuning bandwidth is impressive, the primary advantage of the MEMS VCSEL approach
over other techniques is the fast wavelength sweep rates associated with the high resonant
frequency of the suspended Bragg mirror, allowing for high-speed OCT imaging. Resonant
frequencies as high as 500 kHz have been reported, allowing for bi-directional scan rates of

up to 1 MHz [128].

With the THz QC-VECSEL enabling vertical cavities based on QC-gain material, we can
now explore the possibility of broadband tuning by making the cavity ultra-short. In fact,
the THz QC-VECSEL offers several some advantages over the diode VCSEL in that:

e The metasurface is thin (10 um) compared to the operating wavelength (on
the order of 100 ym), allowing the cavity length to be reduced to the lowest

m=1 Fabry Perot mode. Diode VCSEL cavities cannot be reduced below a couple
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wavelengths.

e The gain is based on a per-reflection basis rather than a per-unit-length ba-

sis, so reducing the cavity length has no adverse effect on the laser threshold.

— While this is true for a given metasurface, it should be noted that (as discussed
in Chapter 2) there is a trade-off between metasurface bandwidth and amplifica-
tion factor as the quality factor of the resonance reflects the amount of time the
coupled radiation spends accumulating gain in the metasurface. In theory, if the
quality factor were reduced enough, the gain-per-reflectance could approach the
equivalent gain associated with propagation through 10 pm of QC-gain material
(the thickness of the metasurface). Therefore, if one wishes to tune through the
full bandwidth of the QC-gain material, it is likely that highly reflective mirrors
are still needed. However, while the gain-per-pass in a diode VCSEL laser is ~1%
requiring 99% reflectance mirrors, even broadband THz metasurfaces with 20%

fractional wavelength coverage can provide gain-per-reflectance on the order of

10%.

Further, the QC-VECSEL is a good candidate for a variety of broadband tuning schemes
as it is fundamentally an external cavity approach, sidestepping the need for coupling through
the facets of the ridges. Introducing a spectral filter such as a diffraction grating into the
external cavity would be the obvious choice, however, the drawbacks to such an approach is
the need for highly efficient gratings over broad bandwidths and very careful management

of diffraction associated with longer external cavities.

This chapter details the results of using change in the external cavity length Lgc to tune
the THz QC-VECSEL. Lasing is observed even at subwavelengths cavities, and upwards of

20% fractional tuning is observed.
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Figure 4.2: (a) Simulations of the metasurface reflectance and reflection phase spectra when
25 cm ! of intersubband gain is added to the ridges. Two metasurface periods are simulated
for comparison, A = 70 um and 41.7 pm. The trade-off between bandwidth and amplification
is apparent. (b) Cavity eigenfrequencies vs. cavity length for both a bare Fabry-Perot cavity
neglecting reflection phase (dashed lines), and complete cavity modes including metasurface
phase (solid lines). Colored boxes indicate the particular cavity modes over which tuning is
presented in this work. Insets show the E-field magnitude at the two extremes of the m=2

mode.
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4.2 Short-cavity tuning: theory and limitations

While the concept of tuning laser frequency using the length of the cavity is rather simple,
there are some important considerations to be made when working with a resonant meta-

surface. Consider the full expression for the resonant modes of the QC-VECSEL cavity:

2kLpc — Ometa — Goc = 27T (4.1)

Where k=27v/c is the free space wavenumber, Lgc is the length of the external cavity,
Ometa and ¢, are the frequency dependent reflection phases of the metasurface and output
coupler respectively. This is simply the familiar condition requiring the roundtrip phase
accumulation in the cavity to be an integer multiple of 27. In the canonical example,
where the phase terms are equal to 7 and have no frequency dependence, the equation
reduces to kLgc=mm, and the single-mode frequency tuning that can be achieved is an octave
(66% fractional) since v,,—o=v,,—1 (assuming symmetric operation around a homogeneously

broadened gain curve).

In the case of the QC-VECSEL, however, ¢,,.. demonstrates nearly 27 phase shift
across the resonance (Figure 4.2(a)). This phase accumulation represents a group delay
(Tg=dPmeta/dw), which has the effect of compressing the FSR near resonance, and reduces
the maximum single-mode tuning range for a given order m. This effect is illustrated Figure
— for a broadband metasurface designed to have a center frequency of 3.5 THz (41.7 um
period and 11.9 pm ridge widths). The cavity mode frequencies (determined by periodic
FEM eigensimulations) are plotted including the effects of metasurface phase (see inset).
Based on the figure, assuming octave spanning gain around the center frequency of 3.5 THz,
the fractional single-mode tuning to be expected around the center frequency of 3.5 THz for

the first few modes is:

e m=1 can theoretically tune over a 32% fractional range (1.13 THz from 2.93-4.06 THz,
Lpc=44-7 pm), but in practice, the thickness of the metasurface prevents one from

making the cavity length less than 10 pm, limiting the highest frequency of the m=1

63



mode to 3.76 THz, reducing the tuning range. The tuning range is significantly below

an octave in any case.
e m=2: 22% fractional tuning range (0.78 THz from 3.11-3.89 THz, Lgc= 87 - 48 um).
e m=3: 18% fractional tuning range (0.62 THz from 3.19-3.81 THz, Lgc= 90 - 129 um).

e m=4: 15% fractional tuning range (0.52 THz from 3.24-3.76 THz, Lgc= 132 - 171

pum).

Interestingly, even at extremely short cavity lengths, the simulated eigensolutions for an
infinite structure show almost no deviation from those predicted by equation 4.1, which is
based on the simulated far field response, assuming that the length of the cavity is defined
as the distance from the ground plane of the metasurface to the output coupler. One might
expect a perturbation from equation 4.1 as the output coupler gets close enough to the
metasurface to perturb the fringing fields, but this does not appear to be the case, or at

least is a very weak effect.

Utilizing a smaller period more broadband metasurface reduces the group delay and in-
creases the potential tuning range, however, as discussed, this comes at a cost of competition
with reduced metasurface amplification and higher threshold gain values. The optimal point

depends on the maximum gain coefficient, which cannot be easily measured.

4.3 Early results

Earlier tuning experiments were performed on whatever metasurfaces were available. These
earlier experiments were conducted by simply adding three piezoelectric stack actuators
(purchased from Noliac) to the three spring loaded screws of the intracryostat cavity setup,
as illustrated in Figure 4.3(a), allowing a small degree of control over the cavity length while
testing the device. Each stack was rated for ~50 pm actuation range at 77 K (which should be
enough to tune through an FSR of the cavity) for a bias range of 0-200 V. The three stacks

were biased in parallel with a single DC power supply (Agilent 2410). Such piezoelectric
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Figure 4.3: (a) Illustration of intracryostat VECSEL setup with piezoelectric stacks added
to allow the cavity length to be tuned. (b) Measured transmittance of inductive mesh output
coupler with a period of 10 ym and a line width of 4 pm. Substrate is ~130 pum of crystal
quartz. Measurement was done with room temperature DTGS detector.

stacks are much less ideal than a piezoelectric stepping stage as they are subject to significant
hystoresis and drift, and cannot be reliably controlled in parallel, however, uncoincidentally,
piezoelectric stacks are a much cheaper solution and so were used at the start. In this section,
we review such early results obtained using piezoelectric stacks. All of the data was collected
using a inductive mesh output coupler (to keep threshold current low) with a period of 10
pm and a line width of 4 yum. The FTIR transmission measured with a room temperature
DTGS detector is plotted in Figure 4.3. The DTGS detector is not sensitive enough to
capture the detailed transmission, but it is clear that it is low (<3%). A duplicate output
coupler has been measured with a cryogenic detector in Ref. [17], but there could be slight

variation in lithography or substrate thickness from fab to fab.

4.3.1 Tuning uniform metasurface with a 60 ym period

Results of tuning a uniform 2x2 mm? metasurface with a 60 ym period, 750 pm bias diam-

eter, and w=12 um ridge width designed to operate at 3.4 THz are presented in Figure 4.4.
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Simulations in Figure 4.4(a) indicate that the full-width half-maximum (FWHM) of the 60
pm period surface is ~ 375 GHz, compared to a FWHM of ~ 800 GHz for the 41.7 um peri-
odic surface (Figure 4.2). Experimentally, ~400 GHz of tuning was observed centered around
3.3 THz, comparable to the simulated FWHM. Based on the observed FSR, and properly
accounting for the metasurface phase, the estimated cavity length varied from 234-277 pm,
and the fabricated ridge width was 11.4 ym. The tuning was limited by the FSR of the
external cavity, so it is possible that even more tuning is available at shorter cavity lengths.
Beam patterns measured at 3.28 THz and 3.41 THz indicate distorted and inconsistent beam
shapes, suggestive of cavity misalignment presumably resulting from non-uniform movement
between the three piezo-stacks. For this reason, further measurements were not performed.
The advantages of upgrading to the piezo-stepping stage are that the cavity alignment is
fixed while the stage moves very precisely along a fixed axis, and the stepping stage can
move on a millimeter scale, allowing the user to scan through a much larger range of cavity
lengths without having to open the dewar. The entire actuation range of the piezo-stacks
was used to collect the data in Figure 4.4. In order to try for more tuning at shorter cavity
lengths, the dewar would have to be opened and the cavity manually adjusted. Detailed
power and threshold data were not collected as it takes significant time and the beams were
unsatisfactory. The bottom spectra in Figure 4.4 also shows two modes lasing right next to

each other around 3.15 THz, suggesting poor cavity alignment.

4.3.2 Tuning a focusing metasurface with a 70 ym period

Results of tuning a focusing metasurface with a 70 um period designed to operate at 3.4 THz
(ridge width w=12 pm) are presented in Figure 4.5. The metasurface was designed to mimic
a spherical mirror with a 20 mm radius by spatially varying the ridge width, as described
in Chapter 2. However, the phase response of the metasurface will only be quadratic for
a single frequency, so such focusing metasurfaces were never intended for broad frequency
tuning and were only used as they were the only available devices at the time. That said, it

is likely that the metasurface will lase over a broad frequency range as the individual ridges
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Figure 4.4: a) Simulated reflectance spectrum of a 60 ym metasurface with 40 cm™" of
gain applied. (b) Measure I-V and corresponding d/dV, which clearly indicates the lasing
threshold. (c¢) Spectra collected as the bias on the piezoelectric stacks is increased, and two
sample beams collected at different frequencies. The dips in the intensity line-up well with
atmospheric absorption lines.

of the metasurface are still very broad, but the beam pattern and threshold characteristics
may be less predictable; in order to plot a reflectance curve as a function of frequency, the

full metasurface would have to be simulated, not just a single period of a uniform surface.

Indeed, the experiment showed that the focusing metasurface lased over ~250 GHz, lim-
ited by the FSR of the cavity. However, also as expected, a variety of higher-order beam
shapes and multimoding were observed (Figure 4.5(b)). It is likely that cavity misalign-
ment associated with the piezo-stacks further complicated the situation. In some cases, the
spectra indicates at least three modes are lasing at once. Single-mode lasing could likely be
maintained with use of a smaller bias diameter, but the beam shape would still change with
frequency in response to a changing phase shape of the metasurface. As with the uniform

surface in the previous Section 4.3.1, detailed power and threshold data were not collected,
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Figure 4.5: (a) Tuning spectra collected from a focusing metasurface (20 mm bias diameter)
using the piezoelectric stacks. some of the spectra show two nearby modes lasing simul-
taneously. (b) Beam patterns collected at different frequencies. Higher order beams are
observed.

and the cavity length could not be further changed without opening the dewar, but no such

efforts were made due to the poor beam quality.

4.4 Experimental results - broadband single-ridge metasurface

The metasurface tested was 1.5x1.5 mm? with a bias diameter of 460 pum, A=41.7 um, and
w=11.9 pm (as simulated in Figure 4.2). The active region used was the same as that in
Chapters 2 and 3 (wafer VB0739). The specific period of 41.7 um was not the product of any
optimized design, it was originally fabricated for comparison with broadband metasurfaces of
the same period (see Section 4.5). The FWHM of the 41.7 um period metasurface resonance
is simulated to be about twice as broad as that of a 70 um period surface (~500 GHz,
compared to ~250 GHz), though the peak amplification is also reduced by about half for

the 41.7 pm period surface.
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Figure 4.6: (a) SEM of fabricated device. Metasurface is 1.5x1.5 mm? with a period of
41.7 pm and a ridge width of 11.9 ym. Current is only injected into a circular central bias
area 500 pum in diameter, indicated with a dashed line. The ridges are tapered out to lossy
terminations that also serve as wire-bonding areas. (b-d) photographs of the setup from
the front, side, and back of piezoelectric setup respectively. The output coupler has been
removed in (b) so that the metasurface and piezoelectric stage are visible. The inset in (b)
illustrates the setup for clarity, and the inset in (c) offers a close-up on the location of the
actual QC-VECSEL cavity.

The tunable QC-VECSEL cavity setup is shown in Figure 4.6. The metasurface is
mounted to a fixed copper block, while the output coupler is mounted on a piezoelectric

stepping stage. The output coupler is attached to a homemade kinematic mount and is
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Figure 4.7: (a) High reflectance, and (b) low reflectance output couplers used for tuning
experiments. Main plot shows output coupler efficiency and phase, while the simulated and
measured reflectances are plotted in the insets. The output coupler in (a) is an inductive
mesh designed to have a period of 10 ym and metallic lines 3 yum wide, but is best fit by
simulations using a line width of 2.65 ym. The output coupler in (b) is the same as that
from Chapter —, Figure —.

aligned to the metasurface using the diffraction patterns of a retroreflected HeNe laser beam.
The alignment cannot be adjusted once the cryostat is closed. The cryostat window was 3.3-
mm-thick high-resistivity silicon with an anti-reflective (AR) parylene coating deposited on
each side and measured to have a ~90% transmittance between 3-4 THz (see Appendix 8.3).
The AR window serves to both maximize power output and minimize feedback into the
VECSEL cavity. In Figure 4.6(a), a photograph show the metasurface mounted without an
output coupler; the piezoelectic stage (Attocube ANPx311) for holding the output coupler
is indicated, and the inset illustrates the setup for clarity. The Attocube stepper is operated
in an open loop mode without position readout, so the relative OC position cannot be di-
rectly determined. In Figure 4.6(c), a profile of the setup with the output coupler in place
is photographed. The output coupler is mounted on a set of three spring-loaded screws that
are used to adjust the alignment. Last, Figure 4.6(d) shows the setup photographed from

the back with the output coupler in place.

The VECSEL was tested with two different output couplers (see Figure 4.7 for output
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coupler properties) in both pulsed and continuous wave modes. Pulsed measurements were
performed at 1% duty cycle with a 10 kHz repetition rate. Relative output power was
measured using a pyroelectric detector (GentecEQO), and absolute power levels were directly
measured with a calorimeter (Scientech) that was calibrated against a Thomas Keating
absolute terahertz power meter. Reported powers refer to the emitted laser power, having
accounted for the measured transmittance of the cryostat window. Far-field beam patterns
were measured using a 2-axis scanning pyroelectric detector with a 2 mm diameter aperture
rotating at a constant distance ~15 cm from the device. Spectra were measured using
a Fourier-transform infrared-spectrometer (FTIR, Nicolet 8700) and a DTGS pyroelectric

detector.

4.4.1 High reflectance output coupler

Results of tuning on the m=4 longitudinal mode using a highly reflective inductive mesh
output coupler (OC3, ~2-8% transmission) are shown in Figure 4.8. Up to 650 GHz of
continuous, single-mode tuning is observed centered around 3.47 THz (19% fractional tun-
ing), and a consistent, circular beam pattern is observed throughout the tuning range with
a FWHM divergence angle of ~15°. The threshold and peak current densities (J¢, and J
respectively) are plotted in Figure 4.9(b), and the peak power and slope efficiency of the
VECSEL in pulsed and continuous wave mode is plotted in Figures 4.9(c-d). The variations
in power, slope efficiency, and threshold are primarily a result of the changing OC reflectivity.
There is a deviation from the expected behavior between ~3.55 THz and 3.7 THz where,
though the OC transmission is increasing, .Jy, shows little change while J,; is actually in-
creasing. This suggests a sudden increase in gain per injected current at a bias of 440 A /cm?
(or 9.2 V) possibly due to alignment of a second lasing state, or misalignment of a leakage
channel though no such distinct feature is predicted by density matrix modeling of the active
region design. In continuous wave mode, the effects of the output coupler are more dominant
as a result of the generally reduced material gain, and lasing is nearly extinguished at the

peak transmittance of the output coupler. At the edges of the tuning range, the VECSEL
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Figure 4.8: Measurement results on longitudinal mode m=4 with 19% fractional tuning at 77
K(a) Single-mode FTIR spectra and (b), beam patterns measured as the piezoelectric stage
is stepped with OC3, tuning the VECSEL’s external cavity length and lasing frequency.
It is noted that the tuning is not linear with cavity length as the reflection phase of the
metasurface is frequency dependent.

lasing frequency becomes bias dependent, hopping from the low frequency resonance of the
cavity to the high frequency resonance when the bias voltage is increased (Figure 4.9(f)); the
two modes are generally not observed to lase simultaneously outside of a narrow transition
range. Such behavior is consistent with the Stark shift of intersubband transitions with
applied field and/or the simulated contribution of the multiple intersubband transitions that

contribute to the gain spectra for this active material. Neither the length of the external
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Figure 4.9: (a) Output coupler transmission measured using FTIR. (b) Threshold and peak
current density in pulsed-mode as the QC-VECSEL frequency is tuned. (c) Peak-pulsed
and (d) continuous wave power and slope efficiency as a function of lasing frequency. Faded
curve in (c) indicates atmospheric transmission features within the demonstrated tuning
range simulated from the HITRAN database. (e) Pulsed and continuous wave P-I-V curves
taken at 3.75 THz, and (f) pulsed L-I-V curve indicating two distinct lasing regions at 3.18
THz and 3.68 THz (separated by the cavity FSR).

cavity, nor the relative position of the output coupler can be measured directly with the
equipment available, but this information can be inferred from the observed FSR at the
edges of the tuning range. The observed FSR at the longest and shortest cavity lengths was
500 GHz (3.18 — 3.68 THz) and 610 GHz (3.79 — 3.18 THz) respectively, and using equation
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(1), the inferred change in cavity length is 177 - 130 gm. The resonant frequencies and
FSR predicted by equation 4.1 match very well (<1% difference) with the experimentally
observed values, indicating that the fabricated device behaves very close to the simulated
design. A collection of pulsed and continuous wave L-I-V’s at a variety of frequencies are

plotted in Appendix 8.1.

To push for maximum tuning, the length of the cavity was further reduced to operate on
the m=2 mode. 25.1% fractional tuning was achieved from 3.11 — 3.99 THz as the cavity
length was varied from 86 — 48 um (Figure 4.10). However for such short cavities, higher order
beams are regularly observed, and multimoding begins to occur in some instances, which can
be explained as follows - when using a metasurface with a small bias diameter, a small THz
spot size (1(z,y) as defined in Chapter 2) helps to reduce threshold gain (larger confinement
factor I'), but also increases diffraction loss, which competes to increase threshold gain. This
trade-off is, in fact, typically to our advantage as it allows for discrimination of higher-
order beams by only biasing the central portion of the metasurface. At extremely short
cavity lengths, however, diffraction loss is very small, even for spot sizes much smaller than
the bias diameter. In this case, the confinement factor (and thus threshold gain) for the
fundamental and higher-order beams becomes very comparable, making it more likely for
higher order modes to lase. This demonstrated via FEM simulations in Figure —, where the
threshold gain for the first three eigenmodes of the cavity (TEMyg, TEMg;, and TEM,) as a
function of cavity length. Below 100 pm, the threshold gain of the three modes rapidly gets
very close. The rather divergent output beam measured compared to previous VECSELs
also supports the assumption of a small cavity mode. Stronger suppression of higher-order
modes should be possible by moving to even smaller bias diameters, and this is confirmed by
simulation in Figure 4.12, but the threshold gain of the fundamental mode is also increases

notably as the bias diameter shrinks, which will reduce the potential tuning range.

For comparison, the QC-VECSEL threshold gain calculated using the Fox and Li model is
plotted as a function of cavity length in Figure 4.11. Simulation of the 2-D VECSEL cavity

are performed using MATLAB. Using a simple step function to represent the boundary
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Figure 4.10: Measurement results on longitudinal mode m=2 with 25% fractional tuning at
pectra collected as the external cavity length is tuned. The region in which
multimode lasing is observed is indicated by the blue shaded area. (b-d) Selected spectra
and beams taken between the longest cavity (b) and the shortest cavity (d).
quality is observed to degrade at shorter cavity lengths and at high bias.

between the biased and unbiased portion of the metasurface, we find that the Fox and Li

results better match with FEM simulations when the width of the step function is reduced
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Figure 4.11: Numerical modeling of THz QC-VECSEL cavity. (a) Effect of the THz beam
shrinking as the external cavity length is reduced, leading to stronger confinement of the
beam to the biased portion of the metasurface. (b) Normalized electric field magnitude
of the output beam at the surface of the output coupler extracted from FEM eigenmode
simulations, and numerical Fox and Li simulations for comparison. Narrowing of the emitted
beam is observed as the cavity length is reduced (leading to a broader beam in the far-field).
(c) QC-VECSEL Threshold gain as a function of external cavity length for the first three
modes of the 2-D cavity. Plots of the electric field in the full 2-D VECSEL cavity for the
first three modes. Inset shows close-up of fields at the metasurface.

to 400 pm rather than 500 pm, indicating that a more sophisticated spatial gain distribution
should be used. Additionally, diffraction losses from the edge of the metasurface observed
in the FEM simulations are not well captured by the Fox and Li model, as indicated by
comparison of the field distributions in Figure 4.11(b). While Fox and Li modeling can

provide some rough estimates, full FEM simulations should be used if possible.

Last, for completeness, the effects of cavity misalignment up to 1° on a 156 pum long
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ing field plots of VECSEL cavity as a function of output coupler misalignment. Selectivity
between TEM modes is reduced with even small degrees of misalignment.

cavity are simulated with data presented in Figure 4.13. Even at such short cavity lengths

and for such small degrees of misalignment, the treshold of the fundamental TEMyg mode
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is observed to increase rapidly; by 0.3° misalignment, the TEMy, and TEM,; have similar
thresholds. Even more significantly, the modal distribution for the TEMyy mode moves off-
center from the bias area, which will result in a spatial hole burning effect at higher biases,
further encouraging lasing of the TEM(; mode even if its gain threshold is nominally higher.
The observed multimoding at short cavity lengths is likely a combination of a small degree
of misalignment and reduced diffraction loss. For longer cavity lengths (Lgc =500 pm), the
situation is more favorable for single mode operation as the threshold of higher order modes
increases much quicker than the TEMg, mode, but the effects of cavity misalignment on

threshold for all modes is more severe.

Below Lpc=48 pum, the threshold current increases quickly until lasing ceases. This could
be caused by contact between the OC stage and the metasurface mount resulting in sudden
cavity misalignment; at such short cavity lengths, a cavity misalignment of only 0.1 ° would
cause contact between the outer edges of the mount (which are 3 cm wide). This explanation

would also be consistent with the significantly degraded beam pattern of Figure 4.10(d).

4.4.2 Low reflectance output coupler

Tuning results using a lower reflectance ouptut coupler (OC1, same as from Figure 3.2(a),
inductive mesh, 15 pm pitch, 2.5 pm wire width, ~8-40% transmission) are shown in Figure
4.14(c). With OCL, only 200 GHz of tuning is achieved as a result of the OC transmission
increasing the threshold gain beyond the gain capabilities of the metasurface. Specifically,
the metasurface’s limits in pulsed mode were 10.5% OC transmission at 3.23 THz, and
13.5% transmission at 3.44 THz, suggesting that there is more metasurface gain at 3.44
THz. This results makes sense as the center frequency of the metasurface is designed to
be 3.5 THz, though variation in gain coefficient of the (QC-material could also be a factor.
Because of the higher OC transmission, the measured slope efficiencies were generally higher
with OC1 than with OC3, but peak-power levels were generally lower with OC2 due to the
trade-off between increased outcoupling loss and reduced dynamic range. The device was

not tested in continuous wave mode with this output coupler as the author did not want to
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Figure 4.14: Data collected over 6.6% fractional tuning around 3.34 THz at 77 K using
OC2. (a) FTIR laser spectra and (b) beams collected as the external cavity length is tuned.
(c) OC2 transmission measured using FTIR. (d-e) Threshold current density, peak current
density, peak-pulse power, and slope efficiency as a function of lasing frequency. Faded curve
in (e) indicates atmospheric transmission features within the demonstrated tuning range.

risk damaging the device at the time, but based on the continuous wave results with OC3,
it seems unlikely that the any appreciable continuous wave lasing would be observed with
the higher transmission of OC1. In Figures 4.14(d) and (e), threshold and power are plotted
as a function of cavity length. Data was taken at a constant frequency (3.33 THz), while
the cavity length was adjusted by increments of an FSR. The span of the FSR was never
observed, so the exact cavity length is unknown, but it must be < 700 ym to be larger than

200 GHz.
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4.4.3 Extracting QC-material parameters

Because the threshold conditions of the QC-VECSEL can tuned relatively easily, it is a good
platform for investigating the properties of the QC-gain material. Consider, for example, a

general expression for the threshold gain of a QCL used in Chapter 2:

gtheLp
O'Teff

Jin, = + Jicak (4.2)

where Jy, and Jyeq, are the threshold and leakage current densities respectively. L, is
the length of the module of the QC active region design, g4, is the intersubband threshold
gain coefficient, o is the stimulated emission cross section, and 7.¢¢ is the effective lifetime of
the population inversion(which includes effects of intersubband lifetimes, tunneling injection
efficiency, thermal backfilling, etc.). The only diretly measurable quantity in equation 4.2
is Jyp, but by using the g4, values obtained from the full cavity model simulation described
above, we can estimate the gain per injected current (o7.r¢/eL, [cm/A]) and leakage current.
In Figure 4.16, the measured threshold current densities and FEM simulated threshold gain

values are plotted for a metal-metal waveguide, the TMy3 metasurface of Chapter 3, and the
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broadband metasurface data presented in this chapter. All of the VECSELSs were made with
wafer VB0739 and operating at the same frequency (3.33 THz) as the material properties
are spectrally dependent. Because the cavity length could not be determined for the data
in section 4.4.2, only the relative length, a series of plots are shown assuming different
cavity lengths and the resulting fit. Based on the figures, the estimated gain per injected
current is around 2.5-3 A/cm, and the estimated leakage current is ~370 A/cm?. This is
considerably smaller than the value estimated in Ref. [18] presumably because the output

coupler reflectance was significantly underestimated in that reference.

Another example is to use equation 2.18, written here in terms of slope efficiency, to

estimate the internal quantum efficiency:

i (4.3

The slope efficiency Cfi—]; is measured experimentally; N,, h, v, and e are known quantities,

so we can calculate n;. In Figure 4.17, n; is plotted as a function of frequency using the
measurements in Section 4.4.1. Around 3.4-3.5 Thz, the calculated value of 7; approaches
the maximum theoretical value of 1. This would be a surprisingly high efficiency, and we
have not acounted for the affects of the optical fill factor, which will further increase the 7;
(as discussed in Chapter 2), suggesting the value is somehow being overestimated. The error

may be in the estimate of 1,,, where R; may be too small, or By may be too large.

4.5 Broadband double-ridge designs

Though the typical, single-ridge metasurface design is already inherently broad, as discussed
at length to this point, there is still plenty of room for designs that may be even more
broad. For example, one of the most obvious ideas, given that the resonant frequency of the
metasurface is determined by the ridge width, is to simply have multiple ridges per-period
of the metasurface with different widths. One such design, using two ridges per-period, is

presented in Figure 4.18. The metasurface has a period of 41.7 pym, and the two ridges
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Figure 4.16: Fitting the measured VECSEL threshold current densities and simulated thresh-
old gain values to the model for gain in equation 2.16. The cavity length of the data collected
in Figure 4.15 is not know for sure because the FSR was not observed, but it must be less
than ~700 pm for this to be the case, so a set of fits are shown assuming the data in Figure
4.15 is centered around (a) 340 pm, (b) 430um, (c¢) 520 pm, and (d) 610 pm.

are 9.45 pym and 13.65 pum spaced apart by 9.3 um. The design is intended to provide a
relatively flat gain spectrum centered around 3.4 THz (note - this is the reason the uniform
metasurface in Section 4.4 has a period of 41.7 um, it was intended as a comparison to this

double-ridge design). While one could make a single ridge metasurface just as broad by
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Figure 4.17: (a) Calculated internal quantum efficiency 7; using equation 4.3.

reducing the period of the metasurface, the advantages of the multi-ridge metasurface are
that it broadens the gain without sacrificing on amplification factor, and it offers a more flat
amplification factor over the bandwidth. It should be noted that the gain spectrum is not
simply a superposition of the responses one would expect from uniform metasurfaces with
the two different ridge widths, but the close proximity of the ridges allows for significant
coupling leading to a more complex response. The design presented here is admittedly based

on optimization in simulation, no analytical model has been applied.

While the author’s initial intent with designing such a broadband, spectrally flat meta-
surface was for the purpose of achieving maximum single-mode tuning with minimal fluctu-
ations in output power and threshold, the impact of the metasurface phase on the frequency
tunability was not appreciated at the time. In hindsight, upon proper consideration of the
metasurface phase, we find that such a double-ridge design has a more dense set of exter-
nal cavity modes and has a smaller expected single-mode tuning range than the uniform

metasurface with the same period (Figure 4.2). This is illustrated in Figure 4.18(c), where
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Figure 4.18: (a) Simulated phase and (b) reflectance of a double-ridge broadband metasurface
(A= 41.7 pm, ridge widths are 9.45 ym and 13.65 pm, and uniform spacing of 9.3 ym). The
total phase accumulation across the metasurface is 47 (though the high frequency tail is
cutoff). (c) Eigenfrequencies vs. cavity length for both a bare Fabry-Perot cavity neglecting
reflection phase (dashed line), and complete VECSEL cavity including metasurface phase
(solid lines, FEM simulated). The colored boxes indicates the maximum single-mode tuning
that could be expected given the observed gain bandwidth of the underlying QC-material.
Insets show the E-field magnitude at the extremes and center of the m=2 mode. The field is
concentrated in the narrower ridge at high frequencies, and the wider ridge at low frequencies.

the FEM simulated eigensolutions of an infinite VECSEL are plotted as a function of cavity
length. It is found that the maximum expected single-mode tuning that can be achieved
is ~600 GHz from a cavity length ~30-60 pm. To clarify, the double-ridge metasurface is
more likely to lase over a broader range of frequencies than a single ridge metasurface of the
same period as the amplification factor is indeed larger over a broader range; the problem is
that the double-ridge metasurface VECSEL is more likely to be multimoded. This is what

is observed experimentally.

The experiments were performed with the piezoelectric stack actuators as it was before
the stepping stage was purchased. Two attempts were made at achieving broad tuning,

both with the high reflectance output coupler in Figure 4.3. In the first attempt, Figure
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Figure 4.19: (a) Spectrum collected while tuning the cavity length of a double-ridge meta-
surface (2x2 mm? with a 1 mm bias diameter) using piezoelectric stacks. Cavity length

is estimated to be centered around ~300 pm. Inset shows alignment of spectral dips with
atmospheric absorption features [23]. Total cavity length change is one FSR, ~45 pm. (b)

Sample L-1-V collected at 3.4 THz. (c) Collection of beams measured throughout the tuning
range.

4.19(a), the spectrum measured by FTIR are plotted as the cavity length is tuned. Three

distinct modes that are clearly tracked, but not all three modes lase at all times through
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the tuning range. The mode closest to the center of the metasurface resonance appears
to consume most of the pump power. Based on the spacing between the modes, the cavity
length is estimated to vary from ~270-315 um. The beam patterns plotted Figure 4.19(c) are
improved compared to other attempts at tuning with piezo-stacks, but the intensity profile is
asymmetric in many cases, suggestive of cavity misalignment and/or multiple modes lasing
below the resolution of the FTIR. The inset of Figure 4.19(a) shows alignment of the observed

drops in output power with absorption lines in the atmosphere.

Despite the imperfect beam patterns, the observed bandwidth of the metasurface prompted
further testing. Data collected after manually shortening the cavity even further is presented
in Figure 4.20. Remarkably, continuous lasing was observed between 2.85-3.9 THz, but as
expected, the device was multimoded the majority of the time between two modes separated
by the cavity FSR. The cavity length is estimated to vary from ~70-115 pym. The metasur-
face’s functionality is verified both by the fact that, when comparing to the uniform surface
above (Section 4.4), the observed FSR are smaller and the amplification is more broadband.
However, the observed beam patterns are very poor, which is likely due to cavity misalign-
ment and the large bias diameter on the metasurface compared to the cavity length. Further,
as mentioned above, even a small fraction of a degree of misalignment can cause physical con-
tact between the output coupler and metasurface mounts at the outer edges. Further testing
was not performed as the metasurface was decidedly too broadband to allow for single-mode
lasing, and it was decided that a peizoelectric stepping stage was need to improve alignment
and maintain better beam quality at short cavity lengths. Reducing the bias diameter may
help discriminate against the modes closer to the tail edges of the metasurface response, but
this would reduce the total potential tuning range, making it unlikely that such an approach
would ultimately offer more tuning that was achieved with the uniform surface in Section

4.4.
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Figure 4.20: Spectrum collected while tuning on the m=2 and m=3 modes of a double-ridge
metasurface VECSEL (2x2 mm? with a 1 mm bias diameter) using piezoelectric stacks.
Cavity length is estimated to be centered around ~90 pm. Inset shows alignment of specral
dips with atmospheric absorption features [23]. Total cavity length change is one FSR,
~45 pm. (b) Collection of beams measured throughout the tuning range; they are clearly
non-ideal.

4.6 Towards THz QC-VECSEL frequency combs

A subject that has recently garnered much attention from the QCL and spectroscopy com-
munities is frequency combs. Frequency combs are lasers that generate a set of evenly spaced
modes in the spectral domain given by: f,=fcro+nf,ep, where n is an integer, f,., is the
free-spectral range of the laser resonator, and fopo is the carrier offset frequency (CEO)

describing the offset of the modes from zero in the spectral domain. The terminology comes
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from the fact that the field of frequency combs grew out of the mode locked laser community
- the Fourier transform of a stable pulse train emitted by a mode locked laser is a 'comb’ of
evenly spaced modes [129]. While mode locked lasers were primarily of interest for their high
intensity at first, interest in their spectral properties grew in the nineties when the spectral
coverage of ultrafast pulses grew to octave scales and researchers realized the potential for
self-referencing two teeth of a comb to a stable microwave reference. The technique is often
referred to as an f-2f measurement; the lower frequency is given by f,=nf,p+fcro, the
upper frequency by fa,=2nfp+fcEro, so if the two frequencies are mixed, the difference can
be used to measure the carrier offset: 2f,-f2,=fcro. With the ability to measure both the
repetition rate and the carrier offset to the accuracy of modern day microwave references,
the exact frequencies of the comb teeth can be measured with an unprecedented level of
precision in a relatively simple manner, making way for a new time keeping and frequency
metrololgy standards orders of magnitude more precise than the present standards. The
potential scientific and engineering applications of this have led to Nobel prizes awarded
in 2005 and 2012 to contributors to the field [130,131]. Another interesting application is
dual-comb spectroscopy, where two frequency combs with slightly different properties (dif-
ferent repetition rate or carrier offset) are mixed to produce a comb of beat notes in the
microwave regime [132-134]. If a sample is inserted into the beam path of one of the combs,
the broadband spectral characteristics can be determined in a single shot with very high

accuracy in the microwave regime.

Quantum-cascade lasers are an interesting candidate for frequency comb development as
they span a rich spectroscopic domain, and they are the only semiconductor lasers capable
of octave spanning gain bandwidth [122], making them the only candidate for a chip scale
self-referenced comb. Unfortunately, QCLs have been notoriously difficult to mode-lock as
the intersubband dynamics result in an extremely fast gain recovery time, which prevents
stable oscillation of a single pulse (other pulse trains try to form in between) and acts as
a fast saturable gain that broadens pulses as they propagate rather than sharpening them.

Active mode-locking has been demonstrated with THz QCLs [135, 136] and cryogenically
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cooled mid-IR QCLs (to increase lifetimes) [137] by modulating the bias current to generate
sidebands, but strong modulation is required and pulse widths are unimpressive (limited
number of modes in the frequency domain). In 2012, however, it was demonstrated that
mid-IR QCLs can form combs by the mechanism of four-wave mixing [138], and this was
further demonstrated with THz QCLs in 2014 [139]. In four-wave mixing, the Kerr non-
linearity of the QCL can naturally mix two frequencies to produce a third that is spaced
by the same amount as the first two: f3=2f>-f1, and any of those three frequencies can
mix to produce more, and so on in a chain until a large comb of modes is established. This
method of generation has been well established with so-called Kerr combs based on microdisk
resonators pumped by an external laser source and does not result in a pulse train [140].
Four-wave mixed combs produce a continuous arbitrary output representative of a comb of
modes with a fixed, but random phase relationship (unlike a pulse train where all modes

have the same phase).

The detailed dynamics of QCLs with fast gain recovery times has been, and continuous
to be the topic of much discussion [141-143]. The exact means by which a QCL decides
to operate in a comb regime is not well understood, but the general consensus seems to
be that a frequency modulated output should most efficiently use a fast recovering gain
material both spatially and spectrally by having a flat, uniform field intensity and a broad
spectrum [144-146]. Such a mode would therefore have the lowest threshold. Presumably,
the reason comb behavior is not normally observed is because the dispersion of the gain
material and/or the waveguide of the QCL prevents efficient four-wave mixing. Therefore,

the name of the game has primarily been dispersion compensation [147-149].

Given this current understanding, there are two important points to consider for realizing
a QC-VECESL frequency comb. First, in a typical ridge based metasurface VECSEL, the
same portion of gain in the QC-ridges of the metasurface are stimulated by all modes of
the external cavity at all frequencies. This is because only TMj; resonance can couple to
the surface direction. Effectively, spatial hole burning has no effect on the VECSEL’s laser

dynamics, while it has been one of the main discussion points in the formation of combs in

89



QCL ridges, and has been one of the main discussion points historically in the dynamics of
multimode behavior. However, it is not clear to the author how this lack of hole burning
in the VECSEL will effect the solution to the current models; it may just result in a more
structured distribution of mode intensities, rather than an apparently random one, or it may

encourage single mode behavior.

The second point is with regards to dispersion. In ridge waveguide devices, the QC-
gain material is believed to be the primary source of dispersion and results in accumulated
phase mismatch along the length of the ridge. Group velocity dispersion (GVD) is reported in
fs?mm~!, and total dispersion is calculated based on the length of the ridge. In a metasurface
VECSEL, on the other hand, very little of the energy circulating in the VECSEL cavity is
confined to the QC-ridges, and instead most of it is in the external cavity. If tracking the
roundtrip of a photon in the VECSEL, this is saying that the photon spends most of its time
traveling through the vacuum of the external cavity, where there is no dispersion, and only
spends a very brief time resonating in the metasurface, effectively traveling through a very
short distance of QC-material, resulting in a negligable GVD (assuming it is a broadband
metasurface). Instead, dispersion in the VECSEL should be largely associated with the
TMy; waveguide resonance, with minimal contribution from the material resonances. The
total group delay (GDD) associated with the metasurface is given by the d%¢etq/d*w, which
directly gives the total delay upon a single reflection in fs?. The total roudtrip GDD of the
VECSEL is the sum of the GDD associated with the metasurface, and that associated with

the output coupler.

In Figure 4.21(a), the simulated GDD of three different metasurfaces is plotted: a 70 um
single ridge metasurface, a 41.7 um single ridge metasurface, and the 41.7 ym double-ridge
design. As expected, the more broadband designs feature a more slowly varying phase term
that leads to a much smaller GDD than the higher-Q 70 pm metasurface. In Figure 4.21(b),
the simulated GDD is plotted for the two output couplers in Figure 4.7. Not surprisingly,
the high reflectance output coupler has less phase fluctuation as there is less feedback from

the multiple reflections of the crystal quartz substrate, and therefore the high reflectance
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ouptut coupler has a flatter response and a smaller GDD. The numbers in Figure 4.21 are
actually quite promising. Reported dispersion values for working THz QCL frequency combs
(measured by THz TDS) are typically between 0 - 2x10° fs>mm ™!, and ridges are typically a
few millimeter long, giving total roundtrip dispersion values on the order of 0-10 ps? [150,151].
Based on Figure 4.21, if a broadband metasurface and a high reflectance output coupler are
used, the total roundtrip dispersion could be as low as a few ps?. Note that the output
coupler does not actually have to have high reflectance, only low dispersion; high reflectance
is just a way to get low dispersion from an output coupler with a thick substrate. For
example, future output couplers based on thin silicon-on-insulator (SOI) membranes would
help reduce dispersion as well. It is interesting to note though, that the dispersion of the
output coupler takes on the opposite shape as the single-ridge metasurfaces, so it may be
possible to design the two carefully so that the output coupler dispersion cancels that of
the metasurface. The phase response and dispersion of some of the first metasurfaces made
(operating at 2.6 THz, A = 90 pum) were measured by Hou-Tong Chen at the Los Alamos
National Laboratory (Center for Integrated Nanotechnologies). The results (unpublished)
are plotted in Figure 4.22(a), and are in relatively good agreement the simulated GDD in
Figure 4.22(b).

Experimentally, the short cavity data presented in this chapter generally showed a ten-
dency towards single-mode lasing on the mode closest to the peak in the gain spectrum
of the metasurface. A certain degree of multimoding was observed from the double-ridge
data in Figure 4.19, but this may be more a result of cavity misalignment, and generally
the mode near the center of the gain is still favored. When multimoding is observed, it is
mostly between the lowest frequency mode and the highest frequency mode, which are ~600
GHz apart and may not compete for gain anyways. The data in Figure 4.20 also shows
multimoding, but again, the modes are very far apart, and misalignment is clearly an issue
based on the beam patterns, which indicate the two modes may not even spatially overlap

and so wouldn’t compete for gain.

With regards to longer cavities built intracryostat, the results in [19] showed two modes
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Figure 4.21: (a) Simulated group-delay dispersion (GDD) of three different metasurfaces.
The more broadband, low-Q metasurfaces show significantly reduced GDD. (b) Simulated
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shows lower GDD.

a
) 2n T T Py . b)
g 5
> 0
«
— 3 )
B2 2 3t
N— — _4.
3 (O]
© —6» a1t
i A10 \8;
S T “g 5 [a]
."L:) E 0 8 a0t
@ a
;q;) O 51
n/2f -1op . al
2 25 3 3
——w=14 um Frequency (THz)
——w=14.5 ym ﬁ\
—wetsum (2N %y 22 24 26 28
. o . - 2 22 24 26 28 3 32
2 25 35 4

3
Frequency (THz) Frequency (THz)

Figure 4.22: (a) Metasurface phase and resulting GDD measured by time-domain spec-
troscopy at Los Alamos National Laboratory by Hou-Tong Chen. (b) Corresponding simu-
lated GDD is in relatively good agreement.
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Figure 4.23: Measured /- V and spectra for the 2x2 mm?, 1 mm bias diameter double-ridge
metasurface with a ~5 mm long external cavity and a higher reflectance output coupler
(Figure 4.3). The corresponding d//dV is also plotted. Spectra show multimoded behavior
throughout, and at high bias (post-NDR), four modes are observed to lase simultaneously.

lasing simultaneously in pulsed mode for a cavity length of 1-2 mm, and a single mode
lasing in continuous wave. These are plausible results as the FSR is still relatively large,
so the output coupler could filter out modes closer to wings of the metasurface gain (lower
metasurface amplification and higher output coupler transmission results in much higher
threshold gain). Further, the metasurface was focusing, which is not intended for broadband
operation. Single-mode continuous wave lasing may be a result of reduced gain as a result
of the heating. In Chapter 3 of this thesis, a ~3 mm cavity was used with a large (1.5 mm
bias diameter) uniform TMgs; metasurface. The results were all single-mode, but given the
FSR of ~50 GHz, it is again plausible that the output coupler reflectance filtered out further
modes (Figure 3.2).

To date, the most modes the author has observed at once is 4, using a 2x2 mm? double-
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ridge metasurface with a 1 mm bias diameter, and the high reflectance output coupler in
Figure 4.3. The modes appear to be evenly spaced by the FSR of the cavity, but are only
spread across ~100 GHz, when we know that the measurface gives gain over more than
1 THz of bandwidth. However, this evenly spaced multimoded behavior is occurring well
into the unstable NDR portion of the bias, so it is unknown what the gain spectrum of the
material may look like. Based on the results the author’s suggested approach to looking for
comb behavior would be to make as large and broad of a metasurface as possible, mount it in
the tunable cavity setup with the piezoelectric stepping stage, and very carefully sweep the
cavity length and metasurface bias while monitoring the bias line for a beat note. A large
metasurface will be needed to allow for longer cavity lengths while minimizing diffraction loss
(Figure 2.6), especially with a broadband metasurface that has weak amplification. The most
important question to answer is whether the lack of spatial hole burning will fundamentally
counteract multimoding and comb operation. If so, perhaps there are less homogeneous
metasurface designs that can exploit other portions of the gain material. Otherwise, from a
dispersion point of view, the VECSEL seems well suited for comb operation, though it may
be difficult to make the cavity long enough to achieve the density of modes that are usually

observed from ridge-based combs.
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CHAPTER 5

Low power-consumption, high-efficiency QC-VECSEL

designs

5.1 Introduction

While the THz QC-VECSEL’s strength is in its large radiating area which allows for narrow
beam emission and high peak-pulsed output power, this is actually a bit of a weakness when
it comes to continuous wave operation, which is essential for applications such as heterodyne
spectroscopy. This is because the large thermal load associated with driving devices at a DC-
bias causes significant heating, ruining the THz intersubband gain as a result of increased
non-radiative scattering. To operate in continuous wave (CW) mode, THz QCLs are typically
kept at very low temperatures (<77 K) and/or the device is made very small so that the

current draw is low [152,153].

In Chapter 4, up to ~20 mW of CW power was demonstrated at 3.4 THz at 77 K,
which is by far a record for CW power from a THz QCL at 77 K. However, this is largely
attributed to the high-performance of the active region, which lased up to 170 K in a metal-
metal waveguide and had sufficient gain at 77 K to allow strong performance. While the
VECSEL was essential to maximizing the potential of this particular active region, one might
not expect such impressive results from other QC-active regions, especially those designed
closer to the limits of the THz QCL operating range (such as 4.7 THz) where the maximum
operating temperature is lower. Further, while the CW output power from the device in
Chapter 4 (Figure 4.9) was impressive, the electrical power consumption was ~4 W, which

is generally outside of the power and/or thermal budget for a remote application such as a

95



balloon or space based telescope. For such missions, power budgets are typically much lower,
less than 1 W. If the bias diameter of the device in Chapter 4 was reduced until the total
power consumption was <1 W, the device would likely not lase as the bias diameter would
be much smaller than the external cavity mode leading to very high threshold gain values
(Figure 4.12), even at very short cavity lengths. The device in Chapter 4 had a small period
with a fill factor of 28.5% for the purpose of obtaining broadband performance, but earlier
metasurfaces, such as those in Chapters 1 and 2 (also operating at 3.4 THz with the same
active region) use a more sparse 70 ym period with a fill factor of 16.4% (for TMy; designs),
reducing the expected power consumption by almost half. Further, sparse metasurfaces have
a higher amplification factor, so the bias area could perhaps be made a little smaller, likely
bringing the thermal load down to <2 W (with correspondingly reduced THz output power).
This is certainly an improvement, but still twice as much thermal load as we would like, and
it is not desirable to further reduce the bias diameter of the metasurface as that leads to
higher threshold gain values and lower output power. In this chapter we consider two options
for further reducing the fill factor of the metasurface, which reduces electrical power draw

without having to decrease the size of the metasurface.

5.2 Patch-based metasurface

5.2.1 Patch metasurface design

One was to reduce the fill factor compared to the ridge-based metasurfaces discussed up to
this point is to use a metasurface based on an array of patch antennas, illustrated in the
inset of Figure 5.1. The physical principles of the patch metasurface and ridge metasurface
are the same: radiative coupling via the TMj, cutoff resonance and subwavelength spacing
of elements. Each patch simply acts as a very short ridge. Because the TMy; cutoff has no
phase variation along the length of the ridge (energy does not propagate in this direction), the
resonance and material losses should generally be uneffected by the length of the element,

only the width. This kind of patch resonator is directly analogous to the patch antenna

96



4 1 1 1 1 1 1 1
1.3
351 © 1.2 A
] C1 C1 C1
©
1.1 A
3F 2
@ BUA| C1 C1
o
1
o
225F o9
s 28 3 3.2 34 36 38 4 4.2
8 Frequency (THz)
E) 2 | — Patch, A=45 um, 8% fill factor
— Patch, A=50 um, 6.5% fill factor
--. Ridge, A=70 um, 16 % fill factor
— Patch, A=55 um, 5.3% fill factor
1.5 E, |
y
1
1 _____________________________ p—
BLE
0 5 1 1 1 L 1 1 1
0 10 20 30 40 50 60 70 80

Gain (cm'1)

Figure 5.1: Simulation of patch-based metasurfaces with different periodicity. Reflectance
plots with gain show that a patch surface with a square unit cell 50 ym on each side has
a similar quality factor as a ridge-based metasurface with a period of 70 pm. This is not
surprising as the diagonal of the 50 pum unit cell is 70.7 pm. Insets show a bird’s eye
illustration of the patch metasurface, simulated electric fields, and simulated reflectance

data as a function of frequency.

developed and used by the microwave community, and the resulting metasurface is a direct

parallel with the large body of work done on reflectarrays in the microwave [154].

Active arrays of patches have been the subject of many studies in the THz and mid-
IR QCL communities for use as amplifiers, detectors, and self-lasing structures [155-159].
Active arrays of patches were first used with the THz QC-VECSEL in Xu, et al. Ref. [21],
where two sets of orthogonally oriented patch arrays were used to demonstrate a VECSEL
with electrically switchable polarization (also measured to self-lase, see Chapter 2). That

metasurface, however, was rather dense as CW operation was not the concern, but rather
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functionality. In this section, the discussion will be focused on using patch arrays for the

purpose of minimizing the metasurface fill factor.

While conceptually, the idea would be to have an array of isolated patch elements, in
practice, to make an active array, the patches need to be connected to a bias, as indicated
in the inset of Figure 5.1. These connecting elements have relatively little impact on the
VECSEL operation as they are much too narrow to couple to surface incident radiation, and
the energy the couples into the patches does not propagate along the length of the ridge (see
Figure 5.2). They do introduce a 2"¥-order DFB waveguided solution along the length of
the ridges that is coupled to surface-directed light polarized along the length of the ridges.
The frequency of this mode naturally depends on the exact period of the structure, and it
also depends strongly on the width of the connecting ridges because that is where the mode
is primarily confined. Using these parameters, this Bragg mode can easily be tuned outside
of the gain bandwith of the QC-material, but regardless, the mode should not experience
much gain as the connecting ridges are not biased (insulated by a layer of oxide between
the QC-growth and the metal) because they represent wasted pump power with regards to
the targeted VECSEL mode. Despite this insulation, it is likely that current spreading from
the patches into the connecting elements via the in-plane conductivity of the QC-material
still results in a certain degree of wasted pump power. The in-plane conductivity of the
QC-material is not known, so it is difficult to determine the degree of this effect, but making
the connecting ridges as thin as possible should minimize the effect. How thin the connecting
elements can be made is limited by either fabrication capabilities, or the possibility of burning
the metal due to resistive heating associated with pushing large currents through such as

small channel.

Another consequence of having a 2-dimensional periodic structure is a modified diffraction
condition: the lowest wavenumber along the edge of the Brillouin zone of the metasurface
should be greater than the incident THz wavenumber. In the case of a square array of
patches, the lowest wavenumber of the Brillouin zone is associated with the diagonal of the

square unit cell, giving us the condition: Av/2j)\o, where A is the length of the edge of the
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Figure 5.2: (a) Simulated reflectance from a patch metasurface designed to operate at 3.4
THz. The width of the connecting ridges is varied, but shows little effect on the targeted
TMp; mode (b). (c) A 2"-order distributed feedback mode is also observed, but the mode
is largely confined to the connecting ridges, which are not biased. The frequencies of these
solutions are indicated in (a).

unit cell, and )y is the incident wavelength. In comparison, the diffraction condition for the
typical 1-dimensional ridge-based surface was simply Aj\y, where A was the period of the
1-D ridge grating. In Figure 5.1, the simulated reflectance from a square array of patches
designed to operate at 3.4 THz with varying unit cell size is plotted along with the simulated
reflectance for a typical 70 pm period ridge design also intended to operate at 3.4 THz. We
find that the reflectance magnitude and quality factor is most similar between the 70 pm
period ridged design and the patch design with a unit cell 50 pm on each side, giving a

diagonal of 70.1 pm, indicating a similar degree of coupling to the grating modes.

Based on the discussion, to minimize the fill-factor and resulting electrical load from the
metasurface, one should keep the width of the patch constant while reducing the length of the
patch to as small a dimension as possible. However, this concept is quite so simple; when the

length of the patch gets very short, the increased amount of fringing field effectively resulting
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Figure 5.3: (a) Simulated reflectance spectra for narrowing patch elements. 30 cm™! of gain
is applied in all cases. As indicated in (b), narrowing of the patch elements increases the
threshold gain considerably

in a lower refractive index for the wave bouncing back and forth in the patch, forcing the
width of the patch to increase in order to maintain the same resonant frequency. This is also
manifested by a small, but noticeable increase in threshold gain values. Therefore, the fill
factor cannot be made arbitrarily small. In Figure 5.3, a set of simulations is presented for
a patch surface with a fixed unit cell size, but varying patch length. The Figures indicates
that, at best, the fill factor of the metasurface can be reduced to ~7% by switching to a patch
metasurface (5.5% if a 50 pm period is used) before the threshold gain starts to increase

substantially.

5.2.2 Experimental Results

One patch device has been successfully tested using wafer VB0739 (same as previous chap-
ters). The design used a square unit cell 45 um on each side, and patch elements that
were 16.8 pm wide and 11 pm long (note the width is considerably increased from ridge

designs targeted at 3.4 um). The connecting ridge elements were 4 ym wide and the top
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Figure 5.4: Experimental result using patch-based metasurface. A 2x2 mm? metasurface

was tested with a 0.75 mm bias diameter. The device was able to operate in continuous
wave mode at 77 K, and a relatively good beam pattern is observed. Inset shows SEM of
fabricated device. Current densities are large compared to previous devices from this wafer,
indicating significant leakage current into the connecting ridge elements.

contacted of the connecting elements was isolated from the QC-material by a layer of oxide.
The fill factor of the metasurface is 9.1% (assuming the connecting ridges don’t draw any
current, F=wl/A?), compared to 16.4% for the 70 pum ridge surface, so we should expect
a 45% reduction in current draw. The metasuface was 2x2 mm with a bias area 0.7 mm
in diameter. Assuming a peak current density of 700 A/cm?, the longest chain of biased
patches (the middle set) should draw ~19 mA of current. State-of-the art 3"¢ order DFB
lasers regularly draw 10’s to 100’s of mA of continuous electrical current through narrow
elements ~2 pm wide, so burning of the ridges should not be a problem with 19 mA and 4

pm wide connecting elements.

The measured L-I-V, spectrum, and beam pattern are plotted in Figure 5.4. The current
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density for the patch is calculated assuming there is no current draw in the connecting ridges,
so as a result of current spreading, the apparent current densities are considerably higher
than those previously observed from this wafer, indicating a clear effect of current spreading
into the connecting ridges and only resulting in a 20% reduction in total current draw
compared to that expected from a ridge-based metasurface with the same bias diameter.
The in-plane conductivity of the QC-material can be simulated to match this result, but
such a simulation has not been performed yet. CW lasing with less than 1 mW of output
power was demonstrated at 77 K. It is noted, that the performance of the ridge metasurface
in terms of power and threshold current was much poorer than previous devices made from
this wafer. Because the current draw is similar to previous device, it is assumed that the
reduced performance was a results of additional optical losses, most likely in the top metal
contact as a different Ni etchant was used in the process that appears to have damaged
the underlying gold. It is also noted that the alignment of the oxide used to isolated the
connecting ridges was a couple of microns off, as can be seen the inset SEM of Figure 5.4.
Due to the fabrication issues, further testing was not conducted, but the initial result tells
us that this can be an effective way to reduce the fill factor and thus the thermal loading of
the metasurface. However, this technique does not improve the efficiency of the metasurface
as the TMgy; mode structure is unchanged, so the same fraction of pump power is being

stimulated as in the case of a ridge metasurface.

5.3 Hollow-ridge metasurface

An alternate route to reducing the fill factor of the metasurface, and simultaneously increas-
ing the efficiency is to remove the gain material from the center of the ridge, where the
optical intensity is minimal. This center portion of the ridge is drawing significant electrical
power while contributing relatively few THz photons as there is not much stimulating field.
Removing this portion should reduce the total current draw while having minimal effect on

the output power. This idea is simulated in Figures 5.5 and 5.6, where the uniformity of the
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Figure 5.5: (a) Proposed designs for metasurfaces with the (QC-material removed from the
middle of the ridges (where there is little optical stimulation, but significant electric current
draw). One option is to fill the empty space in with BCB, the other is to use a polymer that
can be subsequently removed by an isotropic oxygen plasma etch.

stimulating field over the gain is plotted as given by:

Ny = (factive |Ez|2dA)2
“ Aactive factive ‘Ez‘4dA

(5.1)

For a typical ridge design, the uniformity is intuitively 2/3 reflecting the average energy
of a standing sine wave. Simulations in Figure 5.6 indicate that as more of the material is
removed from the center of the ridge, the uniformity factor approaches one, in which case
the current should be reduced by ~33% and the efficiency improved by ~50%. The theory

is relatively simple, but the challenges come in fabricating such a structure.

Two options for fabricating ridges with the center material removed are plotted in Figure
5.6. The first option is to follow the typical metal-metal waveguide fabrication procedure

(Appendix 8.1), but leaving an opening in the center of the top contact that allows the
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Figure 5.6: Plot of uniformity factor and threshold gain as a function of the gap size in
the ridge. The simulation indicates that much more efficient use of the QC-material can be
obtained with little-to know effect on the threshold gain (even with BCB in the cavity).

middle material to be removed during the mesa etch. Next, BCB is spun onto the sample
to fill in the middle of the ridges and planarize the whole surface. While BCB is specifically
designed for planarization, it is not recommended for such long tall structures as THz QCL
ridges, and from the author’s experience, this is true, especially when working with small
pieces rather than full wafers. An alternative approach would be to chemical-mechanically
polish the BCB and then etch-back with reactive ion etching (RIE) to expose the ridges once
the surface is smooth. Once the tops of the ridges are exposed, metal can be deposited on the
top of the ridges, including the BCB-filled centers. This second top contact should include a
Nickel mask that can withstand a subsequent dry-etch to remove the remaining BCB on the
surface. BCB is a good choice of material as it has low losses in the THz. According to the
simulations, the uniformity of the stimulating field can be increased to >95% while the BCB
only increases the threshold gain by 5-10 %. To fully optimize the approach and remove the

polymer from the middle of the ridge, one can add periodic, subwavelength spaced openings
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in the top contact and then remove the polymer inside with an isotropic oxygen plasma
etch. Simulations indicate that such openings in the top contact have negligible effect on the
metasurface properties. BCB is not etched by oxygen plasma, so a different polymer, such
as polyimide, which etches very fast in oxygen plasma, should be used. Polyimide is very

lossy in the THz though, so one should make certain none of it is left behind.

Perhaps the ultimate limit in low power consumption, high efficiency metasurface design
would be to combine the presented approaches to make a patch-based metasurface where

the middle portion of QC-gain material has been removed from each patch.
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CHAPTER 6

Mid-infrared QC-VECSEL designs

6.1 Introduction

While the previous chapters have been focused on development of QC-VECSELSs in the
terahertz frequency range, in this chapter, we explore the possibility of demonstrating a
QC-VECSEL in the mid-infrared (IR) range (~3-28 pm). Mid-IR QCLs are a more de-
veloped technology than THz QCLs, and have a much larger commercial market, making
it an attractive idea to extend the VECSEL concept to the mid-IR. In particular, there is
considerable interest in developing high-power mid-IR QCLs with good beam quality and

broad spectral coverage for the purpose of infrared-countermeasures and remote sensing.

Typically, mid-IR QCLs are patterned into narrow dielectric waveguides (on the order of a
wavelength wide) for efficient heat removal, enabling room-temperature operation. While the
power can be scaled to a certain extent by simply making the ridge longer and high-reflection
coating one facet while anti-reflection coating the other, such techniques are ultimately
limited by saturation of the gain material and efficiency of the facet coatings. To further
increase the power, broad area devices, or arrays of devices must be used. Broad area devices
have strong potential for high peak-pulse powers, but the reduced efficiency of heat removal
makes them non-ideal for continuous wave operation. Arrays, on the other hand, have more
potential for continuous wave operation but require a beam combining technique. In the
case of infrared-countermeasures, the most important factor is high average power, so either

pulsed or continuous wave operation can be considered.

Several approaches to increasing the output power of mid-IR QCLs have been investigated

by other researchers. The current records at the time of writing (at room temperature) are
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203 W peak pulse power at 4.8 ym using an angled facet cavity [160], and 8.2 W of continuous
wave power at 8 um using an array of 8 phase-locked narrow ridges [161]. Both approaches
suffer from limited beam quality. The beam from a single wide-facet device is typically
elliptical as the emitting facet is much wider than it is tall, and the beam from a phase-
locked array is multi-lobed due to the interference of the emitting ridge. Incoherent beam
combining using a diffraction grating has also been investigated [162-164], and devices with
thin active regions are under investigation for improving the temperature performance of
large area devices [165,166]. Using mid-IR QC-material as the basis for a mid-IR VECSEL,
as demonstrated in previous chapters in the THz, is one possible way to further scale the
peak-pulse power of large area mid-IR, QCLs while maintaining single-mode operation and

excellent beam quality.

Unfortunately, the design concept used for the THz QC-VECSEL cannot be directly
applied to the mid-IR because the metasurface design is based on metal-metal waveguides,
which are far too lossy in the mid-IR. Instead, mid-IR QCLs use dielectric waveguides (as
discussed in Chapter 1). A narrow dielectric waveguide also supports a surface-coupled
TMy; transverse resonance, but only a small fraction of the mode is coupled is coupled
to the gain resulting in very low amplification factors (see Appendix 8.4). Here, we will
discuss an alternative approach to designing a QC-VECSEL by using a periodic grating
to couple the QC-gain to surface directed radiation. Given the grating coupling equation:
Ef:EZ-:I:mEgmtmg, if l;:; is equal to Egratinga then the first diffracted order, m=1, gives Ef =0
(waves propagating in the surface direction), while the second diffracted order, m=2 gives
Igf = —EZ-. Assuming material losses are small, such a structure could operate as either a
surface-emitting laser or as a surface-coupled amplifier, depending on whether the radiative
losses are smaller or larger than the available gain, respectively. The former situation has
been demonstrated in most semiconductor frequency ranges, taking advantage of the 27-
order diffraction to simultaneously provide distributed feedback and single-mode emission,
but has not seen widespread success as there are typically 'dark’, non-radiating modes with

lower threshold that preferentially lase over the desired radiating mode. With THz QCLs,
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a number of techniques have been demonstrated to encourage lasing on the radiating mode
(see Chapter 1), but even in such cases, the laser ridge must be made long and narrow
to prevent high-order modes, limiting the power scaling potential and resulting in a highly

elliptical output beam.

In this chapter, we propose designing in the alternative regime, where the radiative losses
have been increased so that the surface only acts as an amplifier, not a self-lasing structure.
We can then build this amplifying surface into an external cavity to act as the gain chip in a
mid-IR QC-VECSEL. In this VECSEL configuration, the external cavity controls the shape
of circulating power and output beam, allowing the grating surface to be scaled to larger
areas while maintaining a single-lobed, high-quality output beam. It is still possible for non-
radiating modes of the grating surface to ’self-lase’ and compete with VECSEL lasing, but
as will be shown, a strongly coupled metallic grating can be used to simultaneously increase
surface losses for the radiating mode, and increase material losses for the non-radiating mode,
favoring lasing on a VECSEL mode. One downside of this approach is that the grating is a
very narrowband resonance, unlike the THz metasurface, so it will not be ideal for broadband

frequency tuning.

6.2 Design

6.2.1 Infinite structure

A sample design for a grating-coupled amplifying is shown in Figure 6.1. The base of
the structure is a standard mid-IR dielectric waveguide, where the InGaAs/InAlAs active
region (n~3.27) is sandwiched between two dielectric cladding layers consisting of a thin
InGaAs layer (n~3.349) and a thicker InP cladding (n~3.08). To provide the surface and
co-directional coupling, a metallic grating is patterned into the upper InP cladding layer. In
most semiconductor lasers, DFB gratings are implemented as a weak dielectric perturbation
that breaks the waveguide solution into two band-edge modes with opposite symmetry; one

couples to surface radiation, while the other does not. The eigenmodes of the unperturbed
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Figure 6.1: (a) Overview of mid-IR VECSEL design. A large-area metallic grating is pat-
terned into the upper cladding layer of the QC-growth to provide coupling of the QC-gain
to the surface direction (down through the substrate in this case). A nitride layer is used to
allow for selective biasing of a circular portion in the middle of the grating area, the device
is mounted epi-down to a heat sink, and feedback is provided by either the back of the sub-
strate or an external output coupler. (b) Simulated electric fields for the radiating solution
in the infinite case, and (c) simulated reflectance of the infinite structure as a function of
applied QC-gain.

waveguide can used as a set of basis states to approximate the solutions of the perturbed
waveguide modes, and the coupling coefficient between the unperturbed waveguide modes is

proportional to the photonic bandgap of the grating. These waveguides are usually topped
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with a continuous metallic top contact that supports surface-plasmon modes, but these plam-
son modes are sufficiently detuned from the waveguide modes that they do not interact with
the waveguide modes and are not included in the expansion of the perturbed modes. When
a grating is patterned into this top contact, however, the resonance of the surface-plasmon
modes can be brought in tune with the waveguide modes, and this plasmon resonance should
be included in the modal expansion of the perturbed modes, and the coupled system has three
eigensolutions. The anticorossing of theses modes can be very large. Such an interaction
between waveguide modes and a plasmonic grating was first investigated in Reference [167]
at optical wavelengths, where they refer to the resulting solutions as ‘waveguide-plasmon

polaritons’.

Such waveguide-plasmon polaritons have also been studied with mid-IR QCLs for use
as both 1%- (2A=)\,, where A is the grating period, and ), is the guided wavelength),
and 2"~ (A=),) order DFBs. In Reference [168], the strong coupling regime between the
plasmonic and waveguide modes was discussed theoretically, but experimentally, the devices
were designed to operate in the weak coupling regime, where the plasmonic mode is detuned
from the waveguide mode and the problem is essentially the same as a traditional, 2-mode

2"d_order grating

coupling problem [169,170]. In Reference [171], the plasmonic mode of a
was designed to be in-tune with the waveguide mode as it adds considerable loss to the
non-radiating solution, but very little material loss to the radiating mode, encouraging the
laser to operate on the radiating mode (a problem that has traditionally plagued 2"¢-order
DFB lasers). However, the interaction was designed to be weak by spatially separating the
grating from the waveguide by several wavelengths (reduced mode overlap results in weaker
coupling). Here, to design a mid-IR QC-based amplifying reflector, we propose a structure
operating in the more strongly coupled regime of the waveguide-plasmon interaction by
placing the grating much closer to the waveguide. In this way, the radiative losses induced by

the grating are increased (with minimal increase in material losses), preventing the structure

from lasing without feedback.

The proposed structure in Figure 6.1 is targeted at 8.1 pum. Per the surface-coupled
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Figure 6.2: Eigensolutions of an infinite grating structure as a function of the width of the
grating tooth. A strong coupling is observed when the plasmonic mode supported by the
metallic grating is in tune with the waveguide mode. Electric field profiles are plotted at
various points in the figure. The relative losses associated with each mode are plotted above.
Within the shaded region, the self-lasing threshold for all modes is >50 cm™!.

diffraction condition, the period of the grating is equal to the wavelength of the guided
wave, which is ~2.56 um given the refractive index of the waveguide. The grating consists of

a single ‘tooth’ per period, whose dimensions determine the frequency of the plasmonic mode.
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Figure 6.3: Eigensolutions of an infinite grating structure as a function of the width of the
grating tooth for etch depths of (a) 280 nm, (b) 380 nm (same as Figure 6.2), and (c) 480
nm. Within the shaded region, the self-lasing threshold for all modes is >50 cm™!. The
point of strongest feedback is also indicated, as determined by finite device simulations (see
Section 6.2.2).

In Figure 6.2, the FEM simulated eigensolutions of an infinite surface are plotted as a function
of the width of the grating tooth (defined as the width at the top of the tooth, i.e the size of
the opening in the etch mask), along with the electric fields of the solutions at various points.

As the width of the tooth tunes the grating resonance through the waveguide resonance, a
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Figure 6.4: Eigensolutions of an infinite grating structure as a function of the width of the
grating tooth for upper cladding thickness (separation between grating and waveguide) of
(a) 1.3 um, (b) 2.3 pm (same as Figure 6.2), and (c) 3.3 pm. Within the shaded region,
the self-lasing threshold for all modes is >50 cm™'. The point of strongest feedback is also
indicated, as determined by finite device simulations (see Section 6.2.2).

large anticrossing is observed between the non-radiating waveguide mode and the plasmonic
mode as they have the same symmetry, while the radiating waveguide mode (with opposite
symmetry) is nearly unaffected, as previously predicted [168]. The relative losses for the

three solutions are plotted as well. Within the shaded region, around the anticrossing point,
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all modes have a self-lasing threshold >50 cm™! due to either large material or radiative
losses, while the transparency gain for reflected waves is small (~10 cm™'). This is the
region in which we want to operate. The effects of the depth of the grating tooth on the
anticrossing are plotted in Figure 6.3 and indicate that the size of the anticrossing is relatively
unaffected by the depth of the etch, but the frequency of the plasmonic mode is tuned, so
the anticrossing occurs at a different tooth width. Last, the effect of the distance of the
grating from the waveguide on the anticrossing is simulated in Figure 6.4. The size of the

anticrossing is strongly effected by this parameter, while the frequency is not.

6.2.2 Finite structure - coupling coefficient

The most significant difference between the mid-IR and THz approaches to the QC-VECSEL
is that the grating used in the mid-IR design diffracts incident waves to the in-plane direction,
and these waves propagate some distance before they couple back to the reverse- or surface-
direction. The THz metasurface, on the other hand, is based on a subwavelength structure
of locally resonant elements that do not propagate energy. This is an important difference.
With the THz metasurface, the only thing limiting how small one can make the device is the
need to have a large enough radiating aperture to support a narrow output beam (i.e., the
metasurface should be at least a few wavelengths in each dimension). In contrast, with the
DFB-based mid-IR scheme, the surface must be large enough to allow sufficient time for the
in-plane propagating waves to couple back to the reverse- or surface-directions. Otherwise,
a fraction of the in-plane coupled energy will be lost off the edges of the surface, increasing

round-trip losses and threshold gain values for the VECSEL.

The rate at which energy is transferred from the forward to backwards direction should
be given by one coupling coefficient ro,4 (cm™1), and the rate of energy transfer from the
forward to surface direction should be given by another k14 (cm™!). The total decay rate of
the forward propagating wave is then simply the sum of the two: Kyprar=FK1st+Kang (cm™1). In
order to minimize diffraction losses, the lengths L of DFB lasers should be chosen such that

kL > 2-3. In typical, weakly perturbed DFBs, the coupling coefficient is usually on the order
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Figure 6.5: (a) Threshold gain values of a finite grating structure as a function of the
width and depth of the grating tooth. Simulations with a 2.3 pm upper cladding thickness
(separation between grating and waveguide) are plotted as solid lines, while the dashed line
is plotted for a simulation with a 1.3 pum upper cladding thickness. (b) Threshold gain
plotted as a function of the length of the grating (2.3 pm upper cladding, wioen=1.1 pm,
ttootn =380 nm). (c) Sample E-field solutions of the mid-IR VECSEL cavity simulation. PEC
boundaries were used to take advantage of symmetry and only simulate half of the cavity,
and impedance boundary conditions are added to the other end of the simulation to mimic
a dielectric reflection with free space (as would be present in the actual cleaved device).
Feedback from reflections at this boundary seem to have minimal impact, again suggesting
a strong coupling coefficient. The substrate has no loss in the x-direction so as to isolate the
effect of the diffraction grating on the threshold. The cavity length shows little to no effect
on the threshold gain thanks to the large size of the surface compared to the wavelength.

1

of 10 em™" or less, requiring cavity lengths that are hundreds to thousands of wavelengths

long to provide sufficient feedback. For narrow ridge-waveguide devices in the mid-IR and
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optical, this is not an issue as cavities are usually on the order of millimeters compared to
the guided wavelengths on the order of a micron. The purpose of the mid-IR QC-VECSEL,
however, is to design a large area emitter that can provide a diffraction limited beam in 2-
dimensions with a low M? value. Therefore, the surface is designed to be as wide as it is long
(though the grating is only in 1-dimension), as illustrated in Figure 6.1. In theory, there is
no problem with making the metasurface millimeter scale, but in practice, the current levels
become very large. For example, a 3-mm diameter device with a current density of 5 kA /cm?
(a somewhat modest value for mid-IR QCLs) would draw 350 A of peak current. Sending
350 A pusles that are <1 us long is a challenging task in itself that would require a perfectly
impedance matched setup, and even if it could be done, the heating may be too severe to
see lasing regardless of how short the pulse is. Therefore, maintaining a very high coupling
coefficient to reduce the area of the device is essential. Luckily, operating in the strongly
coupled waveguide-plasmon polariton regime should result in a larger coupling coefficient
along with satisfying our other requirements of high radiative loss for bright modes and low

radiative loss for dark modes.

The rate at which energy is transfered from the forward to the backwards direction is
given by the coupling coefficient £ (cm™!), and at the Bragg condition, it is proportional to

the width of the stopband [172].

It has not yet been determined how to define the coupling coeffiecient between forward
and backwards waves for the waveguide-plasmon polariton regime as there are 3-modes, so
the solution cannot be expanded into only a forward and backward wave. However, it is
intuitive to assume that the strongest coupling occurs at the center of the anticrossing, as
this is the location where the modes are most strongly interacting and the solutions are
most dislocated from their original unperturbed results. In absence of a definitive analytical
model, the subject can be studied by brute force using simulations. In Figure 6.5, the full
mid-IR VECSEL cavity is simulated in 2-D space using an FEM eigensolver (as done for
the THz VECSEL in Chapter 2). Figure 6.5 (a) shows the threshold gain for a device with

a 300 pym wide grating (116 periods), 2.3 pm upper cladding, and a PEC boundary for
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the output coupler (see figure caption for more details). The grating is terminiated by a
dielectric boundary with free-space (representing a cleaved facet). Results are plotted as a
function of grating tooth width for three different etch depths (matching the three sets of
data plotted in Figure 6.3). As expected, the strongest coupling (where the threshold gain is
a minimum) appears to occur at the center of the anticrossing (as indicated by the vertical
dashed lines in Figure 6.3), and this minimum //anticrossing moves to wider tooth widths as

the tooth depth is made deeper.

For comparison, the simulation was repeated for the 380 nm deep tooth, but with an
upper cladding of 1.3 um (closer to the waveguide). Also as expected, the larger anticrossing
leads to much stronger in-plane feedback and much lower threshold gain. In fact, with a 1.3
pm upper cladding, the threshold nearly approaches that of the infinite case, suggesting the
that the coupling length, given by kL = 1, is very small. For consideration, if we assume
the coupling coefficient can be approximated by the expression |k|=mn.sAf/c, where Af is
the difference in frequency between the radiating mode and either of the two non-radiating
modes (assuming we're operating at the center of the waveguide-polariton anticrossing), then
the coupling coefficient is estimated as ~250 cm™! for the 1.3 pym cladding structure (L =
40 pm), and ~180 cm™* for the 2.3 um cladding (L = 73 pum). Again, this may not be the
correct way to calculate k, but it is noted that the numbers seem reasonable for the results
of the simulated full VECSEL. Last, of course, to reduce the threshold for all modes, the
grating size can be increased. In Figure 6.5 (b), it is observed that the threshold of the 2.3
pum cladding design can be reduced from 40 cm™! to 18 ecm™! by increasing the grating from

300 pm to 500 pm, though this corresponds to a nearly 3-fold increase in current draw.

6.2.3 Finite structure - facet reflections

Another parameter that must be considered when designing a DFB laser (that goes hand-in-
hand with discussion of coupling coefficient) is feedback from the the ends of the grating. A
ridge waveguide based DFB would ultimately be terminated by a cleaved facet that can reflect

the remaining power that has not been coupled to the reverse or surface direction. In the
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optical regime, AR coating are used to minimized this effect, The position of the facet with
respect to the grating is not precisely controlled, so the phase of these reflections in 'random’,
and these reflections can interfere significantly with the mode shape and resuting output
beam. In typical, optical DFBs, the facets are AR coated to minimize these reflections, but
AR coatings are difficult to implement in the mid-IR. If the length of the grating is much
longer than the coupling length (kL = 1), then the modal intensity is very small at the ends
of the grating, and reflections have minimal effect. For example, the simulations in Figure
6.5 were performed assuming a cleaved facet boundary at the end of the grating (reflectance
R~0.35). If this boundary is replaced by a perfect reflector (PEC boundary, R=1), the result
for a 300 pm grating with a 1.3 pym upper cladding (dashed blue line) is almost unaffected
(regardless of the specific phase of the reflection) as the coupling coefficient is strong enough
that almost no power reaches the facet in the first place. However, the 300 pym grating with
a 2.3 pm upper cladding (solid blue line) is highly effected by replacing the terminating
boundary with a PEC, and in fact, no particularly structured solution can be found at all in
simulation. If the grating size is increased to 500 pm, a PEC termination can be acceptable
with a 2.3 um upper cladding layer. Therefore, to promote a well structured solution, the
grating should either be made sufficiently large compared to the coupling length of the grating
(possibly demanding very large pump current), or a dielectric termination should be used.
Of course, if the coupling coefficient is extremely weak, then even reflections from a dielectric
boundary will prevent formation of a well structured mode. If the coupling coefficient is too

large, it may be possible to see smaller, localized modes that are also undesirable.

A third option, which is useful if the coupling coefficient is weak but the device cannot
be made larger for reasons of pump power, is to use a large grating, but only bias the central
portion of the grating (as proposed by the illustration in Figure 6.1 (a)). The passive portion
of the grating can provide controlled feedback without drawing current. This is a standard
practice for DFB lasers, but to be implimented effectively, the electromagnetic solutions in
the unbiased portion (which includes an extra dielectric layer) shold be matched to that

in the biased portion of the grating. For weakly perturbed dielectric gratings, this can be

118



accomplished with a small adjustment to the period and grating parameters. This technique
does not work well for the the proposed mid-IR amplifying surface, however, because the
device operates in the strongly coupled waveguide-plamon polariton regime, which does not
occur when an insulating layer is added between the metal and semiconductor layers because
the frequency of the surface plasmon mode is completley detuned as it exists at the metal-

insulator interface rather than the metal-semiconductor interface.

6.3 Experimental progress

Work is actively under way to experimentally demonstrate the proposed mid-IR QC-VECSEL,

but the result has not yet been obtained. Work done to date includes:

e Obtaining QC-gain material at 8 um. The active region design was been copied from

Ref [24], and the wafer was grown by IQE.

e Testing the QC-material in a standard ridge-waveguide configuration. Measurements
in pulsed mode at both 77 K and room temperature are plotted in Figure 6.6. The
results are promising, with lasing observed at the target frequency, peak-pulse powers
in the hundreds of mW, modest current densities, and low threshold current density

(especially at 77 K).

e Obtaining ZnSe output couplers from II-VI Optical Systems (ZnSe being a low-loss
material in the mid-IR) with one side HR coated to have 90% reflectance at 8um, and
the other side AR coated at 8 pum.

e Fabricating and initial testing of the proposed grating-based surface amplifiers.

The fabrication process for these initial devices is illustrated in Figure 8.1. The grating is

2 area using an oxide hard mask, electron beam lithography,

defined over a large 2.5x2.5 mm
and dry etching with BCls (see SEMs in Figure 6.8). Silicon nitride is used to selectively

bias a central portion of the grating to reduce current draw, but in hindsight, as explained
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Figure 6.6: Power-current-voltage (P-I-V) data and emission spectra collected from ridge
waveguides fabricated from the wafers made by IQE. Two types of wafers were tested, both
using the 8 um active region design in Reference [24], but one grown on a highly doped
substrate (1-4x10'" ¢cm™3), and one on a lower doped substrate (2-5x10' cm™3). Both
wafers were grown in the same chamber at the same time and so should otherwise be equal.
Measurements were performed at both 78 K and room temperature. At 78 K, the threshold
current densities are lower, and the center of the lasing spectrum is red-shifted from ~8.2
pm to ~8.0 pum. These results are courtesy of Sudeep Khanal, who fabricated and tested
these devices.

above in Section 6.2.3, such an scheme is not affective as the insulating material prevents
the formation of a waveguide-plasmon polariton. Instead, a facet should be wet etched
around the circular grating area, and a metal contact should be deposited on top, leaving
the sidewalls uncoated so that the grating is terminated by a dielectric interface, not a
metallic one. At the time of designing these devices, the full-cavity VECSEL simulation

had not been developed, so the devices were made very large out of fear that the coupling

coefficient may not be strong enough for smaller devices. With the more recent simulation

120



Upper C!adding Layer

Active Region
Lower Cladding Layer

INP substrate

13t level lithography for alignment mark. E-beam lithography
2 level lithography for removing InGaAs defining the grating
layer and cap layer from everywhere followed by dry etch.
except bias area.

Epitaxial layer sequence

d)

INP Substrate

Lower Cladding Layer
Active Region
Upper Cladding Layer

SiN, deposition everywhere Lithography, metal deposition Back side polishing, lithography,
except bias area and liftoff to metallize grating metal deposition and liftoff for
contact.

Figure 6.7: Fabrication process for mid-IR 2"?-order grating based QC-VECSEL. The grating
is not drawn to scale, but is actually much finer (hundreds of periods long). Figure courtesy
of Sudeep Khanal.

results in Section 6.2.3, it seems such large areas are not needed, and in the future, the author
recommends designing small area devices between 300-500 pm in diameter, with the entire
device biased and terminated by either a dielectric or PEC boundary. This is beneficial
for many reasons: it reduces the power draw from the structure, increases the density of
fabricated devices (using the QC-material more effeciently), and removes the need to try
and match the solution in the biased portion of the grating to the solution in the nitride
coated portion. Despite the various design flaws, experimental testing of these initial devices

has provided worthwhile information.

The fabricated devices (photographed in Figure 6.9) were mounted epi-side down to

copper carriers using indium solder foil, and apertures were left in the back contact to allow
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Figure 6.8: SEMs of the fabricated grating designed to operate at 8 um. The period of the
grating is 2.57 ym. The intended width of the grating tooth (at the top) was 1.14 pm, but the
fabricated width was ~1.27 ym. The intended etch depth was 380 nm, but actual was ~320
nm. Cross-sectional cuts were taken by cutting into the grating with a focused-ion-beam
etcher (ruining the sample locally).

emission of the substrate-coupled light. Measured IV-curves for grating surfaces with a 400
pm bias diameter and a 750 pm bias diameter are plotted in Figure 6.10. The current density
cannot be defined directly defined as no ridge has been etched, so the injected current can
spread to the unbiased area, making it difficult to define a pump area. In Figure 6.11,
we assume there is no current spreading and the pump area is simply the bias area, and
compare the resulting current density from the 750 pum grating surface to that measured
from a ridge waveguide device (where there is no current spreading). After including the
effect of a small series resistor and offset voltage (factors that become significant due to the
large current draw from the device, see discussion in Chapter 3), the/-V's match quite well,
suggesting that the current spreading is minimal. However, again, no VECSEL lasing was

ever observed.

Currently, the assumed reason that the mid-IR QC-VECSEL is not working is because

there is too much substrate loss. The request made by the authors was for the QC-active
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Figure 6.9: Photographs of fabricated devices. Sample contains 8 individual devices - 4
designed to operate at 8.2 um, and 4 designed to operate at 7.9 pm. Every device has a 2x2
mm? grating, but each set consists of 4 different bias areas - 400 um, 550 pm, 750 um, and
1000 gm. The apertures on the backside are all circular with a 2.5 mm diameter.
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Figure 6.10: (a) Measured current-voltage (/-V') data from a 400 pum bias diameter grating
surface at 77 K and room temperature. (b) I-V for a 750 um diameter device at 77 K.
Lasing was not observed from either device.
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Figure 6.11: (a) Comparison between the I-V raw data collected from the 750 pum diameter
grating surface and a ridge waveguide. (b) Comparison after correcting for the grating surface
data for an assumed series resistance and offset voltage, an issue that is more apparent with
the VECSEL surface due to its very large current draw compared to the ridge device. The
corrected curve shows the expected result, that there is noteworthy current spreading at low
bias, where the QC-material is less conductive, but the spreading is reduced and almost not
noticeable at higher bias.

material to be grown on two different InP substrates, one doped at 2-5x10'% cm™ (a rather
low doping density), and one doped at 1-4x10'" cm ™3 (more standard). Based on the Drude
model and the mobility taken from [173], the predicted single-pass loss for an 8um wave
propagating through an InP substrated doped at 5x10'¢ cm ™3 is ~8.5% at room temperature
(scattering time of 160 fs, «=2.5 cm™'). However, measurement of the absorption using an
FTIR spectrometer (Figure 6.12) shows single pass losses of ~75% (a=40 cm™!), much larger
than expected and more than likely to prevent VECSEL lasing as the threshold gain would be
very high to overcome these losses. The predicted Drude losses can be increased to 40 cm ™1 if
the doping is assumed to be 5x 10" cm~3. The reason for this large discrepancy is unknown,
but based on previous measurements the mid-IR properties of sulfur doped InP (not many
are available), the properties can be very sensitive to the exact doping and wavelength and
are not particularly well matched by the Drude model [174]. The measurement result in

Figure 6.12 seems to agree with this conclusion as the trend shows an increase in free carrier
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Figure 6.12: Transmission through a 350 ym thick InP substrate (sulfur doped at 2-5x101°
cm™?) with the IR QC-gain material grown on the surface. The absorption should be largely
dominated by the first pass through the wafer given that the Fabry-Perot fringing is quite
small. The backside of the substrate is not polished, so some of the losses could be associated
from scattering off this rough surface.

losses with decreasing wavelength, which is opposite of the expected trend from the Drude
model. It is plausible that either the doping density is a bit higher than reported, or the
optical losses are simply higher than predicted by the Drude model (possibly due to the
contribution of ionized impurities). It should also be noted that the backside of the sample
was not polished, so some of the losses could be associated from scattering off this rough
surface. Scattering from a rough surface would agree with the measured trend of reduced
transmission at shorter wavelengths, so to be more conclusive, the measurement should be

performed on a sample that is polished on both sides.

Assuming the losses in the substrate cannot be reduced, the only solution appears to be

thinning the substrate as much as possible. There are two issues with doing this:
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1. The sample must be bonded to a carrier wafer to provide structural support once the
sample is thinned. This could be accomplished by simply soldering the sample to a
carrier piece, but in such a process, the grating metal will react with the solder to
produce a new alloy that would likely have reduced mid-IR properties, increasing the
losses experienced by the VECSEL as the mid-IR modes interact strongly with the
grating. Alternatively, the sample can be directly bonded to another metal-coated
carrier using thermo-compressive bonding, same as is done with THz QCL metal-
metal waveguides. However, the this bonding would occur after defining the grating
and selective biasing (either with oxide, or etching a facet), resulting in a non-flat
surface that may lead to a poor bond. Perhaps the best solution is to electroplate the
top grating contact with several microns of copper, and then polish the copper to a
smooth surface before thermo-compressive bonding. This is a standard technique in

semiconductor processing.

2. As the substrate gets thinner, the current has to be extracted more laterally (since
there is no back contact directly beneath the biased portion of the grating), leading to
non-uniform bias across the active region. This effect can be studied using electrostatic
FEM simulations. In Figure 6.13, a number of sample curves demonstrate the simulated
voltage profile across the biased area as a function of the substrate thickness and the
size of the aperture in the back contact. To perform the simulation, the conductivity of
the active region was determined from the measured I-V of a ridge waveguide device,
while the other conductivies were taken from [47], and the in-plane conductivity of
the active region is taken from [48] (though this is really not a well known value).
As long as the variation in the voltage across the active region are comparable to
the dynamic range of the QC-gain (~5 V for the available growth), then the surface
should still provide considerable amplification and enable VECSEL lasing, but the P-1-
V' dynamics may be more complicated than a ridge waveguide. For example, the ridge
waveguides measured in Figure 6.6 shows lasing from ~10-16 V. Therefore, based on

the color plot in Figure 6.13, VECSEL lasing should be possible as long as the device
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is not operating in the bottom left corner of the figure (substrate thickness below ~50

pm with apertures of <1000 pm).

From the color plot, it would appear that the situation is actually improved by making
the aperture larger when the substrate is very thin. However, while the uniformity of
the bias is increased, as we can see from the plots in Figure 6.13, the voltage across the
active region is very low (~5 V) compared to the applied voltage (16 V) because almost
all of the voltage drop occurs across the substrate, which is acting like a large series
resistor. One could consider operating in this regime, but very high voltage pulses
would be required. Going to the other extreme, the uniformity of the bias can also
be improved with thin substrates by making the aperture very small, but goes against
the purpose of making a large area emitter. Increasing the doping of the substrate

increases the optical losses, but also improves lateral current removal.

The optimal design depends on whether optical losses or conductivity scale faster. It
is possible that the losses in the substrate are not associated with inaccurate carrier
density, but a high number of defects or impurities, in which case it would be more
beneficial to increase the doping of the substrate and reduce the thickness as much as
possible. Perhaps adding a thin (hundreds of nanometers), highly doped layer below
the lower cladding could help enable lateral current extraction without adding too
much loss. Another possibility is to deposit a subwavelength array of metal stripes
on the backside of the substrate. If these stripes are orthogonal to grating teeth,
then they can act as a polarizer that transmits the surface coupled radiation from the
2"d_order grating, while introducing an electrically conductive route for the current to
be extracted. One would have to consider the losses associated with this polarizing
contact as well as the effects of misalignment between the polarizer and the emitting

radiation.
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6.3.1 Conclusions

The design concept for a mid-IR QC-VECSEL has been developed, and the practical consid-
erations for fabricating a working device have been discussed. Devices have been fabricated,
but VECSEL lasing has yet to be observed, presumably due to high material losses in the
substrate of the QCL. For future attempts, the devices should be wafer bonded to a carrier

piece, and the majority of the substrate should be removed by mechanical polishing.
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Figure 6.13: (a) [lustration of electrostatic simulation of the mid-IR QC-VECSEL structure.
A portion of the QC-gain material is biased at the top (at 16 V), and the ground contacts
are off to the sides, leaving an aperture for the light to emit. The bias diameter is kept at
750 pm, and the substrate doping is 3.5x10'® cm™3. (b) Voltage difference between the edge
and the center of the biased region as a function of two parameters - substrate thickness and
aperture size. (¢) Sample curves plotting the voltage distribution across the bias area under

various conditions.
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CHAPTER 7

Conclusions

7.1 Key experimental results

In this thesis, we have built upon our understand of the THz QC-VECSEL, whose first

results are described in detail in Ref. [17]. Important experimental results that have been

described in this thesis include:

e Demonstration of the power scaling capabilities of the QC-VECSEL by using wider

ridges resonant on the TMys cutoff mode. In this manner, the fill factor is increased
by a factor of a3, and the output power of a VECSEL operating at 3.38 THz was
scaled to 1.35 W in pulsed mode at 4 K with a wall plug efficiency of almost 2%,
and 800 mW at 77 K with a wall plug efficiency of 1.15%. Self lasing was observed
because wider ridges have lower losses for the fundamental TMy, mode compared to
the original TMy; metasurface. Future work with higher-order designs should give
careful consideration to increasing the losses to the fundamental mode. This could be
accomplished by simply using a larger metasurface compared to the bias diameter, or

by designing a more absorbing termination.

Demonstration of >20% fractional, single-mode, continuous wave tuning centered around
3.5 THz by tuning the length of the external cavity with a piezoelectric stepping stage.
This large single-mode tuning range was achieved by operating at extremely short cav-
ity lengths so that the free spectral range is large, pushing other modes outside of the
gain bandwidth of the metasurface. The VECSEL was operated on the m=2 longitudi-

nal mode of the external cavity, which is only a wavelength long. Good, circular beam
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patterns were observed throughout with a divergence angle of ~15°, and continuous
wave (CW) power levels of up to 20 mW were demonstrated at 77 K, which at the
time of writing this is the most CW power from a THz QCL operating at 77 K to
date. It should be noted that this high-temperature power result is mostly thanks to
the high-performing QQC-material, which ultimately limits the performance. The large
tunability (which is also a record for THz QCLs at the time of writing this) and good

beam patterns, however, are a testament to the capabilities of the VECSEL.

e Demonstration of a QC-VECSEL using a sparse array of patch elements intended
to reduce the electrical power draw of the metasurface without reducing the area.
Preliminary results showed limited success with a reduction in current draw of ~20%
compared to a typical ridge-based metasurface as significant leakage is observed into
the connective ridges biasing the patches. In future work, studies, the connective
elements can be made thinner to reduce leakage currents, and the patches can be made

shorter and the unit cell larger to reduce the fill factor even further.

7.2 Design and development of mid-IR QC-VECSEL

The design concept for the THz metasurface cannot be directly extended to the mid-IR
due to excessive material losses associated with metals. An alternative design for a mid-IR
QC-VECSEL has been presented using a diffraction grating to couple the QC-gain to the
surface direction (A=Aguigeq, Where A is the period of the grating, and Ayigeq is the guided
wavelength of the light. The key design objective is to maintain high material losses for
any non-radiating modes, and high radiative losses for the surface-coupled mode. This way,
none of the modes can lase on their own, but the surface-coupled mode can lase if feedback
is provided by an external mirror - i.e. building a VECSEL. This approach is much more
narrow band than the metasurface approach used in the THz, so broadband tuning is not
possible. Further, because the grating approach is based on coupling between propagating

waves, the size of the amplifying surface must be much larger (relative to the operating
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wavelength) to prevent excessive diffraction losses. The strength of the suggested design
should be obtaining very high peak-pulse powers into very high-quality beams. Progress
in experimental demonstration has been reviewed, but lasing has not yet been observed.

Suggestions have been made for continued efforts.

7.3 Towards QC-VECSEL local-oscillators for remote sensing

Development of the QC-VECSEL is still in its infancy, and there is still much work to be

done. On the immediate horizon, the :

e Demonstrating THz QC-VECSELs at 2.7 THz and 4.7 THz, which are relevant spec-
tral lines for remote sensing applications. To date, almost all experiments with the
QC-VECSEL have been performed with a single high-performing active region (wafer
VB0739), with the exception of the original demonstration with another wafer (resonant-
phonon design FL178C-M7, wafer NG-E14315, grown at Northrop Grumman). Despite
the QC-VECSEL’s advantages, it generally comes at the cost of higher threshold gain
values, so it remains to be seen if most QQC-material will work in a VECSEL configu-

ration, or only the most high-performing.

e Perform high-resolution spectral measurements to determine the linewidth of the QC-
VECSEL and demonstrate frequency- and phase-locking. In theory, the VECSEL
should be less susceptible to thermal and electrical fluctuations in the QC-material,
which is the primary limiting factor on the linewidth of typical semiconductor lasers
based on ridge waveguides. In the QC-VECSEL, such fluctuations in the material
parameters would manifest themselves as fluctuations in the reflection phase of the
metasurface, which lead to the fluctuations in the external cavity resonance and output
frequency. However, because the metasurface is extremely broadband, and the THz
energy spends very little time in the metasurface per-round-trip, small changes in the
QC-material have a trivial effect on the reflection phase of the metasurface. This is

the same argument made in Chapter 5 for why the QC-material dispersion has little
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effect on the group-delay dispersion (GDD) of the metasurface - it is as if only a very
small portion of the cavity length is filled gain material, so modulation of the refractive
index of the gain material has a much smaller effect on the round-trip phase change
than iff the whole length of the cavity was filled with it. For example, the change in
refractive index with temperature for GaAs can be estimated around ~2.22x107%/K
[175]. Plugging this into our FEM simulations of the broadband metasurface in Section
4.4, the simulated change in metasurface reflection phase is ~3.5x10 radians/K. If
the external cavity of the VECSEL is 1 cm long and operating at 4.7 THz, then
the frequency tuning would be ~1.7 MHz/K, compared to ridge waveguides that are
typically on the order of 100 MHz/K [176-178]. Even if the cavity is only 1 mm long,
that gives a tuning of 10.7 MHz/K, which is still an order of magnitude improved.
Therefore, the QC-VECSEL has the potential to be much more stable than ridge
based devices, perhaps allowing for high-resolution spectroscopy without the need for

a reference source and feedback loop.

Further testing of low fill-factor patch based metasurface in combination with a focusing
phase design (which supports smaller bias diameters) for optimization of devices for

low power-consumption, high-temperature continuous wave operation.
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CHAPTER 8

Appendix

8.1 Appendix A - Fabrication process

a) Cu-Cu wafer bond
d) Dry etch oxide

GaAs

QCgrowth | cu
GaAs GaAs

e) Dry etch ridges

b) Substrate removal

% E BB ?

c) Deposit and pattern oxide f) Remove remaining Ni mask
GaAs GaAs
d) Deposit Ti/Au contact and Ni for mask g) Deposit Ti/Au back contact

E I O ] B

Figure 8.1: Metal-metal waveguide QCL fabrication procedure including oxide layer for
selective biasing.

The fabrication process for THz QC-VECSELSs is illustrated in Figure 8.1; it follows the

standard procedure developed in Reference [50] with some minor modifications. The detailed
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steps are:

10.

11.

. Deposit Ta/Cu at thicknesses 10/300 nm on the QC-wafer piece and recieving GaAs

piece (do a BOE dip first).

. Wafer bond the two samples at 350 °C for 90 minutes.

Deposit oxide on the backside to protect it during subsequent wet etch.

Mechanically polish the substrate of the QC-wafer substrate down to ~50 pm, and
wet etch the remaining substrate away with HyOo:NH,OH at a ratio of 5:1. Typically

etches around 5 pm/min. Stops on AlAs etch stop layer.

. Remove etch stop layer with brief HF dip (~10 seconds).

Remove highly doped top contact to prevent current spreading into insulated areas,
H>04:NH,OH:H5O at a ratio of 3:5:490 for 1-2 minutes. Use Dektak to measure amount

of material removed.

Deposit sim200 nm of PECVD oxide and pattern with positive lithography, hard bake
at 150 °C for 2 minutes, and wet etch with BOE. Wet etch rates from PECVD oxide

are inconsistent, have to calibrate each time.

Deposit top contact and self-aligned mask using negative resist (nLOF 2020) and liftoff:
Ti/Au/Ni at thicknesses 15/250/200 nm.

Dry etch (RIE ICP) ridges using recipe ’atgaas’ on the nanolab chlorine etcher. Recipe
is primarily BCl; with a small fraction of Cly added.

Remove remaining Ni mask using wet etchant from Transene (TFB, room tempera-

ture).

Deposit Ti/Au back contact at thickness 15/200 nm.
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8.2 Appendix B - Extended L-I-V data from tuning experiments

Figure 8.2 shows a collection of pulsed and continuous wave L-1-V measured from the 41.7

pm period single-ridge metasurface tuning data presented in Figure 4.9.

8.3 Appendix C - Antireflection HR-Si window

Figure 8.3 shows the transmittance of the parylene anti-reflection coated high-resistivity Si
window used on the cryostat for the data presented in this thesis. The data was collected
with an FTIR at a resolution of 0.5 cm~! and a cyogenically cooled Ga doped Ge-detector.
The window is 3.3 mm thick, so any potentially remaining fringing cannot be resolved. This

may be part of the reason why the data apprears somewhat noisy.

8.4 Appendix D - Mid-IR metasurface based on dielectric reso-

nant antennas

In Chapter 6, the design of a mid-IR QC-VECSEL based on a 2"%-order diffraction grating
was discussed. An alterative design strategy is to more closely mimic the THz metasurface
design, based on a subwavelength array of locally resonant elements. This approach can
offer several advantages over the grating approach, such as broader bandwidth, and ability
to locally control the phase and frequency response. As mentioned in Chapter 6, this does
not appear to work well because the TMj; resonance of a narrow dielectric waveguides does
not confine the mode strongly to the vertical field component (normal to the QC-growth),
leading to very weak amplification. Such a high aspect ratio structure is also a problem
because there are many higher-order resonances that can interact with the target solution.
A sample design and simulation results are shown in Figure 8.4, where the structure, electric
fields, and reflectance data are plotted. The amplification is observed to be very weak
compared to the grating based design, and the shape of the spectral response is complicated

by the existence of other solutions. Such a structure would also be practically challenging
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in terms of fabrication because the dielectric waveguide (including cladding layers) is much
thicker than the wavelength, the subwavelength resonant elements would require rather deep,

high aspect ratio etching of InP and InGaAs/InAlAs materials.
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Figure 8.2: Collection of pulsed and continuous wave LIVs corresponding to the data in
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