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Preface
A thesis has to be presentable… but don’t attach too
much importance to it. If you do succeed in the sci‑
ences, you will do later on better things and then it
will be of little moment. If you don’t succeed in the
sciences, it doesn’t matter at all.

(Paul Ehrenfest)

Like for many doctoral candidates, the path from first setting foot in the lab to finalizing
this dissertation was far from direct. It was also a bit longer than anticipated. Initially, I
joined theHeckl lab formydiploma thesis, aswell as a bachelor’s thesis in a non‐consecutive
curriculum. Instead of leaving academia after successfully concluding my master’s, I was
offered a doctoral position by my supervisor, which I accepted with enthusiasm.
During this time, I had the opportunity to contribute to many different projects in op‐

tics and photonics. These experiments were largely successful and culminated in several
publications and subsequent citations. A large part of the experiments on Yb:fiber single
and dual‐frequency combs and their foundations are detailed at length in Jakob Fellinger’s
doctoral thesis.
However, my main project during all these years was centered around highly‐reflective

substrate‐transferred crystalline mirrors. While these mirrors had been invented a few
years before I joined the research group, Iwas just in time to join an effort to extend this tech‐
nology towards the mid‐infrared. This provided the perfect environment for graduate stu‐
dent research. As this push for longer wavelengths was a joint effort between academia and
industry from the get‐go, it exposedme to both a private company and a university research
lab. This allowed for a great amount of collaboration, which—among other great things—
lead to the invention of a novel coating paradigm, the so‐called hybrid mirrors. Gladly, the
COVID‐19 pandemic eased just in time to allow research visits during my project. These
trips took me to Thorlabs Crystalline Solutions in Santa Barbara, California and a facility of
the Université de Neuchâtel in Regensdorf, Switzerland. This thesis details the progress of
this main effort of my years at the Heckl lab.
Nevertheless, the development of mid‐infrared crystallinemirrors is far from completed.

The project will continue, and the design and fabrication of hybrid mirrors at wavelengths
beyond 7 μm is already underway. I’m looking forward to seeing these efforts bear fruit.
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1 Introduction: Advancingmid‑infrared optical
coatings

Optical coatings, single or multiple layers of material deposited on optical elements, have
been instrumental in the evolution of optical technologies. Their ability to tailor the reflec‐
tion R, transmission T, and absorption A of light at material interfaces, often with minimal
scatter S, has been key for enhancing the performance of various modern optical systems.
From their rudimentary beginnings as thin layers of metal on glass to produce simple

mirrors, via first scientific exploration in the 18th and 19th century, to modern consumer
and scientific use, optical coatings have undergone a transformative evolution [1]. Today,
they are used at the forefront of science, with sophisticated multilayer designs being used
in high‐tech applications in fields as diverse as telecommunications [2], trace gas sensing [3–
5], gravitational wave detection [6–10] and white‐light generation from blue light‐emitting
diodes [11–14].
Many of these high‐tech optical coatings rely on dielectric rather thanmetallic thin films.

In such designs, many layers of alternating transparent materials are stacked on top of each
other to exploit interference effects between reflections at individual material interfaces.
These effects are governed by the difference in refractive index among the used materials
via the Fresnel equations. As these interference effects rely on superposition of electro‐
magnetic waves, optimal performance—i.e., minimal excess loss A+ S—is usually achieved
with film thicknesses comparable to the design wavelength. Thus, depending on the spec‐
tral region, layer thicknesses usually range from tens or hundreds of nanometers (nm) in
the visible (VIS) and near‐infrared (NIR) to several microns (μm) in the mid‐infrared (MIR)
for typical designs. Therefore, suchmultilayers are also known as thin‐film coatings. These
coatings, in turn, are frequently subdivided in twomajor categories, anti‐reflective (AR) and
highly‐reflective (HR) coatings [1].
However, not only high‐tech applications benefit froma constant evolution of optical coat‐

ings. The anti‐reflective coatings on eyeglasses, which improve vision by minimizing glare
and unwanted reflections, are a testament to the pervasive influence of these coatings in our
daily lives [1, 15, 16]. Also, modern photographic objectives, from the smallest smartphone
camera to big telezoom lenses, rely on complicated multi‐lens assemblies that would suffer
from flare without advanced optical coatings [17–20]. So‐called fast lenses—extremely effi‐
cient lenses that allow higher shutter speeds even in challenging light conditions—would
hardly be feasible without AR coatings. In fact, AR coatings on camera lenses were one of
the first uses of thin‐film interference coatings, when Alexander Smakula, then an engineer
at Zeiss developed one of the first modern coatings in 1935 [1, 21]. More recently, rapid
communication and vast data transfer owes much to optical coatings. They play an indis‐
pensable role in fiber optics, ensuring efficient signal transmission and minimizing signal
loss, thus keeping the world interconnected [2].
In contrast, Section 2.1 underscores the significance of highly‐reflective (HR) optical coat‐

ings in scientific applications. Specialized HR coatings optimize the performance of spec‐
troscopic setups such as those in [4, 5, 22–27], enabling accuratemonitoring of pollutant lev‐
els, atmospheric conditions, andmore. As global challenges like climate change take center
stage, the ability to detect suchminute differences in gas composition becomes paramount.
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Furthermore, everything from fundamental physics research to the development of cutting‐
edge optical clocks benefits immediately from advanced optical coatings. Hence, HR optical
coatings are key in a plethora of state‐of‐the‐art applications. Among those is precision in‐
terferometry, a technique pivotal for high‐resolutionmeasurements in physics. As an exam‐
ple, HR coatings are a vital part of gravitational wave detectors like Advanced LIGO [6], Ad‐
vanced VIRGO [7], KAGRA [8, 28], or the proposed Einstein telescope [9]. Here, the develop‐
ment of improved HR coatings is a field of vigorous research [10, 29] and paramount for im‐
proved sensor performance. This is owing to the fact that the mirrors currently used in the
operational facilities, fabricated via traditional ion beam sputtering [30], contribute signifi‐
cantly to the respective overall noise budgets via their excess coating Brownian noise (see,
e.g., Fig. 2 in [6] and Fig. 2 in [7]), which is substantially reduced in substrate‐transferred
crystalline coatings [10, 31].
Still, many of the above uses are well‐established only at visible and near‐infrared wave‐

lengths. This is also the case for the aforementioned substrate‐transferred crystalline mir‐
rors that are in the focus of this thesis. They were initially developed for the NIR region due
to their promisingly low Brownian noise for use in reference cavities [31]. Grown on flat
gallium arsenide (GaAs) seedwafers viamolecular‐beam epitaxy [32], these GaAs/AlxGa1‐xAs
(aluminium gallium arsenide) distributed Bragg reflectors (DBRs, stacks of alternating high‐
index GaAs and low‐index AlxGa1‐xAs, each with quarter‐wave thickness at a certain design
wavelength) are transferred to curved optical substrates to facilitate the use in optical cavi‐
ties. In the NIR, these high‐reflector stacks are pivotal in different applications like optical
lattice and ion clocks, quantum‐limited optical interferometry and ultra‐narrow‐linewidth
laser systems [31]. Also, the feasibility of large‐area substrate‐transferred crystalline coat‐
ings in gravitational wave detectors is actively discussed and explored [10, 29].
More recently, however, the mid‐infrared (MIR) range has emerged as a hotbed of sci‐

entific and technological innovation. Spanning wavelengths from approximately 2.5 μm to
25 μm, the MIR range is uniquely positioned for a plethora of applications. As elucidated in
Sections 2.1, 3.1, and 4.1, this range is significant for fields as diverse as environmental sens‐
ing [22, 25, 33, 34], as well as spaceborne [35], earthborne and laboratory astrophysics [3].
This is due to the inherent properties of light in theMIR range, as its resonancewith specific
molecular vibrations. Part of theMIR spectrum (ca. 6 μm to 20 μm) is even called themolec‐
ular fingerprint region [36], as several chemical compounds exhibit characteristic absorp‐
tion features in this spectral range (mainly due to bending vibrations). As outlined in Chap‐
ter 4, also the detection of 14CO2, important in the differentiation between biogenic and pet‐
rogenic origin of carbon‐containing products, is usually done atMIRwavelengths [4, 24, 37].
Many of these applications rely on mid‐infrared AR and HR coatings to crucially enhance
the throughput and performance of optical systems. This is even more crucial in a wave‐
length range where high powers in laser sources are traditionally hard to obtain [38, 39].
All of the above applications will benefit immediately from advanced HR coatings with in‐
creased reflectivity Rwhile maintaining useful levels of cavity transmission (see Section 2.1
for a detailed discussion). This underscores the importance of the ongoing research into
improving optical coatings for this spectral range.

1.1 Challenges for mid‑infrared optical coating technologies
While the MIR range is a particularly interesting spectral region for scientific discovery,
it comes with several challenges for established optical coating technologies. One major
problem is that many materials deposited via traditional physical vapor deposition tech‐
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niques suffer from excess loss when compared to the VIS and NIR. This prohibits record‐
high reflectivities—as demonstrated in the VIS and NIR [40–42]— in the MIR with current
all‐amorphous HR coatings. This includes technologies such as evaporation (electron beam
and thermal) or sputtering (e.g., magnetron or ion beam). For example, silica (SiO2) and
tantala (Ta2O5)—two low‐ and high‐refractive‐index materials widely used in VIS–NIR ion‐
beam‐sputtered coatings—both suffer from excess absorption above ca. 3 μm [43, 44]. Even
the choice of substratematerial becomesmore challenging above ca. 2.6 μm, asmany tradi‐
tional low‐index glasses become opaque at or below this wavelength, necessitating the use
of (usually higher‐index) substrates, e.g. fluorides, silicon (Si), or germanium (Ge).
In contrast to above thin filmmaterials, AlxGa1‐xAs demonstrates extremely low losses at

wavelengths up to the reststrahlen region (ca. 20 μm in pure GaAs [45, p. 316]). Combined
with superpolished monocrystalline silicon substrates, the advantage of GaAs/AlxGa1‐xAs
multilayers above ca. 2.6 μm is less subtle than the improved Brownian noise in the NIR. In
principle, the material system allows for extremely low‐loss Bragg mirrors, surpassing the
performance of all‐amorphous designs substantially in reflectivity R by drastically reducing
the absorption A.
The initial foray of substrate‐transferred crystalline GaAs/AlxGa1‐xAs HR coatings into the

mid‐infrared is outlined in [46]. In this paper, MBE‐grown DBR structures at ca. 3.3 μm and
ca. 3.7 μmwere presented. Thesemirrors, by design, allowed only for amoderate finesse of
10 700 and 4110, respectively. Still, due to their low excess loss A + S, a majority of the total
optical loss 1−Rwas caused by relatively high transmittance T, allowing for high throughput
in a two‐mirror optical cavity configuration. This mirror performance was instrumental in
the detection of the highly reactive OD +CO→DOCOkinetics in Ref. [27] via direct frequency
comb spectroscopy.
However, this study also showed the limitations of the technology at that time. As the

quarter‐wave design requires increasingly thick structures at longer wavelengths, gradu‐
ally amounting growth defects and unintentional doping (i.e., pollution of the superlat‐
tice with other atoms) in molecular‐beam epitaxy (MBE) limited the production process to
wavelengths<4 μm. Furthermore, the authors pointed out the pertinent technological chal‐
lenges for all‐crystalline substrate‐transferred coatings. Among those is the required ultra‐
pure, low‐defect‐density crystal growth, which becomes more challenging with increasing
thickness, i.e. for quarter‐wave stacks with longer design wavelengths. This is exacerbated
by the fact that GaAs and AlxGa1‐xAs, while being ideal materials for crystalline growth due
to their matching lattice constants, have a relatively similar refractive indices [47]. This low
refractive index contrast requires a higher number of layers to reach a target reflectivity R,
driving total thickness and reducing the mirror bandwidth [1, 46].

1.2 Optical characterization andmetrology in themid‑infrared
Based on the above results and challenges, we realized the study presented inChapter 2. The
primary objective was the development and characterization of mid‐infrared interference
coatings with minimized optical losses, as well as the extension of the crystalline coating
technology to wavelengths above 4 μm. This work aimed to enable unique research in the
mid‐infrared spectrum, included the applications in precision interferometry and trace gas
detection mentioned above, leveraging the expected improvements in cavity finesse and
transmission due to the expected higher reflectivity R and lower absorption A, respectively.
To conclusively achieve and demonstrate these superior optical properties, several ex‐

perimental methods had to be developed, improved, or extended to the mid‐infrared. On



4 1 Introduction: Advancing mid‑infrared optical coatings

the one hand, mirror fabrication techniques had to be improved to ensure the precision
and consistency of the coatings. The research delved into subdividing the optical coating
into so‐called half stacks, allowing to limit MBE‐growth thickness by forming the final mir‐
ror of two halves. On the other hand, rigorous characterization methodologies, including
broadband cavity ring‐down (CRD) reflectometry and photothermal common‐path interfer‐
ometry (PCI), had to be extended into theMIR region to precisely and accurately distinguish
all loss components, specifically transmittance T and Absorption A. This allowed to assess
the performance of the developed coatings (see Table 2.1). While the study achieved signifi‐
cant advancements, these findings underscored the need for further research to address the
identified limitations and optimize the coatings for broader applications and even longer
wavelengths.
The results highlighted challenges, particularly in material behavior and technologi‐

cal constraints at the mid‐infrared range. Specifically, the optical response of GaAs and
AlxGa1‐xAs high reflectors, especially when tailored for themid‐infrared range, was not fully
understood. This highlighted the need for a deeper investigation into the basic optical prop‐
erties of these twomaterials in the transparent wavelength range above 2 μm. These efforts
culminated in the results presented in Chapter 3, where we developed a novel approach that
allows for the simultaneousmeasurement of two refractive indices in amultilayer structure.
Additionally, existing fabrication and characterization techniques, while advanced, had lim‐
itations when applied to the unique challenges of the mid‐infrared spectrum. This necessi‐
tated the refinement of growth and bonding techniques and methodologies to achieve the
desired coating performance, even at extreme reflectivity, as is outlined in Chapter 4.

1.3 The chapters ahead
Ludwik Fleck observed that scientific research often follows an iterative approach, high‐
lighting the constant evolution and necessary reinterpretation of scientific findings over
time based on new data and insights, allowing the formation of scientific facts [48]. The
following chapters of this thesis exemplify such an iterative process, illustrating how initial
challenges frequently lead to further investigations and subsequent advancements.
As outlined in this introduction, the sequence of articles in this thesis provides a compre‐

hensive overview of the structured progression of substrate‐transferred crystalline optical
coatings in the mid‐infrared. Subsequent chapters will provide a detailed analysis of crys‐
talline optical coatings in the mid‐infrared, discussing the specific material system, fabri‐
cation techniques, and characterization methods employed.
In short, the main part of this thesis begins with an initial feasibility study and foun‐

dational development of characterization techniques in Chapter 2, demonstrating the first
substrate‐transferred crystalline mid‐infrared mirrors with excess loss A+ S below 10ppm
and giving a detailed description of the characterization setups we developed for this pur‐
pose. It then transitions to the foundational simultaneous measurement of refractive in‐
dices of thin‐film GaAs/AlxGa1‐xAs presented in Chapter 3, using a novel method that was
developed in‐house and yields relative uncertainties of 10 × 10−4 for both refractive idices.
The thesis culminates in the demonstration of substrate‐transferred crystalline and hybrid
amorphous‐crystalline HR coatings in Chapter 4, setting a new state‐of‐the‐art in this wave‐
length range and establishing a new optical coating paradigm via the recently‐invented hy‐
brid coatings [49]. The demonstrated respective total loss values 1 − R of 13.60 ppm and
7.70 ppm brings these mirrors on‐par with comparable HR coatings in the NIR and VIS re‐
gion. Finally, a conclusion and outlook in Chapter 5 will explore the implications of these
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findings, both in terms of further advancements and their contribution to the broader sci‐
entific field.
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Abstract
Low excess optical loss, combined absorption and scatter loss, is a key performance metric
for any high‐reflectance coating technology and is currently one of themain limiting factors
for the applicationof optical resonators in themid‐infrared spectral region. Herewepresent
high‐reflectivity substrate‐transferred single‐crystal GaAs/AlGaAs interference coatings at a
center wavelength of 4.54 μm with record‐low excess optical loss below 10 parts per mil‐
lion. These high‐performance mirrors are realized via a novel microfabrication process
that differs significantly from the production of amorphous multilayers generated via phys‐
ical vapor deposition processes. This new process enables reduced scatter loss due to the
low surface and interfacial roughness, while low background doping in epitaxial growth en‐
sures strongly reduced absorption. We report on a suite of optical measurements, including
cavity ring‐down, transmittance spectroscopy, and direct absorption tests to reveal the op‐
tical losses for a set of prototype mirrors. In the course of these measurements, we observe
a unique polarization‐orientation‐dependent loss mechanism which we attribute to elastic
anisotropy of these strained epitaxialmultilayers. A future increase in layer count and a cor‐
responding reductionof transmittancewill enable optical resonatorswith afinesse in excess
of 100,000 in themid‐infrared spectral region, allowing for advances inhigh‐resolution spec‐
troscopy, narrow‐linewidth laser stabilization, and ultrasensitive measurements of various
light–matter interactions.
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2.1 Introduction

High‐performance mirrors are employed for the con‐
struction of optical resonators in a variety of applica‐
tions in optics and photonics. Stable resonators are
routinely used to narrow the linewidth of continuous‐
wave lasers, thereby creating optical references for
frequency comb stabilization and precision molecu‐
lar spectroscopy [1–3]. Stable interferometers can be
very small or very large in size, enabling scientific
discovery in fields as seemingly unrelated as micro‐
cavity sensing [4] and gravitational wave detection [5].
Emerging applications in chemical sensing [6], dis‐
crete imaging [7], ultracold chemistry [8, 9], and even
fundamental physics [10] would benefit immediately
fromhigh‐performancemirrors atmid‐infrared (mid‐
IR) wavelengths (loosely defined here as the spectral
range from 3μm to 8 μm) to probe new and inter‐
esting phenomena with increased precision. A long‐
standing goal is the development of low‐loss mirrors
such as those readily available throughout the near‐
infrared (near‐IR) spectral region.
Traditional physical vapor deposition (PVD) tech‐

niques for the fabrication of high‐reflectivity (HR) “su‐
permirrors” such as ion‐assisted evaporation or ion‐
beam sputtering are not widely available in the mid‐
IR or have not been optimized for the use of materi‐
als transparent in this spectral range. The predomi‐
nant process used for such optics is traditional elec‐
tron beam or thermal evaporation. Thus, the excess
optical loss, that is the combined optical power ab‐
sorption and scattering losses (L = A + S), of mid‐IR
mirrors is generally>100 parts permillion (ppm) [11],
with only rare exceptions: e.g., Zhao et al. reported
on a mirror pair with a per‐mirror power transmis‐
sion coefficient T = 69.9 ppm and excess optical loss
L = 68.3 ppm, resulting in a calculated finesse F =

22 730 ± 160 near 4.5 μm [12]. High‐quality near‐IR
mirrors on the other hand are routinely capable of ex‐
cess optical loss at the<10 ppm level [13].
Excess optical loss strongly influences the on‐

resonance transmission Tcav of a cavity [14], and
thereby the signal‐to‐noise ratio (SNR) in cavity‐
enhanced spectroscopy efforts, according to

Tcav =
T2

(T+ L)2
. (2.1)

Here we assume equal power transmission coeffi‐
cients T for both mirrors of a linear cavity and perfect

mode matching. Simultaneously, one typically tries
to maximize the cavity finesse,

F =
π

T+ L
, (2.2)

which is inversely proportional to the cavity total loss
T + L. Total loss can also be written as 1 − R, with
R denoting the power reflection coefficient of a mir‐
ror, as a direct consequence of conservation of energy
R + T + A + S = 1. While T is a design parameter
that is controllable via the layer count of an interfer‐
ence coating, L is fundamentally limited by the choice
of materials and fabrication technology. If L is non‐
negligible in comparison toT, it is therefore necessary
to strike a compromise in the maximization of both
the above figures ofmerit. Sacrificing T for lower total
losses then often results in cavities of both moderate
F around 25,000–30,000 and Tcav well below 10%.

For cavity ring‐down spectroscopy (CRDS) at a fixed
coupled incident power and fixed cavity finesse, the
shot‐noise‐limited standard error σ(k) in the fitted
CRDS rate k scales inversely with themirror transmis‐
sion T [15], i.e., inversely with the square root of the
cavity transmission. For two‐photon cavity ring‐down
spectroscopy (TP‐CRDS) under the same conditions,
the standard error on the two‐photon rate scales in‐
versely with T2, i.e., inversely with the cavity trans‐
mission [16]. Particularly in themid‐IR (where scatter
losses are negligible), absorption therefore remains
the crucial performance parameter for anyHRmirror
technology.

Substrate‐transferred monocrystalline interfer‐
ence coatings are a promising solution to these
challenges in the mid‐IR spectral region. With a
room‐temperature transparency window that ex‐
tends from approximately 0.87 μm to beyond 10 μm,
alternating multilayers of high refractive index gal‐
lium arsenide (GaAs) and low refractive index ternary
aluminum gallium arsenide (AlxGa1‐xAs) alloys can,
in principle, be used to create HR coatings over
a broad wavelength window without fundamental
adjustments in the manufacturing process. Crys‐
talline coatings were originally developed as a means
to overcome the Brownian‐noise limit in precision
interferometry [17], having simultaneously achieved
ppm levels of optical losses and elastic loss angles in
the 10−5 range [18]. Capabilities for high‐power han‐
dling are yet another advantage of this technology,
owing to the relatively high thermal conductivity of
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the epitaxial multilayer when compared with more
traditional amorphous structures. While enabling
record‐low levels of excess optical losses, minimal
elastic losses, and high thermal conductivity, the
GaAs/AlGaAs material system, however, exhibits
a relatively low‐index contrast. This results in the
need for more layers to obtain coatings with a certain
reflectance while still yielding a smaller bandwidth‐
to‐wavelength ratio (both in terms of reflectivity and
acceptable dispersion), when compared to PVD mir‐
rors. Substrate‐transferred crystalline coatings are
currently limited to the well‐established GaAs/AlGaAs
material system because of high demands in uni‐
formity and purity. It is important to note that this
is not a fundamental limit, as epitaxial multilayers
can, in principle, be manufactured from a diverse
range of materials with potentially much larger index
contrast [19, 20]. The outstanding challenge is to
realize sufficiently high structural and optical quality
in these less mature material combinations, while
maintaining the requisite lattice matching condi‐
tions, such that the increased optical bandwidth of
respective HR coatings does not come at the expense
of increased excess optical losses.
Rather than relying on direct deposition onto the fi‐

nal optical substrate, our crystalline coatings are gen‐
erated using an epitaxial layer transfer process. Ini‐
tially, amonocrystalline heterostructure is grownon a
lattice‐matched GaAs base wafer via molecular beam
epitaxy (MBE). Following the crystal growth process,
a microfabrication procedure is employed in order
to transfer the epitaxial multilayer to arbitrary opti‐
cal substrates, including curved surfaces, via direct
bonding. This technique yields monocrystalline in‐
terference coatings with high purity, low defect den‐
sity, abrupt interfaces, and low surface roughness,
which in turn enables HR coatings with state‐of‐the‐
art optical absorption of A < 1 ppm from 1.0 μm
to 1.6 μm, with optical scatter of S < 3 ppm in the
same near‐IR wavelength range [21]. This has led to
rapid advancements in a diverse suite of state‐of‐the‐
art optical systems, ranging frommillihertz‐linewidth
cavity‐stabilized lasers for optical atomic clocks to
prototype quantum‐limited interferometers for noise
abatement and squeezed light generation in gravita‐
tional wave detectors [22–24]. Similar advancements
should be expected from crystalline coatings in the
mid‐IR spectral region.
In practice, however, extending the performance

of monocrystalline coatings further into the infrared
spectral region is not trivial. The first prototype
mid‐IR mirrors at design wavelengths of 3.3 μm and
3.7 μm exhibited promising excess optical loss lev‐
els of 159 ppm and 242 ppm, respectively [21]. These
results were on par with other state‐of‐the‐art mid‐
IR coatings, but still not comparable to their state‐
of‐the‐art near‐IR counterparts capable of A + S <

10 ppm. Regardless, owing to the relatively low losses,
these prototype mirrors helped enable the first detec‐
tion and characterization of the transient intermedi‐
ate radical trans‐DOCO in the atmospheric‐pressure
reaction of the deuterated hydroxyl radical, OD, with
carbon monoxide, CO [25]. Despite their vital role
in studying real‐time atmospheric chemical kinetics,
however, the excess optical losses of these initial mid‐
IR mirrors were limited by excess scatter driven by
structural defects in the very thick (20–30 μm) epitax‐
ial multilayers.
Following significant improvements in the mid‐IR

crystalline coating production process as outlined in
this work, we report on monocrystalline interfer‐
ence coatings with A + S ≤ 10 ppm at a wavelength
of 4.54 μm, thus demonstrating ultralow‐loss mirrors
with breakthrough performance in the mid‐IR. These
mirrors now realize the full performance potential
predicted for the level of crystal purity feasible in a
state‐of‐the‐art MBE process (see Fig. 7 in [21]), at
the longest wavelength demonstrated to date. In the
course of this work, we independently characterize
the wavelength‐ and polarization‐dependent mirror
metrics using a comprehensive suite of advanced,
custom‐built optical metrology tools. Several of those
setups have been explicitly designed to work with a
single broadband Fabry‐Perot quantum cascade laser
(FP‐QCL) as an optical probe, being low‐cost and avail‐
able over a very wide range of mid‐IR wavelengths,
such that the characterization can be easily extended
to future mirrors with different design wavelengths
(a similar approach for ring‐down measurements in
the near‐IR was presented in [26]). The presentedme‐
thodical characterization of all optical loss channels
has so far been lacking in the literature for similar
mid‐IR mirrors. The effort to develop new charac‐
terization techniques in this traditionally challenging
spectral region should therefore help to overcome this
major obstacle to realizing improvements in this field.
The demonstration of mid‐IR mirrors with a reduc‐

tion in A + S by an order of magnitude, compared to
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the current record in this wavelength range [12], will
allow for improved sensitivity in a variety of linear and
non‐linear cavity‐enhanced spectroscopy techniques.
Specifically, the ultralow‐loss mirrors reported here
were designed for a target wavelength of 4500 nm
to explore next‐generation benchtop optical instru‐
ments for the detection of radiocarbondioxide (14CO2)
and rare clumped isotopic substitutions of nitrous ox‐
ide (N2O). To date, optical detection of 14CO2 by sat‐
urated absorption cavity ring‐down spectroscopy has
achieved sensitivity levels comparable with accelera‐
tormass spectrometry facilities [27], and several com‐
peting linear absorption sensor architectures have
also been demonstratedwith known positive and neg‐
ative trade‐offs related to sensitivity [28, 29], accu‐
racy [30], and portability [31, 32]. Recently, a scheme
for Doppler‐free TP‐CRDS of 14CO2 was demonstrated
at 4.53 μm with a projected detection limit that was
substantially better than currently available commer‐
cial gas analyzers [12] and its application to the sen‐
sitive and selective detection of 14CO2 has also been
proposed [16]. These immediate applications in trace
gas and rare isotope detection using high‐finesse op‐
tical resonators, as well as the previously mentioned
potential applications in time‐resolved spectroscopy,
ultracold chemistry, and fundamental physics, make
the advanced fabrication of ultralow‐loss mid‐IR mir‐
rors of broad interest to the optics and photonics com‐
munity.

2.2 Experimental details

As this was a first attempt at fabricating crystalline
HR coatings with a center wavelength longer than
4.0 μm, as well as using an improved production pro‐
cess for minimizing excess optical losses, we under‐
took a comprehensive investigation of the mirror per‐
formance. In the course of our characterization ef‐
forts, we have determined the mirror reflectance R
via cavity ring‐down (CRD); the transmittance T by
directly probing the transmission through the mir‐
ror (complemented by detailed calculations); and the
polarization‐dependent relative absorption ∆A em‐
ploying photothermal common‐path interferometry
(PCI) [33]. This enabled us to extract each individual
loss component, as themagnitude ofA canbe inferred
via the aforementioned expression R+ T+A+ S = 1.
For these mirrors, scatter S is assumed to be negligi‐
ble based on the observation of S+A < 3 ppm of simi‐

lar crystallinemirrors in the near‐IR [21] and decreas‐
ing scatter losswith increasingwavelength. For exam‐
ple, a surface roughness below 0.2 nm, as is routinely
achieved with these optimized coatings, results in a
calculated scatter loss of∼0.3 ppm at 4540 nm [34].

2.2.1 Mirror design and transmissionmodel
refinement

The reflectance and transmittance of multilayer thin‐
film structures can readily be calculated via transfer
matrix methods (TMMs) [35, 36]. The quarter‐wave
layer structure of the crystallinemid‐IRmirrors under
study was designed for a stop band center wavelength
of 4500 nm with a target transmittance of 140 ppm,
comprising 34.5 periods of GaAs/Al0.92Ga0.08As with
individual layer thicknesses of 340.0 nmand 388.6 nm,
respectively, based on refractive index values taken
from Afromowitz [37]. Deposition of the crystalline
interference coating was carried out in a multiwafer
MBE systememploying a 14×4 in.wafer configuration
with on‐axis (100)‐oriented 100mm diameter semi‐
insulating GaAs base wafers. For these mirrors, we
employed a novel fabrication process tominimize the
limiting optical scatter. This was realized by reducing
the total thickness of the grownheterostructure by us‐
ing stacked optical coatings [38]. In this process we
bond two “half mirrors,” halving the epitaxial multi‐
layer thickness and significantly improving the mate‐
rial surface quality. In this process the potentially de‐
fective surface of the as‐grown crystal is embedded in
themiddle of themultilayer and the face of themirror
that directly interacts with the optical field exhibits
a substantially improved surface quality, as with our
flipped optical coatings described in [21]. Following
the MBE growth process, we ran a wafer‐scale GaAs‐
to‐GaAs bonding process, followed by substrate and
etch stop removal on one of the wafer pairs, to gener‐
ate the full coating stack. The 12mm diameter coat‐
ing discs were then lithographically patterned and se‐
lectively etched through the stacked epitaxial multi‐
layer in preparation for the substrate transfer process.
Finally, the coating discs were transferred via a sec‐
ond direct bonding process to 25.4mm diameter sili‐
con (Si) substrates with a concave 1m radius of cur‐
vature and 6.35mm thickness. The planar backside
of each substrate was coated with a broadband (stan‐
dard PVD) anti‐reflection (AR) coating over the range
of 3 μm to 5 μm (R = 0.3% at 4.5 μm). Both standalone
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coating discs and completed mirrors on Si substrates
were used for the characterization efforts described in
the course of this paper.
To begin the analysis process, variations in the de‐

position rate during the MBE growth process neces‐
sitate correction of these nominal layer thicknesses
to more accurately represent the as‐grown samples.
These corrections were determined using a combi‐
nation of x‐ray diffraction (XRD), Fourier transform
spectrometry (FTS, Bruker VERTEX 80), and cross‐
sectional scanning electron microscopy (SEM, Zeiss
Supra 55VP). In addition to providing guidance on the
layer thicknesses, by probing thematerial lattice con‐
stant, XRDmeasurements also provide an estimate of
the alloy composition of the low‐index ternaryAlGaAs
alloy with relative error bounds of the order of 1%.
Cross‐sectional SEM imaging of a cleaved inter‐

ference coating stack prior to the substrate transfer
process allowed us to determine the as‐grown layer
thicknesses (see Fig. 2.1) by means of digital post‐
processing using an edge‐detection and peak‐finding
routine (ImageJ, IJ BAR package). It is expected that
the derived layer thicknesses differ among mirrors
of the same production batch by a global scaling fac‐
tor, depending on the exact lateral position inside the
MBE chamber, while the relative layer thicknesses
are expected to be very similar over a wide area [39].
The relative error in SEM length measurement cali‐
bration was estimated to be 1%, determined by mea‐
suring a calibration sample (Raith CHESSY). Addition‐
ally, edge detection introduced an error of±4 nm due
to the limited resolution of the SEM images.
Broadband FTSmeasurements generated transmis‐

sion spectra of the mirrors under test with spectral
resolution of 0.5 nm and were recorded in a nitro‐
gen atmosphere at ambient pressure. While the FTS
does not allow for direct measurement of the mirror
transmittance close to the mirror center wavelength
due to its limited sensitivity and low SNR, the stop
band width and characteristic structure of the side‐
lobes in these spectra enable a precise extrapolation
to the center wavelength through a model fit. The
TMM model was fitted to the FTS spectra using the
SEM‐determined layer thicknesses as starting values,
with the aforementioned global scaling factor, and the
Al concentration in the low‐index layers (bounded by
XRD error intervals) as free parameters.
To obtain an error estimate of the derived mirror

transmittance at the center wavelength, the following

Fig. 2.1. Details of the prototype mirror structure. Top
left: schematic of the 12mm diameter crystalline coating
bonded onto a Si substrate of 25.4mm diameter with a con‐
cave 1m radius of curvature. The flat is aligned with the
[01̄1̄] crystal axis. Top middle: stitched optical micrographs
of the 12mm diameter coating surface following the sub‐
strate transfer process. The values for ϕ refer to the rel‐
ative polarization angle as defined later in 2.8. Top right:
zincblende structure of the crystalline coating (Ga in yellow,
As in gray). Bottom: cross‐sectional SEM images of the layer
stack consisting of 34.5 periods of alternating GaAs (light
gray) and AlGaAs (dark gray) layers. The full coating was
fabricated by stacking two intermediate structures grown
with 17 periods capped with a 1/8th wave GaAs layer prior
to substrate transfer. The bonding line is faintly visible in
the middle of the centermost GaAs layer. Abrupt interfaces
allow for precise measurements of individual layer thick‐
nesses via edge detection (the green line indicates the re‐
fractive index profile). The terraced cracks in the cleaved
coating (visible in the right half of the multilayer) result
fromaminutemismatch in crystal axis orientation from the
stacking process, leading to an imperfect cleave of the top
half of the mirror.

Monte Carlo‐style procedure was employed: starting
from the above initial fit values, we performed further
forwardmodel calculations to sample the space of rea‐
sonable transmission spectra. Candidate spectrawere
generated for random variations of the best‐fit param‐
eters (within their respective relative error bounds).
From these candidates, we expunged all those where
centerwavelength andFWHMof themirror stop band
deviated by more than ±0.5 nm from the best initial
fit, thereby excluding input parameter combinations
that lead to an unphysical deviation from FTS mea‐
surements. The set of remaining spectra was then
used to determine mean and standard error (at the
ppm level) of the minimum transmittance. Note that
in this procedure we have assumed abrupt interfaces
and no variation in Al content over the full structure,
aswell as a perfect AR coating on the backside of the Si
substrate. The refractive indices for the epitaxial ma‐
terials were taken from [37], while for the Si substrate
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the dispersion data was taken from [40]. A refractive
index of n = 1 was assumed for the incident and exit
media.

2.2.2 Cavity ring‑downmeasurements

We constructed a linear resonator from two mirrors
of the same production batch and implemented two
variations of the well‐established CRD technique [41]
to infer the total loss 1−R, independent of laser source
amplitude fluctuations, bymeasuring the cavity decay
timeconstant τ andcavity length d andusing the equa‐
tion (1− R) = d/(cτ), where c is the speed of light.
At the Christian Doppler Laboratory for Mid‐IR

Spectroscopy and Semiconductor Optics (CDL) in Vi‐
enna, Austria, a low‐cost broadband FP‐QCL (TL
QF4550CM1) was coupled into multiple longitudinal
modes of the cavity by exploiting direct passive feed‐
back in a simple linear configuration (Fig. 2.2). To
the best of our knowledge, this is the first demon‐
stration of such a passive feedback scheme for an FP‐
QCL. It features the advantages of a broad useable
bandwidth (of at least 150 nm in the present case)
in a low‐complexity setup without high‐bandwidth,
active electronic control loops. The sample mir‐
rors were mounted 30.6 ± 0.2 cm apart as end ele‐
ments of a custom vacuum chamber, which was first
purged with nitrogen, then evacuated to typical pres‐
sures of 0.5 kPa to 1.0 kPa using an oil‐free rough‐
ing pump. Ring‐down time‐traces were recorded
using an amplified InAsSb detector (TL PDA10PT‐
EC). A custom microcontroller‐based threshold de‐
tection circuit was used to detect on‐resonance cav‐
ity transmission, shutter the laser, and trigger data
capture [42]. Spectral coverage extends from about
4520 nm to 4720 nm (2119 cm−1 to 2212 cm−1), with
a monochromator (Spectral Products Digikröm CM
110, grating 300G/mm, blaze wavelength 2.5 μm) en‐
ablingmeasurements at 5 nmspectral resolution. The
peak of the overall FP‐QCL emission bandwidth was
steered via additional external grating feedback (first
order reflected backwards) and monitored by a cus‐
tom low‐resolution FTS instrument. With the FP‐QCL
and sample mirrors forming a coupled cavity system,
a delay stage between the source and backside of the
first mirror was tuned to find resonance conditions
causing power buildup in the cavity formed by the
sample mirrors to occur within the spectral transmis‐
sion window of the monochromator. During mea‐

Fig. 2.2. Schematic of the FP‐QCL‐based ring‐down setup
at CDL. In this setup a FP‐QCLwithout internal stabilization
is utilized for excitation, with a custom trigger circuit ini‐
tiating the ring‐down process. This architecture allows for
significant flexibility inmirror characterization via changes
in the laser source. This system is similar to that described
in [26]with additionalwavelengthmonitoring, while operat‐
ing in the mid‐IR and without raster‐scanning capabilities.
To control the center of the emission spectrum, additional
feedback to the FP‐QCL is provided via a reflection grating
in Littrow configuration.

surements, the transmitted TEM00 transverse cavity
modes were monitored on a mid‐IR microbolome‐
ter camera (Visimid Phoenix) to restrict sampling
to the smallest possible area on the mirrors and to
avoid transversal mode beating. Given the cavity
length resulting in a free spectral range of νFSR =

490±5MHz, beat notes betweenmultiple longitudinal
modes could not be resolved in the measurements.
To avoid birefringence‐induced polarization mode

beating, the linear polarization of the FP‐QCL was
aligned parallel to the net slow or fast axis of the
ring‐down cavity and exponential fits to decay curves
checked for clean modulation‐free residuals. Since
the monochromator grating acted as a fixed polariza‐
tion analyzer, it was not possible to study polarization‐
dependent effects at arbitrary input polarization an‐
gles.
We analyzed the theoretical possibility of a system‐

atic bias of the measured ring‐down times through
correlations between the intracavity power spectrum
and etalon resonances. We experimentally verified
that influences of a potential etalon between the FP‐
QCL end facet and ring‐down cavity are in fact av‐
eraged out through the broadband excitation, by in‐
troducing varying levels of additional losses (up to
50%) in between these two elements, without observ‐
ing systematic effects.
An independent experiment at the National Insti‐

tute of Standards and Technology (NIST) in Gaithers‐
burg, Maryland, USA was performed to cross‐check
the FP‐QCL‐based broadband measurements at CDL
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Fig. 2.3. Schematic of the ring‐down setup at NIST. EC‐
QCL, external‐cavity quantum cascade laser; HWP, half‐
wave plate; NDF, neutral density filter; Iso., optical isolator.

and to evaluate potential systematic errors in the ex‐
perimental determinationof the quantity 1−R. There,
a continuous‐wave external‐cavity QCL (EC‐QCL)with
linewidth <10MHz, capable of exciting individual
longitudinalmodes of a linear cavity, was used tomea‐
sure 1 − R as a function of wavelength from 4480nm
to 4600nm (2174 cm−1 to 2232 cm−1) with high reso‐
lution, as illustrated in Fig. 2.3. At NIST, the EC‐QCL
was passively coupled to a singlemode of the cavity by
dithering the laser current, an operation which also
acted as an optical shutter to initiate decay events. Fi‐
nally, using either a quarter‐wave or halfwave plate
and a linear polarization analyzer, the EC‐QCL system
also probed for polarization‐dependent losses in the
single‐crystal optical coatings.

To construct the cavity at NIST, each mirror was
secured at the center of a vacuum viewport using a
25.4mm diameter retaining ring and isolated from
the laboratory environment using wedged CaF2 vac‐
uum windows. The mirrors were tested under vac‐
uum while experiencing zero pressure difference be‐
tween their AR‐ andHR‐coated faces. Nominalmirror
separation defining the optical cavity length was esti‐
mated frommachine drawings to be d = 15.6±0.6 cm
and confirmed by caliper measurements of the indi‐
vidual components prior to assembly. The cavity free
spectral range was therefore νFSR = 960± 40MHz.

Frequency‐dependent total losses were measured
by coarse temperature tuning of the continuous‐wave
output of the EC‐QCL. At each unique frequency ν,
cavity transmissionduring laser current ditheringwas
monitored by a liquid‐nitrogen‐cooled InSb photode‐
tector. Once transmission reached a user‐defined
threshold, the laser current was further shifted by
summing a square‐wave signal with the dither sig‐
nal to rapidly extinguish the pumping laser field, thus

yielding a single decay event which was amplified and
fitted for the exponential decay time constant τ .
Optical components shown in Fig. 2.3 were placed

at etalon immune distances [43] (whenever possible)
and tilted relative to the incident laser beam to effec‐
tively eliminate the coupling of scattered lightwith the
optical cavity mode. To avoid the coupling of spuri‐
ous reflections from the AR‐coated face of themirrors
into the optical cavitymode, the two‐mirror cavitywas
aligned to create an effectively wedged surface at the
flat AR‐coated face relative to the HR‐coated concave
mirror surface. Detailed methods of cavity alignment
are reported in Supplement 1.

2.2.3 Direct transmissionmeasurements

To experimentally decompose the individual mirror
total loss components summarized in 1 − R, we used
a ratiometric, lock‐in amplified method to directly
probe mirror transmittance (DIRT). The underlying
principle of this measurement is to compare the inci‐
dent and transmitted intensities for a singlemirror us‐
ing the same FP‐QCL source as in the CDL ring‐down
measurements. The key elements of this setup are the
high sample irradiance offered by the laser source,
lock‐in detection to increase the SNR and dynamic
range of the detector, as well as ratiometric detection
to account for power fluctuations of the laser during
acquisition. Given the high output power, spectrally
resolved measurements could be achieved by using
the grating monochromator.
The experimental apparatus is based on a FP‐QCL

in quasicontinuouswave (QCW)mode (refer to Fig. 2.4
for abbreviations), controlled by the diode controller’s
(TL ITC4002QCL) internal QCW modulation. The
QCW square‐wave signal was used as a reference for
the digitalmultichannel lock‐in amplifier (LIA, Zurich
Instruments HF2LI). The monochromator was used
to narrow the measurement range to a passband of
<2.5 nm for eachmeasurement. This output was then
divided into two separate beam paths by a plate beam
splitter (BS) to allow monitoring of intensity fluctu‐
ations at the measurement wavelength. A half‐wave
plate and a polarizer (ISP Optics POL‐1.5‐5‐SI) in front
of the BS were used to set p polarization with respect
to the BS, thereby avoiding any changes in its splitting
ratio. In the sample path, leading to D1, we used a
2× beam reducer to obtain a smaller beam diameter
when probing the HR sample.
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Fig. 2.4. Block diagram of the direct transmission setup.
QCW, quasi‐continuous wave modulation signal; NDF, re‐
flective neutral density filter; HWP, half‐wave plate; POL,
polarizer; BS, 50/50‐coated beam splitter; HR, sample under
test; DIFF, ground glass diffusor; D1/D2, detectors.

The two identical detectors (TL PDA20H) were con‐
nected to separate channels of the LIA and simulta‐
neously recorded during the measurement. By divid‐
ing the respective demodulated amplitudes CH1/CH2
we suppressed any common fluctuations of the input,
obtaining a time trace with drastically reduced varia‐
tions. Following this approach at each measurement
wavelength, a pair ofmeasurements with andwithout
the HR sample was taken. By dividing the mean value
of each, we obtained the intensity transmission coef‐
ficient in the monochromator bandpass.
Care was taken to avoid any perturbation of the

monitor path or the FP‐QCL by placing the HR sam‐
ple at a slight angle to avoid systematic errors in T due
to backreflections. Two ground glass diffusers were
placed in front of the detectors to suppress the influ‐
ence of spatial variation of responsivity across the ac‐
tive area of the detector [44]. To ensure linear detector
response over the measurement range of 5 orders of
magnitude at the targeted uncertainty levels, the QCL
output was attenuated via neutral density filters while
the LIA served to sufficiently increase detector sensi‐
tivity and dynamic range.
Accuracy in these measurements was largely lim‐

ited by beam steering effects related to the insertion
of the mirror sample and estimated to be ±12 ppm.
Comparative relative measurements (e.g., as a func‐
tion of input polarization) could, however, benefit
from the significantly better precision of±2 ppm.

2.2.4 Direct absorptionmeasurements

For independent absorption measurements, the FP‐
QCL was again used as a pump laser (capable of
450mW output power) in a PCI system (Stanford
Photo‐Thermal Solutions) modified for mid‐IR oper‐
ation. In this setup (Fig. 2.5), absorption in the thin‐
film coating at the pump wavelength was measured

Fig. 2.5. Block diagram of the photothermal interferometer
for absorption measurements (PCI). A slight angle between
pump and probe beams allows dumping of the pump and
pickup of either the transmitted or reflected probe beam.

indirectly by probing the thermal lens induced in the
non‐absorbing substrate via a second probe laser [45].
Both pump and probe lasers were focused onto the
same spot of the sample coating (with waist diame‐
ters of about 70 μm and 200 μm, respectively). The
localized “hot spot” induced by the more tightly fo‐
cused pump imprints a phase distortion on the central
part of themore loosely focused probe beam, causing
interference with the undisturbed outer probe wave‐
front (which acts as the reference armof the common‐
path interferometer). The resulting interference pat‐
tern appears in the near field of the interaction re‐
gion, the central maximum of which is then imaged
onto a detector. Using lock‐in detection referenced to
the chopped pump laser, the relative intensity mod‐
ulation depth ∆I/I of the probe signal was recorded.
Normalized by the incident pump power P, the signal
is proportional to absorption α over several orders of
magnitude, with proportionality constant Rc denoting
the system responsivity: ∆I/(IP) = αRc. PCI absorp‐
tion measurements are a common characterization
technique in the near‐IR. Extending this technique to
the mid‐IR, however, involved overcoming numerous
challenges related in part to the substrate response,
probe wavelength, detection path of the probe (i.e.,
in transmission or reflection), and calibration tech‐
nique.
In thenear‐IR,Rc is determinedbymeasuring a cali‐

bration sample of known absorption. This calibration
step requires that the substrate material as well as the
absorbing surface layer thickness match the sample
under study to assure a comparable thermal response.
Typically, a metallic coating with broadband absorp‐
tion of a few tens of percent serves as such a reference
sample. However, as a consequence of mid‐IR HR
coatings being rather thick (owing to the long wave‐
length and corresponding increase in the individual
quarter‐wave layer thicknesses), the thermal lens in



20 2 Mid‑infrared interference coatings with excess optical loss below 10 ppm

the coating layer itself becomes non‐negligible, mak‐
ing it challenging to fabricate a calibration sample
with comparable thermal response. It is for this rea‐
son that we resorted to a novel in situ calibration tech‐
nique employing a more strongly absorbed “proxy
pump” laser [45] with a wavelength of 532 nm (above
the GaAs bandgap) in combination with the sample
itself, to provide the reference absorption measure‐
ment. In either case, the high reference absorption
can be independently determined via direct measure‐
ments of incident, transmitted, and reflected power,
with the relative error of the calibrationmeasurement
transferring to the measurement of the actual sample
of much lower (typically ppm‐level) absorption. Care
was taken to focus the proxy pump to the same diam‐
eter as the primary pump, to ensure the same geom‐
etry of the thermal lens. This was confirmed by as‐
suring that the same value of Rc is deduced for both
pumps when using a custom‐made calibration sam‐
ple of similar known high absorbance for both pump
wavelengths (broadband 7nm Cr overcoat on a CaF2
substrate).
Using fused silica (FS) as a substrate material typi‐

cally offers a high system responsivity Rc and there‐
fore high sensitivity, owing to its low thermal con‐
ductivity and the strong temperature dependence of
the refractive index. Although a dedicated sample
with the 4.54 μm crystalline coating bonded to FS
was available, it was found that the heating contri‐
bution from substantial absorption of the transmit‐
ted mid‐IR pump light within the FS substrate itself
was not sufficiently distinguishable from pump ab‐
sorption within the actual coating. For this reason,
we resorted to the use of Si substrates (transparent at
the pump wavelength) in all further measurements,
at the expense of lower SNR (given the high thermal
conductivity of the substrate). Keeping in mind that
PCI is an interferometric method, the use of short
wavelength probe light is favored for high system re‐
sponsivity. Measurements were therefore conducted
with a HeNe probe at 633 nm in reflection (exhibit‐
ing higher sensitivity than alternative attempts using
telecom‐wavelength IR probes detected in reflection
or transmission). However, with a probe photon en‐
ergy (1.96 eV) exceeding the GaAs bandgap energy of
1.42 eV, the measured pump absorption is distorted
by additional probe‐induced absorption via free car‐
riers. We therefore took several measurements at de‐
creasing probe power and extrapolated to zero probe

power to determine the absorption [21].
The crystalline mirror coatings were repeatedly

purged with dry nitrogen between measurements to
mitigate influences of surface contamination. To per‐
form measurements at the required ppm‐level preci‐
sion, it was necessary to ensure a heat‐up time of the
QCL pump laser of around 15 minutes to maintain a
constant power level and beam profile.

2.3 Results

2.3.1 Total loss and transmittance

Ourmeasurement results, summarized in Fig. 2.6 and
Table 2.1, show excellent performance for these pro‐
totype mirrors at 4.54 μm. The refined transmission
model derived from XRD, cross‐sectional SEM, and
FTS is shown as the solid red curve in Fig. 2.6 (top).
The above‐described routine allows for an estimate of
the center wavelength λ0,T = 4538 ± 1 nm and an ex‐
pectedmirror transmittance T (λ0,T) = 144± 2 ppm at
the stop band center, with the error bands obtained by
the same procedure. The shift of the measured cen‐
ter wavelength from the design target of 4500 nm is
due to unavoidable deviation in layer thicknesses by a
small global scaling factor during MBE growth (<1%
for the studied samples). It can be readily seen from
Fig. 2.6 (top) that our model, based on the as‐grown
layer geometry derived from SEM imaging (capturing
thickness variations of different high‐ and low‐index
layers with a relative standard deviation of 2%), cap‐
tures modulations in the sidelobes observed in FTS
much better than a model assuming a strictly peri‐
odic layer structure (dashed red design curve). Al‐
though we assumed an error of 1% for XRD measure‐
ments of the Al alloy composition, our evaluation sug‐
gests a much lower uncertainty of 0.2%, with best‐
fit values for the Al composition ranging only from
0.9229 to 0.9247. Comparing these results with our di‐
rect transmission measurements [brown triangles in
Fig. 2.6 (mid) and Fig. 2.6 (bottom)], we observe excel‐
lent agreementwithin the error bounds (reflecting the
full uncertainty budget).
Total loss values (measured with the incident lin‐

ear polarization state set to ϕ = 90◦) extracted from
the CRDmeasurements at CDL (dark blue curve, min‐
imum of 153 ± 1 ppm at λ0,CDL = 4534 ± 1 nm) and
NIST (light blue data points, minimum of 149± 6 ppm
at λ0,NIST = 4533 ± 1 nm) are also included. For
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Fig. 2.6. Summary of spectrally resolved results for total
loss 1−R and transmittance T. All measurements were per‐
formed for incident linear polarization angle ϕ = 90◦ rela‐
tive to the [01̄1̄] crystal axis. Top panel: the two sample mir‐
rors are distinguished according to their broadband trans‐
mission spectra (labeledHR1 andHR2) and differ by a slight
shift of center frequency (likely due to inhomogeneities dur‐
ing layer growth). The solid red line represents a model for
the as‐grown layer structure ofHR1, based on a fit to the FTS
results, and layer thicknesses derived from SEM images,
accurately reproducing the asymmetric structure of side‐
maxima outside the stop band. The thin dashed line shows
the model calculation for uniform target layer thicknesses
for comparison. Middle panel: zoom in to the stop band
center showing the low SNR of the FTS results. The derived
model (red line) shows good agreement with all other high‐
precision lossmeasurements. Bottompanel: a detailed look
at the total loss and transmittance. The total loss (plotted in
shades of blue) was independently measured by two sepa‐
rate teams using different realizations of a cavity ring‐down
(CRD) scheme and combinations of mirrors with nominally
identical minimum transmittance from the same produc‐
tion batch. Datasets are fitted with fourth‐order polynomi‐
als to guide the eye (solid lines). The transmittance was de‐
termined from the model calculation (red line) and verified
by direct transmission measurements (DIRT, brown trian‐
gles).

Table 2.1. Comparison of Design and Experimental Val‐
ues for Cavity End‐Mirrors with Mid‐Infrared Crystalline
Coatingsa,b,c

Parameter Design Measured Uncertainty Units

λ0 4500 4535 1 <nm
1− R <162 151 3 ppm
T 142 144 2 ppm
S <1 — — ppm
A <20 7 4 ppm
a For total loss 1 − R and central wavelength λ0, the mean value
of different measurements of Fig. 2.6 is presented.

b Asmentioned in the introduction, optical scatter is negligible in
this case and thus its absolute value and uncertainty is ignored.

c Design values for absorption A are taken from Fig. 7 in [21]. Ac‐
tual sample absorption is inferred from all other losses.

both, the relative standard uncertainty in the total op‐
tical losses, ur = σ1−R/(1 − R)min, was estimated
from a quadrature sum of reproducibility and a con‐
servative estimate of dominating systematic uncer‐
tainty (mainly dictated by the cavity length uncer‐
tainty). The standard uncertainty at the center wave‐
length of ±1 nm was taken to equal the accuracy of
monochromator calibration (CDL) and accuracy spec‐
ified by the laser manufacturer (NIST).
From the average value of (1 − R)min, presented

in Table 2.1, we infer a cavity finesse of F =

20 805 ± 413. This is a 5× improvement over the first
mid‐IR monocrystalline mirror coatings with λ0 =

3.7 μm [21], and the maximum cavity transmission is
now improved to Tcav > 92% from a value of 24% that
would result from the assumption of L = 160 ppm,
based on that previous work. Thus, we achieve a
cavity finesse on par with the best currently avail‐
able PVD‐coated alternatives, while using an inten‐
tionally conservative multilayer design for these pro‐
totype mirrors. In this same comparison, the cavity
transmission is enhanced by a factor of 4, owing to
the extremely low level of excess optical losses of the
revised crystalline coatings. This foundational work
paves a path to achieving cavity finesse values beyond
100,000 in subsequent efforts by further increasing
the number of deposited layers, while simultaneously
maintaining tens of percent of cavity transmission.

2.3.2 Mirror birefringence

The NIST setup was used to measure mirror birefrin‐
gence by performing frequency‐swept CRD at an inci‐
dent linear polarization of ϕ = 45◦, exciting both or‐
thogonal birefringence modes during the frequency
sweep [46]. To observe beating from the orthogonal
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Fig. 2.7. Typical cavity ring‐down (CRD) trace with visible
polarizationmodebeating, recorded atNIST for an input po‐
larization angle of ϕ = 45◦. An associated birefringence
splitting of∆νbeat = 110± 5 kHz is extracted from the fitted
model (corresponding residuals shown at the bottom).

birefringence modes, a linear polarization analyzer
was placed after the cavity and before the photodetec‐
tor at a matching relative angle of ϕ = 45◦. The re‐
sulting decays deviated strongly from exponential be‐
havior, as evidenced by the representative cavity de‐
cay plotted in Fig. 2.7. Birefringence mode beating is
clearly a large perturbation on the single‐mode decay,
and its frequency is resolved by our detection system
with >10MHz of bandwidth. Using the most general
mode beating equations discussed in [46], we fitted
the cavity decay event at ϕ = 45◦ to yield a birefrin‐
gence splitting of∆νbeat = 110± 5 kHz, a value larger
than the inferred cavity mode linewidth of δνcav =

45.6±1.8 kHz. The observed birefringence is presum‐
ably induced by anisotropic strain in the crystalline
multilayer as discussed below.

2.3.3 Observation of polarization‑
dependent absorption loss

While sources of systematic error in the current mid‐
IR PCI setup prohibit absolute absorption measure‐
ments at the desired few‐ppm level of sensitivity, we
were still able to observe a very distinct and unex‐
pected relative change of absorption loss as a func‐
tion of incident pump laser polarization. As shown
in Fig. 2.8, absorption reaches a minimum for lin‐
ear pump polarization oriented at a relative angle of
ϕ = 90◦ with respect to the [01̄1̄] crystal axis (repre‐
sented by the coating flat) and a maximum for ϕ = 0.
It was verified that such an effect is only observed
for crystalline coatings (by comparison to standard
PVD‐coated mid‐IR HR mirrors). We excluded that
the effect is an artifact of the measurement geome‐
try by verifying that rotation of the sample produced
the same effect as rotating the pump polarization. It

Fig. 2.8. Change in optical losses plotted versus linear po‐
larization angleϕ relative to the [01̄1̄] crystallographic plane.
About 8 ppmpeak‐to‐peak variation ismeasured in total loss
(1 − R) cavity ring‐down (CRD) measurements between or‐
thogonal input polarization states, reproducing the qual‐
itative behavior observed for absorption A via photother‐
mal common‐path interferometry (PCI). Direct transmis‐
sion measurements (DIRT) suggested no polarization de‐
pendence in coating transmittance.

was also observed that the effect has no appreciable
dependence on small changes to the pump angle of
incidence.
As evidenced by the blue data points in Fig. 2.8, the

same polarization dependence could subsequently be
observed for total loss, measured via CRD at NIST,
with relative peak‐to‐peak variation quantified to be
8.3 ppm. No dedicated polarization analyzer was used
between the cavity and the detector to avoid the pre‐
viously discussed effect of birefringence mode beat‐
ing. A complete second wavelength‐dependent set
of 1 − R values was also calculated from CRD mea‐
surements with the incident linear polarization state
ϕ = 0◦. Compared to the orthogonal configuration
plotted in Fig. 2.6, the ϕ = 0◦ dataset yielded a slightly
higher value of (1 − R)min = 158 ± 6 ppm at a nearly
identical center wavelength of λ0 = 4532 nm, in good
agreement with the polarization‐dependent changes
in total losses observed in Fig. 2.8. A similar trend
also seemed observable in high‐finesse 1550 nm crys‐
talline coatings; however, given the low absorption
in those coatings (at the ≤1 ppm level), the contribu‐
tion of absorption to the effect is difficult to accurately
quantify in this case (T. Legero, PTB, Germany, per‐
sonal communication, February 2019).
No such polarization dependence was observed in

direct transmission measurements (brown triangles
in Fig. 2.8). Since scatter is expected to be bounded
to the single ppm level (as determined for com‐
parable near‐IR crystalline mirrors), and direct ab‐
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sorption measurements are insensitive to scatter, all
observations suggest that the observed polarization‐
dependent loss can be solely attributed to absorption.

2.3.4 Theoretical modeling of polarization‑
dependent absorption and refractive
index

From our current understanding of these novel low‐
loss monocrystalline mirrors, free‐carrier absorp‐
tion is the limiting mechanism for absorption loss
for below‐bandgap illumination. This is supported
by theoretical estimates of the limiting loss for
acceptor‐dominated materials with relevant back‐
ground impurity levels [27]. Initially, it was assumed
that lattice‐mismatch‐mediated strain was the driv‐
ing force behindboth the birefringence (Re {∆n}) and
the orientation‐dependent absorption (governed by
Im {∆n}). However, owing to the cubic nature of
the zincblende unit cell, an in‐plane biaxial strain for
(100)‐oriented GaAs, as implemented here, will lower
the symmetry from cubic to tetragonal. The optical
axis will be along the illumination direction, so that
no birefringence or absorption differences are possi‐
ble. Nevertheless, birefringence occurs in our crys‐
tallinemirrors at a variety of wavelengths [14, 27] with
apparently repeatable magnitude. It is assumed that
a similar underlying process drives the anisotropy in
both the index and free‐carrier absorption.
A potential candidate for causing the observed

polarization‐dependent absorption is anisotropic
strain relaxation as observed in InGaP‐based materi‐
als [47] which breaks the system symmetry. To test
this hypothesis, we simulated the free‐carrier absorp‐
tion caused by an additional 1% strain along the [01̄1]
direction. While we do not expect that such large
additional strains are present in this system, the large
imparted strain value facilitates the convergence of
the simulations.
For these simulations we used density func‐

tional theory with the PBEsol exchange‐correlation
functional [48], as implemented in the Quantum‐
ESPRESSO package [49]. The electron‐phonon
matrix elements were modeled by a Fröhlich model,
which has been shown to work well within the
infrared region [50–52]. We used a rotated conven‐
tional unit cell, an energy cutoff of 100Ry, and a
14× 20× 20 k‐point grid. Spin‐orbit coupling was not
included. The refractive index was determined using

Fig. 2.9. Simulation of the orientation dependence of the
photon absorption cross section and refractive index of uni‐
axially strained GaAs as a function of linear polarization di‐
rection. Results are given for a photon energy of 1.2 eV and
in‐plane compressive strain of 1% along the [01̄1] direction.
These values are chosen to expedite these proof of principle
calculations.

a 50 × 50 × 50 Wannier interpolated [53] k‐point grid
as implemented in theWANNIER90 package [54]. The
underlying electronic structure was calculated using
the HSE06 [55] hybrid functional, as implemented in
the VASP package [56].
Figure 2.9 shows the calculated absorption cross

section (the absorption coefficient divided by the free‐
carrier concentration) as a function of the illumina‐
tion angle for photons with an energy of 1.2eV (cor‐
responding to a wavelength of approximately 1.0µm
). As with the large uniaxial strain value, a higher en‐
ergy is probed to simplify these proof of principle cal‐
culations. Note that similar behavior is observed for
other photon energies. The calculations show a polar‐
ization dependence similar to Fig. 2.8, indicating that
anisotropic strain can cause the observed effect.

2.4 Conclusions and outlook

We successfully fabricated and optically character‐
ized state‐of‐the‐art substrate‐transferred crystalline
interference coatings at 4.54 μm. Optical losses
were determined using a variety of experimental ap‐
proaches to ultimately decompose coating transmit‐
tance, absorption, and scatter. Two independent CRD
systems were used to determine the total loss, while
an extension of the PCI measurement scheme to the
mid‐IR using a novel in situ “proxy pump” calibration
technique was used to analyze absorption loss.
Transmittance was measured directly and calcu‐

lated using a transmission matrix model based on
SEMmeasurements of as‐grown layer thicknesses and
broadband FTS spectra.
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The fact that many of the outlined measurement
methods are based on a single FP‐QCLmakes themea‐
surements easily extendable to awide variety of wave‐
length regions. This lays the groundwork for their
routine application in a production environment and
will speed up extension of crystalline coating technol‐
ogy into the molecular fingerprint region.
In the course of our efforts, we observed a polar‐

ization dependence of absorption losses in the stud‐
ied crystalline multilayer stacks, which, to the best of
our knowledge, has not yet been reported in the liter‐
ature. Initial proof of principle calculations show that
anisotropic strain can lead to polarization‐dependent
free‐carrier absorption and a polarization‐dependent
refractive index. More detailed experimental and the‐
oretical investigations of this effect are in progress to
determine the root cause of this anisotropic strain re‐
laxation.
Our measurements confirm record‐low levels of

excess optical losses (scatter plus absorption) below
10ppm, with A + S = 7 ± 4 ppm in these coat‐
ings. With such low levels of excess optical loss, we
have now demonstrated mid‐IR mirrors capable of
optical performance on par with their near‐IR coun‐
terparts. Although the stop band of any individ‐
ual mirror is currently limited by the index contrast
of the GaAs/AlGaAs material system, the technology
presented here is readily scalable to all wavelengths
in the GaAs/AlGaAs transparency window, from the
near‐IR to beyond 10 μm, while future efforts involv‐
ing alternative epitaxial material systems can lead
to drastically broader stop bands of individual mir‐
rors. This offers a bright outlook for diverse ap‐
plications in the mid‐IR spectral region, e.g., in fu‐
ture cavity‐enhanced spectroscopy applications cov‐
ering the molecular fingerprint region, laser stabi‐
lization, fundamental physics experiments as well as
many other applications. In follow‐on efforts it should
be possible to produce optical resonators with cen‐
ter wavelengths in the range of 2 μm to 5 μm and a
cavity finesse exceeding 100,000, a significant mile‐
stone in the development of the first mid‐IR “super
mirrors.” Such exceptional levels of performance can
be achieved via a minor design alteration, specifically
reducing the transmittance of the interference coat‐
ing to below 10ppm. TMM calculations show that a
transmittance of 8 ppmcan be achieved at 4.5 μmwith
a fullmirror stackof∼33 μm in thickness (45.5periods
of GaAs/Al0.92Ga0.08As). Using the stacking approach

employed here, the thickness of individual half mir‐
ror stacks would be below 17 μm, with state‐of‐the‐art
MBE generating a surface quality sufficient for direct
bonding. We also note that this process would yield a
coating surface quality (post‐substrate transfer) with
an RMS surface roughness below 0.2 nm, rendering
optical scatter negligible. The absorption should be
unaffected also, as there would be no change in the
level of background doping, nor in the optical pene‐
tration depth into the multilayer.
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Prevention of etaloning in swept‑frequency cavity ring‑downmeasurements

The external‐cavity quantum cascade laser (EC‐QCL) swept‐frequency cavity ring‐down instrument at the Na‐
tional Institute of Standards andTechnology achieved single cavity‐mode excitation, and thereforewas capable
of resolving stray etalons formed by spurious reflections involving one of the cavity mirrors. To reduce the in‐
fluence of these coupled cavity effects [1], broader frequency scans of the EC‐QCL were performed by increas‐
ing the intensity of the laser current dither to cover multiple longitudinal modes. Cavity decay signals were
then triggered at each longitudinal mode and values of τ were recorded, searching for periodic modulation in
the apparent optical losses which would indicate a coupled cavity. With the optical cavity aligned on‐axis, the
measured values of τ revealed one strong etalon with a characteristic frequency of νetalon ≈ 6.4νfsr = 6.1GHz,
as depicted in Fig. 2.10 (left). This value was in reasonable agreement with an etalon formed by the AR coated
faces of the mirrors themselves, located on the opposite sides of their silicon substrate with d = 0.635 cm and
material index n ≈ 3.42. (i.e. 6.9GHz).

Fig.2.10. Cavity alignment for the reductionof parasitic etalons. Left: Illustrationof on‐axis cavity alignment andobserved
etalon attributed to coupling of scattered light between the AR and HR mirror faces. Right: Equivalent depiction of new
cavity alignment that reduced AR‐HR face etalons. In both cases, ϵτ = τ/τ̄ − 1 is the fractional change in τ relative to the
average value τ̄ .

The absence of significant etaloning with those optical components was confirmed by the inclusion of addi‐
tional neutral density filters before and after the cavity to reduce the coupled cavity finesse, a procedurewhich
had no effect on the etalon shown in Fig. 3. We then performed the following additional cavity alignment steps
which effectively eliminated the etalon. First, the photodetector position was translated in the plane of the op‐
tical table using a micrometer and linear optomechanical stage. With the new photodetector location acting
as a fixed target, laser alignment to the cavity was adjusted until high throughput and good mode matching
conditions were again achieved. The procedure forced the cavity alignment to slowly walk off the axis formed
by the planar AR‐coated faces, or off the radial center of the planar‐concave mirror substrates, effectively cre‐
ating a wedged substrate by reducing parallelism between the planar AR‐ and concave HR‐faces as depicted in
Fig. 2.10 (right). The procedure was repeated until the longitudinal mode frequency scan showed only minor
variations in the relative fractional time constant ϵτ = τ/τ̄ − 1, where τ̄ is the average ringdown time over all
longitudinal modes.
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The first principle is that youmust not fool yourself–
and you are the easiest person to fool. So you have
to be very careful about that. After you’ve not fooled
yourself, it’s easy not to fool other scientists. You just
have to be honest in a conventional way after that.
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Abstract

We present our results for simultaneous measurement of the refractive indices of gallium
arsenide (GaAs) and aluminum gallium arsenide (AlxGa1‐xAs) in the spectral region from
2.0 μm to 7.1 μm (5000 cm−1 to 1400 cm−1). We obtain these values from a monocrystalline
superlattice Bragg mirror of excellent purity (background doping ≤1 × 10−14 cm−3), grown
via molecular beam epitaxy. To recover the refractive indices over such a broad wave‐
length range, we fit a dispersion model for each material. In a novel combination of well‐
established methods, we measure both a photometrically accurate transmittance spectrum
of the Bragg mirror via Fourier‐transform infrared spectrometry and the individual physi‐
cal layer thicknesses of the structure via scanning electron microscopy. To infer the uncer‐
tainty of the refractive index values, we estimate relevant measurement uncertainties and
propagate them via a Monte Carlo method. This highly‐adaptable approach conclusively
yields propagated relative uncertainties on the order of 10−4 over the measured spectral
range for both GaAs and Al0.929Ga0.071As. The fitted model can also approximate the refrac‐
tive index for MBE‐grown AlxGa1‐xAs for 0 ≤ x ≤ 1. Both these updated values and the
measurement approach will be essential in the design, fabrication, and characterization of
next‐generation active and passive optical devices in a spectral region that is of high interest
in many fields, e.g., laser design and cavity‐enhanced spectroscopy in the mid‐infrared.
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3.1 Introduction

Heterostructures based on gallium arsenide (GaAs)
and aluminum gallium arsenide (AlxGa1‐xAs, where
x denotes the AlAs mole fraction) are paramount
in the design and production of a multitude of ac‐
tive and passive (electro‐)optical devices ranging from
light sources, such as vertical‐cavity surface‐emitting
lasers (VCSELs) [1], superluminescent diodes [2] and
quantum cascade lasers (QCLs) [3], plus detection de‐
vices, such as quantum cascade detectors (QCDs),
quantum‐well infrared photodetectors (QWIPs) [4],
and megapixel infrared camera sensors based on
QWIP technology [5], to highly‐reflective (HR) dis‐
tributed Bragg reflectors (DBRs) [6–8], semiconductor
saturable absorber mirrors (SESAMs) [9, 10], and HR
optomechanical resonators [11]. Owing tomature fab‐
rication technologies, notably molecular beam epi‐
taxy (MBE) [12], GaAs/AlxGa1‐xAs‐based devices find
extensive applications in the near‐infrared (NIR) and
mid‐infrared (MIR) wavelength range. For example,
a recently‐developed technology allows the transfer
of MBE‐grown GaAs/AlxGa1‐xAs HR DBRs to curved
optical substrates, making the material system rele‐
vant for applications from gravitational wave detec‐
tion [13, 14] to ultranarrow linewidth laser stabiliza‐
tion in the NIR [15]. This substrate‐transfer method
was extended to the MIR wavelength range [16–
18], enabling ultralow excess loss at MIR wave‐
lengths up to 4.5 μm, making substrate‐transferred
GaAs/AlxGa1‐xAs‐based DBRs a key technology for ad‐
vances in cavity‐enhanced MIR spectroscopy applica‐
tions [19, 20].
Despite the extensive application of

GaAs/AlxGa1‐xAs in optical devices, there is a lack
of recent accurate and precise data for its optical
properties, especially refractive index n, in the MIR
wavelength range (>2 μm). The existing literature
values for these materials are largely based on the
characterization of bulk samples rather than MBE‐
grown multilayers. Probing such samples, along with
often incomplete reporting of measurement condi‐
tions, leads to substantial differences in refractive
index, especially when comparing samples grown by
different methods [21]. This discrepancy, likely due to
variations in growth, background doping, and purity
levels (see Fig. 3.6), calls for updated literature values
for GaAs, AlxGa1‐xAs, among other materials [22].
For AlxGa1‐xAs, which is used with a wide variety of

mole fractions x, the latest semiempirical model that
allows for an arbitrary x was published in 1974 [23],
where model parameters were obtained from a fit to
measurement data obtained in theNIR range (approx.
from 680nm to 1030 nm) on samples grown via liquid‐
phase epitaxy (LPE) [24]. More recent studies for GaAs
andAlxGa1‐xAs exist [25–27]. However, these either fo‐
cus on theNIR spectral region or are of insufficient ac‐
curacy for many of the above applications, which rely
onMBE‐grown GaAs/AlxGa1‐xAs, due to discrepancies
inmeasurement conditions and samplematerial (e.g.,
whenusingnmeasured for bulkmaterial in the design
of thin‐film heterostructures).
In this study, we introduce updated refractive in‐

dex values for high‐purity MBE‐grown GaAs and
AlxGa1‐xAs in the spectral range from 2μm to 7.1 μm,
measured simultaneously via a versatile method (see
Fig. 3.1). While the method is adaptable to dif‐
ferent measurement devices, the presented results
leverage two widely‐available instruments, a Fourier‐
transform infrared (FTIR) spectrometer and a field‐
emission scanning electron microscope (SEM), to
probe a state‐of‐the‐art GaAs/AlxGa1‐xAs DBR. This
DBR,with a centerwavelength of approx. 4.45 μm, has
ultralow absorption and background doping [17, 18],
making it an ideal specimen for probing material op‐
tical properties. A curve‐fitting routine, based on the
transmission matrix method (TMM), is used to infer
both refractive indices, where each material’s disper‐
sion is captured by a semiempirical model [23]. Mea‐
surement uncertainties are propagated to the final n
results using a Monte Carlo‐type method.

3.2 Model and theory

3.2.1 Transmissionmatrix method

A well‐established means of modeling the optical re‐
sponse (reflectance R and/or transmittance T) of an
optical multilayer structure is the TMM [28–30]. In
this approach, a 2 × 2 matrix represents each inter‐
face and the propagation through a given material
of refractive index n [29], effectively relating the re‐
flected/transmitted wave to the incoming wave via
the complex reflection/transmission amplitude coef‐
ficients. The TMM calculates the optical response of
a multilayer based on the individual physical layer
thicknesses di and their respective refractive indices
ni.
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Fig. 3.1. Schematic outline of our approach, which relies on two measurements of a thin‐film heterostructure: (a) First,
a spectrometric transmittance (or reflectance, not depicted) measurement is carried out. (b) From this, we acquire the
optical response of the sample. (c) Second, a cross‐sectional SEM (or TEM/AFM, not depicted) micrograph. (d) From this,
we extract the individual layer thicknesses di. (e) These two measurements are used for a TMM‐based best‐fit modeling
approach. (f) Finally, from this fit, we infer both refractive indices, n1 and n2, as well as their respective uncertainties
[using a Monte Carlo‐type propagation of the measurement uncertainties from (a)–(d)].

In principle, the TMM can incorporate absorbance
within the layers via the complex refractive index ñ =

n + ik, with the extinction coefficient k = λ0α/4π and
α the absorption coefficient. However, previous stud‐
ies have shown that the absorbance of our structure
is <10 ppm (i.e., <10 × 10−6) [16–18], which is below
both the observed uncertainty in FTIR imaging [see
Fig. 3.2(b)] as well as our targeted propagated relative
uncertainty of c. 10−4. Hence, we model both materi‐
als as transparent (i.e., with k = 0).
Due to its reliance on matrix multiplications, nu‐

merical calculations based on the TMM can be im‐
plemented very efficiently. We use the recently‐
developed tmm-fast package [30], implemented in
Python 3. This highly‐optimized implementation al‐
lows for low computation times, even for many re‐
peated calculations, as is necessary for the nonlin‐
ear least‐squares curve fitting routines we use. We
adapt the tmm-fast algorithm to accommodate the
treatment of thick layers where interference can be
neglected, such as in the case of the MBE seed wafer,
following the method described in Ref. [29].

3.2.2 Refractive indexmodel

As our method involves a nonlinear least‐squares fit
over a broad wavelength range (2 μm to 7.1 μm) dis‐
persion, i.e., the change of the refractive index with
respect to wavelength dn/dλ, must be taken into ac‐
count. In principle, several different approaches
to modeling refractive indices exist, roughly divided
into empirical, semiempirical, and theoretical mod‐
els. The choice of an appropriate model depends on

several considerations. These include the electronic
and optical properties of the material in the wave‐
length range of interest.

For GaAs/AlxGa1‐xAs, several models have been
used to obtain n(λ). Empirical models are predomi‐
nantly derived from the well‐known Sellmeier equa‐
tion [31]. The latter was used, e.g., by Skauli et al.,
together with another model by Pikhtin and Yas’kov,
to obtain the refractive index of GaAs in a range 0.97–
17 μm [25]. Owing to a high number of free parame‐
ters (e.g., seven parameters per material in the case
of bothmodels in [25]), thesemodels can capture vari‐
ations in measurement data well. While this is gen‐
erally desired, there is a potential for overfitting, as
many free parameters allow for the model fit to ex‐
tract residual random and/or systematic variations in
the data points used for regression analysis.

In this study, we use a semiempirical model devel‐
oped specifically for GaAs and AlxGa1‐xAs [23], given
by the expression

n2(E)− 1 =
η

π

[
E4

f − E4
Γ

2
+
(
E2

f − E2
Γ

)
E2

+ ln

(
E2

f − E2

E2
Γ − E2

)
E4

] (3.1)

where E = hc/λ is the photon energy, EΓ is the
bandgap energy (used in units of eV throughout this
work). Ef and η are to be determined empirically, ef‐
fectively approximating the interband optical transi‐
tions as a function ϵ2 = ηE4 for EΓ < E < Ef (ϵ2 = 0
otherwise).

The lowest direct bandgap energy for pure GaAs
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andAlAs are given by EΓ,GaAs = 1.424(1) eV (measured
at a temperature of 297K) [21] and EΓ,AlAs = 3.018 eV
(measured at room temperature, givenwithout uncer‐
tainty) [32, pp. 192, 193], respectively. Aspnes et al.
showed that for arbitrary x, EΓ is well approximated
by

EΓ(x) = 1.424+ 1.721x− 1.437x2 + 1.310x3 (3.2)

which allows us to determine EΓ(x) based on an inde‐
pendent measurement of x. As shown in [23], the ex‐
pression in (3.1) closely reproduced the refractive in‐
dex of GaAs for wavelengths from 0.895 μm to 1.7 μm,
with similar results for AlAs. We note that Ref. [23]
also gives an interpolation scheme that can be used
to approximate n for different x based on our results
below.
In an effort to avoid bias introduced by the model

selection, we compare these results to a fit using the
so‐called single effective oscillator (SEO) model [33],
which, while not suited for the NIR, approximates n
exceptionally well for E ≪ EΓ,GaAs (λ ≥ 2 μm) [23, 26].
According to this model [33], the refractive index n of
a crystalline material at a photon energy E far below
the bandgap is well approximated by

n2(E)− 1 =
E0Ed

E2
0 − E2 (3.3)

In this approximation, the interband optical transi‐
tions are considered as a single dipole transition at en‐
ergy E0, with an effective oscillator strength of πEd/2.
Hence, the dispersion of GaAs/AlxGa1‐xAs in the MIR
range can be adequately modeled by fitting only two
free parameters, E0 and Ed, as was shown in Ref. [26].

3.2.3 Monte Carlo error propagation

We use a Monte Carlo‐type routine to propagate the
measured uncertainties to the best‐fit model param‐
eters. This approach is robust to common system‐
atic measurement errors because the refractive in‐
dices are tightly constrained by the measured quan‐
tities.
For the purpose of uncertainty propagation, the

model can be described as a function

T = TMM(di,nSubst,nGaAs,nAlGaAs) (3.4)

denoting the transmittance T as a function of the layer
thicknesses di and refractive indices n. The fitted

parameters nGaAs and nAlGaAs are described accord‐
ing to Eqs. (3.1)–(3.3). Here, T, di, and nSubst repre‐
sent measured quantities with associated uncertain‐
ties. Hence, our method involves using measured
quantities not only in the data the model is fit to (the
Tmeasured via FTIR), but also in the parameters used
to seed themodel (di and nSubst). Since the TMMrepre‐
sents a complicated model function, and a nonlinear
least‐squares fit routine is used, error propagation to
the best‐fit parameters is not straightforward and no
standardized procedure exists.
To overcome this challenge, we use a Monte Carlo

approach to calculate the propagated uncertainty: For
each run, we randomly pick a certain realization of
the measurement values [layer thicknesses di and
transmittance values T(λ)] from distributions based
on their respective measurement uncertainties [as
given in Figs. 3.5(b) and 3.2(b)]. We repeat this process
many times, yielding slightly different sets of parame‐
ters that vary within the measurement uncertainties.
We then use each set for the same curve‐fitting ex‐
ercise, in which the dispersion parameters for both
materials are recorded. This results in datasets for
each fit parameter that also show variation as a conse‐
quence of the uncertainty in the measurement data.
Finally, for each set of parameters, the refractive

index n(λ) is calculated for both materials. It is of
note that the uncertainty in n is much smaller than
what would result from Gaussian error propagation
because the fitted parameters show appreciable co‐
variance with the input parameters taken from mea‐
surement and literature values. This is best seen
when comparing the uncertainties resulting from fit‐
ting Eq. (3.1) vs Eq. (3.3): The former requires litera‐
ture and measurement values for EΓ and x with asso‐
ciated additional uncertainties when compared to the
latter. Still, this leads to a negligible difference in the
observed standard uncertainty of n.

3.3 Experiment

The basic idea of our approach is the following: On
the one hand, the optical response, in our case the
transmittance T, of a transparent optical system can
be accurately modeled via TMM if the physical struc‐
ture (i.e., layer thicknesses) and the associated refrac‐
tive indices are known. On the other hand, the trans‐
mittance is accessible to optical probing. As a result,
knowing both the measured optical response as well
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as the material composition and layer thicknesses of
an optical structure allows us to determine the refrac‐
tive indices. Thismeans that the refractive indices can
be uniquely defined for a two‐material structure that
exhibits a characteristic optical response in the wave‐
length range of interest.
While this paper details results forGaAs/AlxGa1‐xAs,

the underlying measurement principle (combining
knowledge of the optical response with measure‐
ments of the physical structure of a thin‐film multi‐
layer to simultaneously obtain the refractive indices
of bothmaterials) is much broader in its applicability,
as is shown in Fig. 3.1. It can be adapted for different
samples, measurement devices, and spectral ranges.
In this study, data collection consists of two indepen‐
dent measurements:
(i) obtaining a photometrically accurate transmit‐

tance T spectrum via Fourier‐transform infrared
(FTIR) spectrometry and
(ii) measuring individual physical layer thick‐

nesses di via calibrated SEMmetrology.
As explained in Sec. 3.2.1, the TMM relates the optical
layer thicknesses to the optical response of a layered
system.

3.3.1 Fabrication and description of the
GaAs/AlxGa1‑xAs sample

Wedesigned the sample under test to serve as half of a
distributedBragg reflector (DBR) structure centered at
λd = 4.5 μm. Nominally, this structure consists of 22.5
periods of AlxGa1‐xAs/GaAs layer pairs, with an optical
layer thickness of λd/4, terminated by a single λd/8‐
thickness GaAs cap (46 layers total) to avoid exposure
of AlxGa1‐xAs to air, preventing oxidation. The target
AlAs mole fraction in the AlxGa1‐xAs layers was x =

0.92.
Based on the above design, a DBR specimen is de‐

posited via MBE on a [001]‐oriented semi‐insulating
(GaAs with As antisite defects) GaAs seed wafer with
a diameter of 15 cm and a nominal thickness of 675±
25 μm. From this as‐grown structure (seed wafer plus
MBE‐deposited heterostructure), we cleave a rectan‐
gular die of 2 × 2 cm2, which serves as the sample
for all parts of this study. After growth, the AlAs
mole fraction x is estimated to be 92.9 ± 3.0% based
on x‐ray diffraction (XRD) measurements performed
by the epitaxial material supplier. Here, the uncer‐
tainty represents a conservative estimate based on

data from [34, 35]. In our analysis, we assume that
the mole fraction x is the same for all AlxGa1‐xAs lay‐
ers and that interfaces between the layers are abrupt
(i.e., that n changes over a distance≪ λ).
Recently, a two‐mirror cavity using 44.5‐period

DBR mirrors fabricated with material from the same
growth run demonstrated a finesse of 230 000, corre‐
sponding to a per‐mirror excess loss (absorption plus
scatter) of 4.27 ± 0.52 ppm. From this an average
extinction coefficient k < 10−6 was extracted, sug‐
gesting backgrounddoping levels of≤10−14 cm−3 [18].
This high purity makes the multilayer structure an
ideal specimen to extract the refractive indexn of both
materials from an optical measurement.

3.3.2 Transmission spectrum via Fourier‑
transform infrared spectrometry

We obtain transmittance T spectra using a commer‐
cially available vacuum FTIR spectrometer (Bruker
Vertex 80v). As described below, the necessary photo‐
metric accuracywas obtained by thorough calibration
and rigorous control of measurement conditions.

Measurement conditions and parameters

To achieve excellent photometric accuracy, we thor‐
oughly characterize the FTIR device and optimize
the measurement parameters. From these efforts,
we find that a SiC globar‐type light source with a
2‐mm aperture is optimal. The aperture size is cho‐
sen to maximize throughput while obtaining a well‐
collimated beam (excluding influence on resolution
due to a large source diameter). Weuse a standardKBr
beamsplitter for optimal modulation efficiency over
the wavelength region of interest. The scan speed of
themoving interferometermirror is set to 10 kHz (cor‐
responding to a physical scan speed of c. 0.32 cms−1),
limited by the RF‐frequency bandwidth of the em‐
ployed DLaTGS pyroelectric detector. We select this
detector to minimize systematic errors due to non‐
linear detector response, owing to its excellent lin‐
earity and flat detectivity D∗(λ) over our measure‐
ment range [36, 37]. We verified the wavelength cal‐
ibration of the FTIR by comparing the spectrum of a
polystyrene filter with a manufacturer‐supplied cal‐
ibration curve. We perform all measurements af‐
ter evacuation (2.21mbar). We find that optimal sta‐
bility and repeatability of the above configuration is
achieved >10 h after starting evacuation and switch‐
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Fig. 3.2. (a) Transmittance spectra of the measured mul‐
tilayer structure. As‐measured in FTIR (blue) and the best‐
fittedmodel (orange) obtainedwhen calculating a nonlinear
least‐squares regression with the TMMmodel based on the
physical layer thicknesses extracted from SEM. (b) Statisti‐
cal 1s standard uncertainty of the FTIR measurements.

ing on the light source. Possible causes for this are
thermalization (light source, detector) or a gradual
improvement in evacuation. It is of note that this
is well above the stabilization time recommended by
the manufacturer (4 h), which we attribute to the ag‐
ing of our device. Because of the detector’s moder‐
ate D∗ and the resulting single shot signal‐to‐noise ra‐
tio (SNR), each individual measurement (duration of
15min each) is the average of 256 individual interfer‐
ograms.

We record all measurements as double‐sided inter‐
ferograms. That way, the phase spectrum is available
at the same resolution as the power spectrum for the
FT process, avoiding photometric errors from phase
correction of single‐sided interferograms [38]. Subse‐
quently, we Fourier transform each measurement to
a spectrum with 5 cm−1 resolution, using a Norton‐
Beermediumapodization andMertz phase correction
in the process, previously shown to yield optimal pho‐
tometric accuracy [39]. To obtain the transmittance
spectrum of the DBR, we ratio the sample spectrum
against a background spectrum, which is measured
and evaluatedunder identical conditions immediately
before. We repeat the background (sample size i = 14)
and sample (i = 8) measurements several times to es‐
timate the associated type A uncertainties for each se‐
ries over our entire measurement range 1400 cm−1 to
5000 cm−1 [see Fig. 3.2(b)].

We stabilize the sample temperature at Ts = 22 ±
1 ◦C using a custom‐built optomechanical mount with
a single‐stage TEC element to exclude fluctuations due
to thermal drift. We carefully aligned the sample to
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Fig. 3.3. (a) Temperature resolvedmeasurements spanning
18 ◦C to 32 ◦C, including the measurement used for retriev‐
ing the refractive indices at 22 ◦C. (b) As systematic shifts
are barely visible in the main figure, we show a zoom of the
shaded area in (a). The shift of approx. 3 nm at 4210 nm due
to changes in temperature is clearly visible.

normal incidence (overlapping the reflected lightwith
the incident beamat the entrance of the sample cham‐
ber), with an estimated error of<0.3◦.

Temperature‑resolvedmeasurements

The aforementioned TEC‐stabilized mount allowed
us to cool/heat the sample in a limited range (18 ◦C
to 32 ◦C). The temperature stability is better than
±0.1K, while the accuracy is limited by the thermis‐
tor (including calibration error) to±1K. Temperature
readings are given in Fig. 3.3. As discussed in [25],
such temperature‐dependent measurements can be
used to extract dn/dTs and d2n/dT2

s , as the linear ther‐
mal expansion coefficient of GaAs/AlxGa1‐xAs is well
known [25]. Accurate extraction of these parameters
would require a wider range of temperatures, beyond
the capabilities of our custom‐built mount.

3.3.3 Scanning electronmicroscopemea‑
surements

We measure the individual thickness of each
GaAs/AlxGa1‐xAs layer using a scanning electron
microscope (Zeiss Supra 55 VP) providing a cross sec‐
tion of the same sample used in FTIR measurements.

The described routine takes direct advantage of
the excellent thickness uniformity of epitaxial DBRs,
whichwas demonstrated to be less than 0.41±0.05 nm
RMS over a 4‐cm‐diameter sample in [40]. This allows
us to extract individual measurements from several
thousand high‐resolution line scans to calculate sam‐
ple statistics, drastically reducing the standard uncer‐
tainty.
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Sample preparation

Prior to preparing the cross section, we deposit a gold
layer on top of the heterostructure using a table‐top
sputtering device (Leica EM SCD050 with EMQSG100)
to avoid contrast issues at the air‐GaAs boundary in
SEM metrology (see Fig. 3.4). To reveal the cross sec‐
tion of the multilayer, we cleave the die within the
c. 2mm spot probed in FTIR spectrometry using a
standard diamond scribe. As we use a monocrys‐
talline superlattice structure this results in a cross
section perpendicular to the front surface (flatness
was confirmed using a secondary electron detector in
SEM).Wemount the sample on a 90◦ sample holder to
exclude systematic errors (tilt angle and vibration).
AsAlxGa1‐xAs is known to formoxide layers, we take

care that the sample is exposed to the atmosphere
prior to SEM imaging for no more than 15min. Ac‐
cording to prior studies [41], this will cause an oxide
layer of c. 1 nm thickness for our sample. We find
this to be negligible compared to the mean interac‐
tion depth of backscattered electrons, simulated to be
≫1 nm at 10 keV (using CASINO v2.51 [42]). Hence,
this thin oxide film does not affect SEM imaging using
a backscattered electron detector.

Cross‑sectional measurement

We load the mounted sample on the SEM’s multisam‐
ple holder together with a certified calibration stan‐
dard (EM‐TEC MCS‐0.1CF). After evacuation of the
system (c. 5 × 10−5mbar), we perform all measure‐
ments at a beam energy of 10 keV. All images used
in this evaluation were obtained at a working distance
of c. 9.5mm. Prior to calibration and measurement,
we set a nominal magnification of c. 6600, so that the
complete superlattice structure is captured in a sin‐
gle image. We use the standard’s 1 μm grid (17 lines
with 1 μm pitch, certified total length of 16.0100 ±
0.0048 μm) to calibrate the SEM at the chosenmagnifi‐
cation. We image the standardwith the above settings
after optimizing the stigmator and focus to obtain an
undistorted micrograph [see Fig. 3.4(a)]. Following
the calibration step, we use the translation stage of the
SEM to position the cross‐section of our heterostruc‐
ture below the electron gun. In this step, we also cor‐
rected for a slight height difference between the stan‐
dard and sample by moving the cross‐section into fo‐
cus (at identical working distance etc.). Thereby, the
heterostructure is imaged under identical conditions
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Fig. 3.4. (a) One of a total of four SEM images of the DBR
under test. The leftmost layer is gold, coated after FTIR to
exclude boundary effects in SEMmetrology. The size of this
micrograph is c. 17.3 μm × 12.9 μm, resulting from a cali‐
brated pitch of 5.6278±0.0017 nmpx−1. (b) The typical pro‐
file of a single row (blue) with extracted layer thicknesses
(red).

as the standard at four distinct positions.

Evaluation

For both the standard and the sample, we use a cus‐
tom Python 3 script to extract the interface positions
according to the following steps:
(i) loading the picture as a 2D array, where every

entry is assigned the 8‐bit gray‐scale value of the cor‐
responding pixel,
(ii) slicing the image row‐by‐row to get a lineprofile

[see Fig. 3.4(b)],
(iii) estimating the interface positions by finding

the extrema of the first derivative of the rowwise pro‐
file,
(iv) dividing each single‐rowprofile into smaller in‐

tervals around the estimated interface positions so
that each interval contains a single interface,
(v) for each interface, fitting an error function and

using the inflection point of the fitted curve as our es‐
timate for the interface position (using the error func‐
tion is justified by the fact that it is the convolution of
an electron beam, approximated by a Gaussian pro‐
file, and the abrupt material interface, approximated
by a step function),
(vi) layer thicknesses are obtained by subtracting

subsequent estimates for the interface positions from
each other, and
(vii) repeating the above procedure for all rows in
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Fig. 3.5. (a) Measured layer thicknesses, resulting from av‐
eraging row‐wise measurements. Note that the thickness of
the 1/8‐wave cap d1 (green) was multiplied by a factor of 2.
(b) Error bars showing 1s standard uncertainty for themean
values given in (a).

the image, we find the mean and 1s standard uncer‐
tainty of the mean for each layer s(di).
In the case of the sample, we repeat these steps for

all four images. In this procedure, we exclude signifi‐
cant systematic errors due to sample tilt by testing for
systematic changes in extracted interface positions.
From the evaluation of the reference standard, we

establish a calibrated distance per imaged pixel. For
that, wemeasure the certified distance of the standard
to be 2844.807 ± 0.010 px. This results in a calibrated
pitch of 5.6278± 0.0017 nmpx−1. The propagated un‐
certainty of 0.03% is dominated by the certified uncer‐
tainty of the standard, as the relative statistical uncer‐
tainty is <4 ppm.
From four SEM images of the GaAs/AlxGa1‐xAs het‐

erostructure, we extract the mean and standard un‐
certainty of the individual layer thicknesses in units
of pixels. We multiply these values by the calibrated
pitch to assign physical layer thicknesses in units of
nanometers, as summarized in Fig. 3.5.
The propagated relative uncertainty (<4 × 10−4 for

all λd/4 layers) is dominated by the uncertainty of
the calibration standard, except for the topmost λd/8
GaAs layer, which exhibits a relative uncertainty of
2.2 × 10−3. This is caused by the Au/GaAs interface,
where the data quality suffers from remaining struc‐
tures in the Au cross section that could not be elimi‐
nated.

3.4 Results

To obtain the refractive indices of GaAs/AlxGa1‐xAs
from the above measurements, we use a nonlin‐
ear least‐squares fitting approach. In that pro‐
cess, we seed a TMM model based on the layer

Table 3.1. Parameters to calculate the refractive indices for
both materials according to our results for models given by
Eq. (3.1) and Eq. (3.3).

Material Model Variable Value

GaAs Eq. (3.2) x 0
Eq. (3.1) η 0.170481

Ef 4.36144
Eq. (3.3) E0 3.21318

Ed 31.1845
Al0.929Ga0.071As Eq. (3.2) x 0.929

Eq. (3.1) η 0.0393107
Ef 5.90697

Eq. (3.3) E0 4.64100
Ed 33.4811

thicknesses obtained via SEM and model the refrac‐
tive indices according to the models in Eqs. (3.1)
and (3.3). We then fit the resulting curve to the
photometrically‐accurate FTIR transmittance T spec‐
trum [see Fig. 3.2(a)] to obtain values for the free pa‐
rameters, effectively resulting in values for the refrac‐
tive indices of GaAs/AlxGa1‐xAs.

To infer accurate mean values and standard uncer‐
tainties for both refractive indices, we use the de‐
scribed Monte Carlo‐type uncertainty propagation.
This involves running the fit routine 1000 times for
each model. Before each fit, we randomly pick the
transmittance values T(λ), the individual layer thick‐
nesses di, and, in the case of Eq. (3.1), the AlAs con‐
tent x and literature values for EΓ, from normal distri‐
butions representing their respective propagated un‐
certainty. The resulting distributions, which give the
mean and standard uncertainty for n, also closely fol‐
low a normal distribution. Subsequently, we use each
set of Monte Carlo parameters to calculate the refrac‐
tive index, where the variation of these calculations
results in mean values and standard uncertainties for
both indices n(λ), which we show in Fig. 3.6. We
report model parameters reproducing our results in
Table 3.1 for ease of computation. The largest rel‐
ative standard uncertainty is observed at the lower‐
wavelength end of our spectrum. Using Eq. (3.1) with
Eq. (3.2), these values are s(nGaAs)/nGaAs ≤ 3.2 × 10−4

and s(nAlGaAs)/nAlGaAs ≤ 2.8 × 10−4, whereas uncer‐
tainties for Eq. (3.3) are≤ 3.3× 10−4 and≤ 2.9× 10−4

for GaAs and Al0.929Ga0.071As, respectively. We report
these as the uncertainty for n when calculated with
parameters in Table 3.1 over the whole wavelength
range.
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Fig. 3.6. Final results for the refractive indices, compared
to values from literature. Error bands/bars for our results
obtained from fitting Eq. (3.1) and for values from Ref. [25]
(triangles, Pikhtinmodel) are given as fourfold standard un‐
certainty 4s(n), while the error bars for Ref. [26] (circles) are
given as 1s(n). Values for Ref. [23] (squares) represent an ex‐
trapolation from the NIR with unknown uncertainty. Error
bands for our fit of Eq. (3.3) are omitted because they are al‐
most identical to those for Eq. (3.1). (a) Refractive index of
GaAs. (b) Refractive index of Al0.929Ga0.071As.

3.5 Conclusions and outlook

In summary, we report the simultaneous measure‐
ment of refractive index n values for both pure GaAs
and Al0.929Ga0.071As in the spectral range 2–7.1 μm at
room temperature (Ts = 22±1 ◦C), probing a superlat‐
tice DBR, grown viaMBEwith exceptionally low back‐
ground doping [18].
We obtain these measurements via a general,

highly‐adaptable method, that allows us to measure
the refractive indices of twomaterials simultaneously
by probing a thin‐film heterostructure. The approach
can be used with crystalline and amorphous dielec‐
tric multilayers. These multilayers bear the advan‐
tage that one of the materials is not exposed to the
atmosphere, easing the characterization of oxidizing
materials such as AlxGa1‐xAs, avoiding complicated
schemes [27, 41].
This enables routine refractive index measure‐

ments of current and future optical materials in their
transparent range. As outlined in Fig. 3.1, the in‐
dividual steps involve acquiring the optical response
and accurately measuring the layer thicknesses. In
our process, we accurately measure the thickness of

each layer. Consequently, the sample does not have
to be a DBR, provided that the transmittance spec‐
trum has broadband characteristics, which remain
undistorted by the resolution of the spectrometer in
use. Many multilayer structures, such as antireflec‐
tion (AR) or broadband high‐reflectivity (BBHR) coat‐
ings, typically meet this criterion. A subsequent non‐
linear least‐squares fit results in accurate refractive
index values over a broad wavelength range, cap‐
turing material dispersion with suitable empirical,
semiempirical, or theoretical models for both refrac‐
tive indices. Compared to other approaches, the pre‐
sented routine realizes high levels of accuracy and
precision, while reducing experimental complexity
and relying on widely‐available devices. We do not
require specialized and cost‐intensive optical setups,
such as spectroscopic ellipsometers [43]. The eval‐
uation step avoids intricate extrapolation routines,
which are needed in the fringe pattern analysis used
for FTIR refractometry [22, 25].
In the present study, we acquire a photometrically‐

accurate transmittance spectrum via FTIR spectrom‐
etry and an accurate measurement of individual
layer thicknesses via calibrated SEM metrology. For
both measurements, control of systematic errors
was necessary but achieved by simple means such
as careful alignment and temperature stabilization.
Subsequently, we perform a nonlinear least‐squares
fitting routine based on TMM, where the disper‐
sion dn/dλ was captured according to two different
models for each refractive index. Finally, we use
the best‐fit results to obtain the refractive indices
for GaAs/Al0.929Ga0.071As over the entire wavelength
range. Propagation of measurement uncertainties via
a Monte Carlo approach suggests relative uncertain‐
ties on the order of 10−4 for both materials, achieving
good agreement with previously‐published results.
Differences to the values published in [23] are ex‐
plained by the fact that this data represents an ex‐
trapolation from a fit to NIR measurements. Notably,
the data by Palmer et al. [26] shows the largest dis‐
crepancy, likely caused by a systematic offset due to
the incorrect assumption of perfectly uniform high‐
and low‐index layers. The discrepancy with regards
to the results by Skauli et al. [25], which were used to
model the GaAs wafer in the present study, is likely
caused by different material properties, such as free‐
carrier concentrations [21] when comparing MBE‐
grown GaAs with LEC/VGF‐grown GaAs wafers.
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We believe that both the proposed method and the
updated values for GaAs/Al0.929Ga0.071As should find
use in the design, fabrication, and characterization
of active and passive optical devices. This is of spe‐
cial importance for the MIR, which is of high inter‐
est for applications in spectroscopy, but also a region
where the optical properties of many materials are
still poorly studied.
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Abstract

For trace gas sensing and precision spectroscopy, optical cavities incorporating low‐loss
mirrors are indispensable for path length and optical intensity enhancement. Optical in‐
terference coatings in the visible and near‐infrared (NIR) spectral regions have achieved
total optical losses below 2 parts per million (ppm), enabling a cavity finesse in excess of
1 million. However, such advancements have been lacking in the mid‐infrared (MIR), de‐
spite substantial scientific interest. Here, we demonstrate a significant breakthrough in
high‐performance MIRmirrors, reporting substrate‐transferred single‐crystal interference
coatings capable of cavity finesse values from 200 000 to 400 000 near 4.5 μm, with excess op‐
tical losses (scatter and absorption) below 5ppm. In a first proof‐of‐concept demonstration,
we achieve the lowest noise‐equivalent absorption in a linear cavity ring‐down spectrome‐
ter normalized by cavity length. This substantial improvement in performancewill unlock a
rich variety of MIR applications for atmospheric transport and environmental sciences, de‐
tection of fugitive emissions, process gas monitoring, breath‐gas analysis, and verification
of biogenic fuels and plastics.
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4.1 Introduction

High‐performance resonators integrating low‐
optical‐loss mirrors are used in a wide variety of
applications, ranging from time‐and‐frequency
metrology, quantum electrodynamics and optome‐
chanics, to trace gas sensing and detection. Rempe et
al. [1] reported an ion‐beam sputtered (IBS) coating
at 850 nm on conventionally‐polished substrates
with transmittance T = 0.5 ppm and excess loss
(consisting of scatter, S, and absorption, A) of
S + A = 1.1 ppm. More recently, IBS coatings on
micro‐fabricated mirrors have shown even lower
excess losses of S + A = 0.74 ppm (with T = 1.9 ppm)
at 1550 nm [2, 3]. In the MIR, only modest coating
advancements have been realized and this technol‐
ogy significantly lags what is readily achievable in
the NIR. The lowest reported excess loss for tradi‐
tional amorphous MIR mirrors is S + A = 30 ppm
with T = 120 ppm at 4.53 μm, resulting in a cavity
finesse of F = π

√
R/(1 − R) = 20 900 [4], where

R = 1 − T − S − A is the reflectivity. Similar mir‐
rors with reduced transmission values have yielded
increased finesse values from 52 000 to 67 700 [5–
7], though the component losses (T vs. S + A) in
these systems are unknown. In contrast, substrate‐
transferred monocrystalline GaAs/AlGaAs Bragg
mirrors at 4.54 μm, have shown the lowest levels of
excess loss to date (S + A = 7 ppm) [8]. In that work,
the transmission was high compared to the mirror
losses, with T = 144 ppm, leading to a cavity finesse
of 20 800, but with much greater on‐resonance cavity
transmission of (T/(T + S + A))2 = 91% compared
with 64% for previous results [4].
Here, we report on the realization of ultrahigh‐

finesse MIR mirrors using two coatings methods.
The first method extends the recently‐reported “all‐
crystalline” architecture [8] [Fig. 4.1(a)] to produce a
transmission‐loss‐dominated cavity finesse of 231 000
at 4.5 μm (on‐resonance transmission >48%). A sec‐
ond “hybrid” approach yields even higher finesse, ex‐
ceeding 400 000 (on‐resonance transmission of 11%).
This new hybrid coating paradigm [Fig. 4.1(b)] com‐
bines two different coating processes – an amorphous
sub‐stack deposition is followed bonding a crystalline
multilayer on top. Owing to the minimal field pene‐
tration depth in quarter‐wave reflective interference
coatings (Fig. 4.2), these mirrors exhibit excess losses
at least a factor of six lower than the previous best re‐

Fig. 4.1. Schematic description of the manufacturing pro‐
cess and coating structure for the (a) all‐crystalline and (b)
hybrid designs. These ultralow‐loss mirrors leverage the
low scatter and absorption losses of substrate‐transferred
MBE‐grown GaAs/AlGaAs multilayers.

sults obtained with all‐amorphous interference coat‐
ings. This represents simultaneously the highest fi‐
nesse and lowest excess losses yet achieved in this
spectral region. The finesse and cavity transmission
improvements enabled by these mirrors lead to com‐
pounding advantages for spectroscopy, resulting in
record‐low levels of noise‐equivalent absorption. As a
proof‐of‐concept demonstration, we present trace gas
detection in ultra‐high purity nitrogen.

4.2 Design, fabrication, and optical
validation

Figure 4.1 schematically shows the two low‐loss mir‐
ror designs investigated in this manuscript. The
double‐bonded all‐crystalline structure consists of al‐
ternating high refractive index GaAs and low refrac‐
tive index Al0.92Ga0.08As layers. We additionally pur‐
sue the development of a novel hybrid mirror design
that combines the same GaAs/AlGaAs multilayer with
an IBS‐deposited amorphous sub‐stack. All mirrors
use super‐polished single‐crystal Si substrates with a
concave radius of curvature of 1m, with the backside
wedged at 0.5◦ and IBS‐coated with a broadband 4–
5 μm anti‐reflection coating.
As described above, both mirror designs use a

common crystalline “half‐stack”multilayer grown via
molecular beam epitaxy (MBE), comprising 22.25 pe‐
riods of GaAs/Al0.92Ga0.08As (22×1/4‐wave layer pairs,
in terms of optical thickness, terminating with a 1/8‐
wave layer of high index GaAs). The epitaxial half‐
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Fig. 4.2. Simulated decay of the electric fields (red and
green traces) as a function of depth into the all‐crystalline
and hybrid coatings. The multilayer designs and material
indices at 4.45 μm are provided. Replacement of one crys‐
talline half‐mirror with an amorphous stack has little im‐
pact on optical absorption if the crystalline layers remain
the first reflection surfaces. Comparing the electric fields,
the optical field penetration depth of 878 nm is identical for
both the all‐crystalline and hybrid coatings (for details see
main text).

stack reduces the total physical thickness of the as‐
grown multilayer, minimizing the defect density and
ultimately the optical losses of the crystalline coating.
Deposition is carried out on a lattice‐matched 15 cm
diameter [001]‐oriented semi‐insulating GaAs wafer.
Following the crystal growth process, individual crys‐
tallinemirror die are defined via lithography and etch‐
ing.
For the all‐crystalline mirrors, two crystalline half‐

stack die are directly bonded to realize the full mirror
stack, now 44.5 periods of GaAs/Al0.92Ga0.08As with a
nominal T of 10 ppm at a target center wavelength of
4.5 μm. Next, the stacked epitaxial multilayer is trans‐
ferred to the Si optical substrate, again using direct
bonding with no adhesives or interlayers [9, 10].
In the case of the hybrid mirrors, the base Si sub‐

strates are initially coated with an amorphous partial
mirror structure via IBS. Amorphous Si (a‐Si) is used

for the high refractive index layers, with silica (SiO2)
as the low index component, with four periods of a‐
Si/SiO2 deposited before a 1/8‐wave terminating alu‐
mina (Al2O3) layer. This termination layer was in‐
tended to aid bonding, but subsequent designs end‐
ing the amorphous stack with a‐Si were found to be‐
have identically. An annealing process at 300 ◦C for
24 hours minimizes internal stresses and reduces the
optical absorption of the IBS films. Following the IBS
deposition and annealing processes, we directly bond
a GaAs/AlGaAs half mirror die to the capping Al2O3

layer to complete the hybrid mirror stack.
We explore both mirror designs to present the

trade‐offs between the all‐crystalline mirrors (offer‐
ing the lowest possible absorption loss) and the advan‐
tages of the hybrid approach (scalable manufacturing
and access to longer center wavelengths). Given the
optical field penetration depth of 878 nm for both the
all‐crystalline and hybrid coatings [11] compared to a
total coating thickness of 32 μm and 21 μm for the re‐
spective designs, it is clear that the optical mode pri‐
marily samples the losses from the surface crystalline
layers. A small amount of additional absorption of
less than 5ppm, conservatively estimated fromworst‐
case material parameters, is expected from the more
lossy amorphous stack due to the slightly enhanced
field in thefirst couple of amorphous layers (Al2O3 and
SiO2) near the crystal‐amorphous interface (Fig. 4.2).
The hybrid coating approach also offers a wider stop‐
band (due to the higher refractive index contrast of
the amorphous layers), and the ability to extend the
achievable center wavelengths, nominally to 12 μm
and beyond.
In the hybrid mirror design, the epitaxial stack

can be limited to a maximum physical thickness
that maintains high structural perfection with limited
growth‐induced defects. A thinner crystalline multi‐
layer (exhibiting minimal defects) enables ppm‐level
losses at wavelengths longer than that which can be
achieved with the all‐crystalline structure by avoid‐
ing excessively thick epilayers or successive bonding
steps to push to wavelengths beyond 5 μm. Additional
details of the manufacturing process and limitations
are discussed in the Methods section.
High precision optical characterization of the com‐

pleted mirrors to decompose the total loss into trans‐
mission and excess losses is possible with the all‐
crystalline coating since sample preparation required
only cleaving of the epi structure. We followed the
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prescription given in [12]: i) X‐ray diffraction (XRD)
of the as‐grown crystalline multilayer to determine
the Al composition of the ternary AlxGa1‐xAs lay‐
ers; ii) cross‐sectional scanning‐electron microscopy
(SEM) to probe the individual layer thicknesses for all
materials; iii) Fourier‐transform spectrometry (FTS)
for the broadband transmittance spectra of the com‐
pleted mirrors; iv) transmission matrix modeling
(TMM) using the known refractive indices [12], layer
thicknesses, and broadband transmittance spectra to
determine the transmittance within the stopband,
where FTS provides insufficient dynamic range; v) fi‐
nally, cavity ring‐down gives the total loss, fromwhich
the transmittance can be subtracted to determine
S + A. The uncertainty of T at the stopband cen‐
ter (T0) is estimated with a Monte‐Carlo‐style model,
varying the measured TMM input parameters within
their respective error bounds. Using the approach
outlined above, calculations are performed for the
all‐crystalline mirror stack and the individual mirror
transmission is found to be T0 = 9.33 ± 0.17 ppm at
4449.5 ± 0.5 nm. A similar procedure was followed to
derive the transmission of the hybrid coating by sep‐
arately sectioning the amorphous sub‐stack. We find
T0 = 2.53 ppm at 4450 nm, with the evaluation of un‐
certainties left to a future study due to the increased
difficulty in sample preparation of the insulating ma‐
terials, as well as the appreciably higher complexity
of the modeling for a 6‐material system, rather than a
3‐material system for the all‐crystalline mirrors. Fur‐
ther information is provided in the Methods section.
The total loss measurements were performed us‐

ing a cavity ring‐down reflectometer implemented in
a scheme based on that described in [8] with added
spectral and spatial scanning capabilities [13]. A
broadband Fabry‐Perot quantum cascade laser (FP‐
QCL) was mode matched to the cavity under test with
the mirrors separated by 145± 2mm (calculated spot
size of 629 μm on eachmirror). Optical feedback from
a grating in the Littrow configuration tunes the QCL,
while a 35‐dB optical isolator reduced unwanted op‐
tical feedback from the cavity that would dominate
the laser behavior. The power transmitted through
the resonant cavity was filtered via a monochroma‐
tor with a passband of 18 nm to provide spectrally re‐
solved ring‐down curves (admitting a weighted com‐
bination of up to ∼260 longitudinal TEM00 modes).
During testing, the mirrors are held under vacuum
(<1mPa) to avoid intracavity atmospheric absorption.

Fig. 4.3. Spectrally resolved measurements of optical
losses. Vertical error bars represent the standard devi‐
ation of the ensemble of ring‐downs taken at a particu‐
lar wavelength, whereas the horizontal error bars indicate
the monochromator bandwidth of ±9 nm. Wavelengths
at extremes of the laser tuning range resulted in lower
source power and larger uncertainty in loss. Both mir‐
ror designs yield record optical performance, with the all‐
crystalline mirrors achieving a transmission‐dominated fi‐
nesse>200 000, while the hybridmirrors exceed 400 000 ow‐
ing to a reduced transmission. Blue circles: measured total
loss. Solid red: as‐grown transmission (Tcalc).

Figure 4.3 shows the measured total loss near the
region of minimum transmission for pairs of the all‐
crystalline and hybrid mirrors. For each data point,
the center wavelength of the monochromator was set
to the desired value and the Littrow grating angle was
optimized formaximumoptical transmission through
the cavity and monochromator. Fewer valid ring‐
downs were obtainable towards the extremes of the
laser tuning range, and the uncertainties increased
due to lower signal‐to‐noise. Due to the free‐running
nature of the laser, we do not have an estimate of the
statistical uncertainty of the laser wavelength.
The lowest total losses of 13.60 ± 0.49 ppm were

observed with the monochromator set to 4.45 μm for
the all‐crystalline mirrors, corresponding to a finesse
of 231 000 ± 8400. These prototype mirrors typi‐
cally showed a region of ∼2mm diameter over which
these extreme levels of performance are maintained
(see Fig. 4.4). Subtracting T0, as determined by the
TMM fit and XRD characterization of the stack, we
infer an excess loss of 4.27 ± 0.52 ppm. If we as‐
sume scatter to be negligible and assign all excess
losses in the GaAs/AlGaAs multilayer to absorption,
this corresponds to an absorption coefficient, αcoat, of
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Fig. 4.4. Spatially resolved measurements of optical losses
for the central 2mm of a) an all‐crystalline mirror, and b)
hybrid mirror. The value at each point was taken to be
the median value of 10 consecutive measurements. Sample
pitch was 0.1mm. This measurement reveals a significant
enhancement in uniformity (smaller range of loss values)
for the hybrid mirrors, likely given the reduced defect den‐
sity from the single bonding step. Photos of example mir‐
rors are shown in the insets.

0.0246 cm−1 ± 0.0030 cm−1, and an extinction coeffi‐
cient of kcoat = (8.7± 1.1)× 10−7 for the coating.

The lowest losses observed for the hybrid mirrors
was 7.70± 0.27 ppm, corresponding to an even higher
finesse of 409 000±14 000, which represents nearly an
order of magnitude increase over any reported con‐
ventional coating in the MIR. Again, subtracting T0

(determined for the hybrid coating structure), we ob‐
serve a similar level of S+ A = 5.17 ppm. This is con‐
sistent with the all‐crystalline results given that the
field penetration depth is substantially shallower than
the thickness of the epitaxial multilayer.

It is known from [8] that MIR crystalline coatings
can exhibit polarization‐dependent absorption. We
performed an empirical verification by rotating both
the laser polarization as well as the coating axes.
Within the precision of our ring‐down spectrometer,
we observed no change in loss with laser and mir‐
ror rotation for both types of mirrors. It is not yet
clear why these stacked coatings show little to no
orientation‐dependent losses and further investiga‐
tions are ongoing.

By successively repositioning the mirrors (and re‐
aligning to ensure the curved surface of the mirrors
remain normal to the laser), it was possible to map
the optical losses across the coating [13]. Figure 4.4
shows the measured losses in the central 2mm for a
representative unit of eachmirror type. Variations are
obvious on the all‐crystalline mirror, and we attribute
these to the combined imperfections from the double‐
bonding process. It is evident that the hybrid mir‐
ror greatly improves uniformity by avoiding the ad‐
ditional epitaxial growth defects from a second half‐
stack, as well as from the reduced complexity of the
single bonding step.

Given their improved uniformity and low losses, we
explored the performance of the hybrid mirrors in a
cavity ring‐down apparatus at NIST, Gaithersburg, op‐
timized for trace gas sensing and quantification.

4.3 Applications in gas sensing and
spectroscopy

A MIR cavity of unprecedented finesse offers intrigu‐
ing possibilities for improving the sensitivity of in‐
struments that are widely used for quantitative trace
gas sensing. Here, we present a proof‐of‐concept
demonstration of cavity ringdown spectroscopy using
a pair of hybrid mirrors forming a 79‐cm long cav‐
ity. To search for trace amounts of molecular absorp‐
tion, we flowed a sample of ultra‐high purity nitro‐
gen (N2; 99.999%) through the cavity at a pressure of
13 kPa and a temperature of 297K. Similar ultra‐high
purity gases are used in precision gas mixing as bal‐
ance gases and as feed gases in the semiconductor in‐
dustry, where purity is of paramount importance in
achieving high yield. Figure 4.5(a) shows an isolated
absorption line from residual nitrous oxide (N2O), de‐
tected at an amount fraction of 141 ppt ± 3 ppt. In
a nearby spectral window, Fig. 4.5(b) shows an ab‐
sorption line from residual carbon monoxide (CO),
detected at an amount fraction of 37.78 ppb±0.12 ppb
(N2O also makes a minor contribution). These ob‐
served amounts are two to three orders‐of‐magnitude
below atmospheric abundances for N2O and CO.
Separately, we measured the Allan deviation of the

empty‐cavity absorption coefficient (α0) at a fixed
wavelength of 4.527 μm [Fig. 4.5(c)] and determined
a minimum absorption coefficient of αmin = 2.5 ×
10−11 cm−1 achieved at 8 s. For timescales below 8 s,
the Allan deviation approximately follows a t−1/2 de‐
pendency (dashed trendline), indicating that mea‐
surements were dominated by white noise, before
being affected by drifts. The value of αmin corre‐
sponds to a noise‐equivalent concentration for N2O
and CO of 0.3 ppt and 2.2 ppt, respectively. These pro‐
jected limits—established here by proof‐of‐principle
spectroscopy usingmirrors fabricatedwith our break‐
through hybridMIR coating technology—are substan‐
tially better than the sensitivity metrics of existing
commercial optical analyzers that operate at similar
pressures and temperatures in the same wavelength
region (e.g., ≥25 ppt N2O‐in‐air at 8 s for a sample of
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Fig. 4.5. Cavity ring‐down spectroscopy reveals trace impurities in ultra‐high purity nitrogen (N2) (a) Nitrous oxide (N2O)
present at 141 ppt. (b) Carbon monoxide (CO) present at 37.66 ppb (with a minor contribution from N2O). Abbreviation:
O− C, observed minus calculated. (c) Allan deviation of empty‐cavity time constants (τ0).

326.5 ppb N2O‐in‐air; estimated from data in Table 1,
Table 6, and Fig. 3 of [14]). The 4.5 μm spectral region
is also of great interest to optical detection of radiocar‐
bon dioxide (14CO2) [5, 15–18], where increased cavity
performance can also be of benefit.
In Table 4.1 we compare our Allan deviation results

at 1 s from Fig. 4.5(c) to other values found in the lit‐
erature [16, 19–23]. We compare across similar re‐
alizations of linear‐absorption cavity ringdown spec‐
troscopy at wavelengths near 4.5 μm where the laser
and the cavity are passively coupled, e.g., excluding
results that leverage optical feedback self‐locking [24]
to substantially increase throughput [21]. Also not
included are comparisons to non‐linear cavity ring‐
down spectroscopy techniques [7, 15, 17, 25, 26]. To
level the comparison with respect to at least one in‐
strumental variable, we normalize the literature val‐
ues to a commoncavity length of 10 cm (assuming that
photodetection is detector‐noise limited [27] so that
the noise equivalent absorption, α at 1 s, is inversely
proportional to the square of the cavity length accord‐
ing to α0 = (1/(cτ 20 ))στ0 , where c is the speed of light,
τ0 = FL/(cπ) is the empty cavity decay time, F is the
empty cavity finesse, and στ0 is the standard error on
τ0 at 1 s). While some of the groups whose results ap‐
pear in Table 4.1 have published more recent papers
that report modified or applied instrumentation, to
the best of our knowledge, we list here the lowestMIR
(4.5 μm) 1‐s absorption coefficients published to date.

4.4 Outlook

The MIR region has been recognized as a rich por‐
tion of the optical spectrum where many species of
interest absorb strongly and characteristically. Rela‐
tive to the rapidmaturation of laser source technology

Table 4.1. Performance of comparable cavity ring‐down
spectrometers operating near 4.5 μm. Here the absorption
coefficient (at 1 s integration), cavity length, and normalized
performance for each system are shown. The ultralow opti‐
cal loss of our crystalline coatings yields the lowest normal‐
ized noise‐equivalent absorption.

Reference α0 at 1 s L α0 at 1 s for L = 10 cm
(cm

√
Hz) (m) (cm

√
Hz)

INO‐
CNR [19]

5.0× 10−9 1 5.0× 10−7

VTT [20] 2.1× 10−9 0.4 3.4× 10−8

Nagoya [21] 1.1× 10−8 0.11 1.3× 10−8

NIST [22] 2.6× 10−11 1.5 5.9× 10−9

LLNL [16,
23]

1.2× 10−10 0.67 5.3× 10−9

This work 6.0× 10−11 0.79 3.7× 10−9

(such as QCLs), low loss interference coatings based
on conventional deposition techniques have now be‐
come the performance‐limiting elements of instru‐
ments such as cavity ring‐down spectrometers. Here
we demonstrate a new paradigm for MIR coatings by
using two related, but both novel methods. These
fundamentally newultra‐high reflectivity coatings are
shown to achieve record levels of finesse values in a
linear cavity configuration. These ultrahigh finesse
values have been achieved with record low excess
losses, in combination with comparable transmission
values (and being transmission‐loss dominated in the
case of the all‐crystalline mirrors). These metrics are
key for applications in which cavity transmission and
contrast are paramount.

While the all‐crystalline mirrors yield phenomenal
results, the double‐bonding of the half stacks is a chal‐
lenging process that introduces roadblocks to scala‐
bility in terms of manufacturing and access of longer
center wavelengths. As a promising alternative, we
demonstrate a novel hybrid mirror structure combin‐
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ing amorphous multilayers deposited with traditional
physical vapor deposition (PVD) processes, capped
with a substrate‐transferred single‐crystal stack. This
platform allows for easier fabrication of low‐loss MIR
mirrors and further extends the operatingwavelength
of these coatings to the long wavelength limit set by
optical phonon absorption in the reststrahlen band
beyond approximately 20 μm in GaAs [28, p. 316]. This
platform should allow us to realize ppm‐levels of ex‐
cess losses (<10 ppm) out to ∼7000 nm and <50 ppm
for wavelengths approaching 11 μm (enabling, for the
first time, high‐performance CO2laser optics). Long‐
wavelength interference coatings capable of ppm‐
levels of optical losses have the potential to advance
capabilities in laser‐based manufacturing, including
extreme UV lithography.
We anticipate that such coatings will enable spec‐

troscopy at sensitivity levels previously unattainable
with existing technologies, furthering tabletop radio‐
carbon spectrometry [4–6], compact and fieldable at‐
mospheric trace gas detection devices, and chemical
sensing instruments [29–31]. Furthermore, the pre‐
sented mirrors have the potential to significantly ad‐
vance the capability of high damage threshold [32, 33]
and low‐loss optics for long‐wavelength laser‐based
manufacturing systems.

4.5 Methods

The ultralow‐loss all‐crystalline MIR mirrors pre‐
sented here were fabricated using a process similar to
that described in Ref. [8]. Here, a single epi wafer was
used for the interference coating, with direct bonding
of two half‐stack multilayer structures carried out at
the die level to build‐up the Bragg mirror. This ini‐
tial bonding step is employed to minimize the density
of growth defects in these relatively thick MIR coat‐
ings. The advantage is two‐fold: i) the shorter growth
process for the half mirror minimizes defect incor‐
poration and lowers the overall defect density in the
thin films, and ii) defects terminating at the surface of
the as‐grown crystal are mitigated as they are buried
at the bond interface in the middle of the combined
stack. Following the initial bonding process, a sub‐
strate and etch stop removal process is carried out via
selectivewet chemical etching, exposing the back sur‐
face of one of the half mirror stacks. This exposed
face of the epi structure is then directly bonded to a
super‐polished silicon optical substrate 1m concave

radius of curvature, 6.35mm thick with a 25.4mm
outer diameter, backsidewedged at 0.5◦) using a room
temperature plasma‐activated bonding process. To
complete the all‐crystalline MIR supermirrors, a sec‐
ond substrate and etch stop removal process is car‐
ried out, leaving the stacked crystalline coating trans‐
ferred to the Si base substrate. Given the need for
very thick layers in the all‐crystalline approach, mir‐
rors with a transmission below 10ppm would require
additional stacking/bonding steps forwavelengths be‐
yond∼5.5 μm (assuming amaximumepitaxial growth
thickness of ∼16 μm for maintaining a suitably low
defect density below 1000 cm−2). Typical RMS sur‐
face roughness below σ = 0.2 nm is achieved [8],
which leads to negligible expected scatter levels of or‐
der 1− Exp(−(4πσ/λ)2) ≈ 0.3 ppm [34].
With the hybrid approach, the epitaxial stack can

be limited to this maximum thickness value and the
underlying amorphous structure can be tailored to
tune the transmission. The die level “stacking” pro‐
cess is skipped and the GaAs/AlGaAs disk is instead
directly bonded to the surface of a pre‐coated Si base
wafer. The pre‐coating is a partial high reflectivity
stack consisting of the amorphous a‐Si/SiO2 layers ter‐
minated with a 1/8‐wave Al2O3 layer. These amor‐
phous films are generated via IBS in a Navigator 1100
(CEC GmbH) coating system using xenon as a sputter‐
ing gas. The oxides (SiO2 and Al2O3) are formed by
oxidation of metallic Al (>99.999% purity) and Si (p‐
doped >99.9999% purity) released from the sputter‐
ing targets and adding 70 sccm oxygen to the process
chamber for SiO2 and 90 sccm for Al2O3. The a‐Si was
deposited from a Si (undoped, 99.9999% purity) tar‐
get without adding any oxygen to the chamber. Be‐
fore deposition, the vacuum chamber is evacuated to
approximately 1 × 10−5 Pa. During deposition, the
vacuum pressure did not exceed 0.2 Pa and the sub‐
strate holder was heated and temperature controlled
to 150 ◦C. In a first run the a‐Si/SiO2 layers were de‐
posited followed by Al2O3 deposition without break‐
ing the vacuum or turning off the plasma source. The
entire coating run was controlled andmonitored with
a broadband optical monitoring system (wavelength
range of 250 nm to 2200nm) on an IR fused silicamon‐
itoring glass. After deposition, the films are annealed
for 24 hours at 300 ◦C in an oven at ambient atmo‐
sphere (stainless steel hot air oven,Memmert GmbH).
These prototype MIR mirrors employ 8mm diame‐

ter epitaxial coating discs. This small crystalline coat‐



4.5 Methods 55

ing area was used to conserve material during test
mirror production. It is important to note that we
can routinely produce much larger crystalline mir‐
rors, with high‐performance 10‐cm diameter crys‐
talline coatings recently demonstrated [35].
To accurately determine the minimum transmis‐

sion value for each mirror, we must determine the re‐
fractive indices andphysical thicknesses of each layer.
As the all‐crystalline mirrors consist of only two ma‐
terials, the process is simpler. In this case, we first
determine the exact alloy composition of the low in‐
dex AlxGa1‐xAs layers, then extract the thicknesses of
the films in the as‐grownmultilayer structure. XRD is
employed to determine the AlAs mole fraction, x, in
the ternary AlxGa1‐xAs alloy as x = 92.9% in the as‐
grown 22.25‐period epitaxial half‐stack material. In‐
dividual layer thicknesses were determined via SEM
imaging of a cleaved sample of the MBE‐grown mul‐
tilayer. These were evaluated line‐by‐line, resulting
in a large sample size that drastically improved the
statistical uncertainty of the thickness determinations
(the exact process is described in [12]). However, it is
known that deposition rate variations across the MBE
platen will lead to modest differences in the absolute
layer thicknesses across the wafer (or across various
wafers dependent on the growth configuration), while
the ratio of thicknesses are maintained [36]. That is,
we expect the layer thicknesses in our mirrors to be
related to the cleaved sample by a single rescaling pa‐
rameter, i.e., by multiplying the obtained thickness
values by a single factor dscale.
These unavoidable variations in alloy fractions and

thickness in the MBE growth process led to a devi‐
ation of the actual transmittance spectrum from the
design target. To obtain an accurate transmittance T
spectrum over the stopband region, including the re‐
gion of lowest losses around the mirror center wave‐
length λ0, we employed an improved variant of the
approach presented in [8]. We recorded a transmis‐
sion spectrum of the all‐crystalline mirrors with a
Fourier‐transform Spectrometer (FTS, Bruker VER‐
TEX 80v). An example spectrum is shown in Fig. 4.6.
These broadband measurements were recorded in
vacuum (220 Pa) with a resolution of 0.5 cm−1. Due
to the limited sensitivity and low signal‐to‐noise ra‐
tio (SNR) in the spectral region around λ0, the trans‐
mittance cannot be directly probed. However, the
width of the stopband and the characteristic struc‐
ture of the sidelobes allow for a precise interpolation

if the layer thicknesses of the layers are accurately
known. Knowing both, the broadband transmittance
spectrum and the physical layer thicknesses allows us
to fit a transfer‐matrix method (TMM) model to the
FTS data to obtain accurate transmittance values in
the stopband region. In this curve‐fitting exercise,
we modeled the layer structure using refractive index
values measured in‐house for the GaAs and AlGaAs
layers using the cleaved sample of epitaxial material
grown in the same run as for the completed mirrors
(see [12] for details), while for the Si substrate we used
values from [37], and n = 1 for incidence and exit me‐
dia. Note that we assumed abrupt interfaces and no
variation in AlAs mole fraction throughout the struc‐
ture, as well as a perfect AR coating on the back sur‐
face of the substrate.
The subsequent fit routine had three free parame‐

ters: The aforementioned multiplicative scaling fac‐
tor dscale on layer thicknesses, a global scaling param‐
eter Tscale to counteract photometric inaccuracies in
FTS imaging due to geometric effects (mostly caused
by the relatively thick, wedged, and highly refractive
Si substrate), andfinally a single scaling parameter for
the middle GaAs layer (formed of the two 1/8‐wave
caps of the half‐mirrors) to counteract a systematic
error in SEM imaging. The measured film parame‐
ters were varied within their respective error bounds
using a Monte‐Carlo‐style approach to obtain an es‐
timate of the uncertainty of the transmittance at the
stopband center T0.
For the hybrid mirrors, the crystalline stack came

from the same epi wafer as employed for the all‐
crystalline mirrors, thus those findings (in terms of
physical thicknesses and refractive indices) can be di‐
rectly used. The challenge in the case of these struc‐
tures, now consisting of five materials instead of two,
is the fact that the amorphous materials have less
well‐defined refractive index values. Thus, we under‐
take a similar systematic study of the amorphous ma‐
terials, including ellipsometry (SENresearch 4.0 and
SENDIRA, SENTECH Instruments GmbH) on single
films deposited and processed under identical condi‐
tions, photometricmeasurements in the NIR andMIR
(Agilent Cary5000, ThermoFisher Nicolet iS50) on wit‐
ness pieces and single films, etc. in order to estimate
the transmission of the completed hybrid mirror. In
this case, larger error bounds remain for the refrac‐
tive indices and physical thicknesses of the amor‐
phousfilms andwewill pursuemore in‐depth analysis
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of thesematerials in follow‐onwork. Additionally, ad‐
vances in epitaxy exploiting alternative material plat‐
forms could enable wider bandwidth mirrors via en‐
hanced index contrast [38], however, it remains to be
seenwhether suchmaterial systemswill be capable of
sufficiently low optical loss.
The higher index contrast achievable with the

amorphous sub‐stack resulted in a wider stopband
than the all‐crystalline coating, as determined by the
wavelength range over which the calculated trans‐
mission increased by a factor of two (approximately
180 nm and 130nm for the hybrid and all‐crystalline
coatings, respectively).
To perform spectroscopy, a continuous‐wave dis‐

tributed feedback quantum cascade laser (DFB‐QCL)
is tuned in steps of 0.013 nm (equal to the cavity free‐
spectral range, νfsr = 189MHz) around 4.52 μm and
cavity transmission is measured on a cryogen‐cooled
InSb detector, amplified, and digitized for analysis.
An acousto‐optic switch is used to shutter the laser
pumping of the cavity when a predetermined trans‐
mission threshold is met and then the optical decay is
recorded. The empty‐cavity time constant was τ0 =

128 μs which, for a cavity length of 79 cm, equates to a
round‐trip loss of 1− R = 21 ppm—a value consistent
with the data plotted in Fig. 4.3. An example of a raw
time‐domain optical decays is shown in Fig. 4.7.
The cavity construction rigidly mounted the hybrid

mirrors within a flow cell, using Invar rods to miti‐
gate against drifts in cavity length due to variations in
laboratory temperature. The gas sample is introduced
as a continuous flow at a nominal rate of 20 standard
cubic centimeters per minute (sccm) and pressure of
13 kPa. The pressure is stabilized using a back pres‐
sure controller andmonitored by pressure gauges cal‐
ibrated to NIST secondary standards. The tempera‐
ture of the outer walls of the flow cell—assumed equal
to the temperature of the sample gas—is measured by
two NIST‐calibrated platinum resistance thermome‐
ters to be 297K.
The amount fractions of molecular impurities

found in the ultra‐high purity N2 gas sample are
determined by fitting Voigt line shape functions to
the measured spectra using parameters from the HI‐
TRAN2020 database [39] as initial guesses. The tem‐
perature and pressure of the gas sample are fixed to
the measured experimental values and the following
parameters are floated in each fit: an absolute fre‐
quency offset, N2O or CO amount fraction and a lin‐

ear baseline model for τ0. For the spectrum contain‐
ing CO absorption, the N2O amount fraction is fixed to
the fitted value determined from the isolated line, and
the following two additional parameters are floated:
pressure‐broadening coefficient for CO and relative
frequency between the CO (strong) and N2O (weak)
transitions.
The calculation of noise‐equivalent amount frac‐

tions for N2O and CO is done for the transitions shown
in Fig. 4.5(a–b) using the HITRAN2020 database [39]
and a Voigt line shape function modeled at a pres‐
sure of 5 kPa and a temperature of 296K—pressure
and temperature conditions commonly used in com‐
mercial sensors like those reported in [14].
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4.6 Mid‑infrared supermirrors with finesse exceeding 400 000: Supplemen‑
tal document

As described in the Methods section, we estimate mirror transmittance T based on a best‐fit transmission
matrix model (TMM) seeded with measurements of both a broadband transmittance spectrum via Fourier‐
transform spectrometer (FTS) and Bragg‐mirror layer thicknesses via scanning‐electron microscope (SEM).
Figure 4.6(top) shows the data and best‐fit TMM model in a broader spectral range, while Fig. 4.6(bottom)
illustrates how we overcome SNR‐limitations in FTS transmittance measurements using our approach.

Fig. 4.6. (top) Broadband FTS transmittance of HR1, one of the all‐crystalline supermirrors, compared to a TMM com‐
putation pinned to SEM and FTS measurements, as well as known refractive indices. (bottom) Zoomed‐in view near the
transmittance minimum, showing that the FTS lacks sufficient transmittance accuracy within the stop band.

Figure 4.7(a–h) show typical time‐domain optical decay signals, fit residuals, and the distribution of mea‐
sured time constants for measurements using our lossmeter (cavity length of 145mm), which was used to
determine mirror performance. Figure 4.7(i–j) shows a typical ring‐down curve and fit residuals for the ring‐
down spectrometer (cavity length of 79 cm), which was used for our proof‐of‐principle spectroscopymeasure‐
ments.
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Fig. 4.7. (a–d): Consecutive ring‐downs taken at a particular location on the all‐crystalline mirrors. SNR ∼ 40, depending
on trace. (e–h): Consecutive ring‐downs taken at a particular location on the hybridmirrors. SNR ∼ 20. (i–j): a single ring‐
down measurement taken at a particular location on the hybrid mirrors using the evacuated 79‐cm cavity spectrometer.
The small difference in the measured reflectivity of the hybrid mirrors taken from the 145‐mm coating lossmeter and in
the 79‐cm spectrometer is due to difference in experimental conditions (such as spot size and location). All ring‐downs
were taken at λ = 4.45 μm.





5 Conclusions and outlook

This thesis chronicles a structured progression in the research and development of
substrate‐transferred crystalline supermirrors, particularly tailored for the mid‐infrared
range. The journey began with the study presented in Chapter 2, which sought to improve
on first results on substrate‐transferred crystalline coatings at 3310 nm and 3730 nm in Cole
et al. [1]. In the course of this study, we demonstrated the first mid‐infrared HR coatings
with total loss 1 − R of 151 ± 3 ppm and excess loss (absorption plus scatter A + S) on the
single‐ppm level at a central wavelength of 4535 nm. This constituted a five‐fold improve‐
ment in reflectivity over themirrors presented in [1]. In the course of this effort, we also de‐
veloped several setups, adapting well‐established measurement techniques for the specific
requirements of mid‐infrared mirror coatings. Importantly, we also gained valuable theo‐
retical understanding necessary for our subsequent research endeavors, partly chronicled
in Chapters 3 and 4. This study highlighted the complexities of developing crystalline mid‐
infrared interference coatings—including a newly‐observed polarization‐dependent loss in
GaAs/AlxGa1‐xAs—with minimized optical losses. This emphasized the need for advanced
fabrication methodologies and a deeper understanding of material behavior.
Transitioning to the work in Chapter 3, the focus shifted to foundational research, si‐

multaneously measuring the refractive index of GaAs and AlxGa1‐xAs by directly probing
as‐grown crystalline heterostructures (also used to produce the mirrors presented in Chap‐
ter 4). In the course of this work, which required precision metrology, we developed a gen‐
eral method to accurately and precisely characterize relevant optical materials directly in
thin‐film multilayers. This approach allowed us to extract both refractive indices from a
single structure with a relative standard uncertainty of ca. 3× 10−4 for both materials. This
study delved into the fundamental properties of the materials used in substrate‐transferred
crystalline optical coatings. The goal was to optimize the design and production process for
future optical coatings for the mid‐infrared range, where precise knowledge of basic mate‐
rial parameters is paramount to minimize deviations from design targets. The challenges
identified in Chapter 2 were catalysts for this endeavour, driving us to explore the basic
properties of GaAs and AlxGa1‐xAs in greater depth.
Chapter 4, in particular, was the culmination of efforts in advancing pure crystalline tech‐

nology at mid‐infrared wavelengths. The presented results are a significant milestone in
the development of all‐crystalline substrate‐transferred coatings, obtaining a record‐high fi‐
nesse of 231 000±8400 (corresponding to a single‐mirror total loss 1−Rof 13.60±0.49 ppm) in
a two‐mirror optical cavitywhilemaintaining the ppm‐level excess losswedemonstrated for
lower‐reflectivity mirrors in Chapter 2. This showcased the improvements in all‐crystalline
technology, pushing it to its current limits. However, the standout achievement was the
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development of hybrid mirrors. These HR coatings achieved a finesse of 409 000 ± 14 000
(1 − R of 7.70 ± 0.27 ppm) by combining state‐of‐the‐art crystalline and amorphous thin‐
film heterostructures. Using these hybrid mirrors, we achieved one of the lowest noise‐
equivalent absorption values to date in first spectroscopic measurements. The comparison
with traditional mirrors produced by physical vapor deposition techniques, as discussed in
Sections 2.1 and 4.1, provides insights into the current performance of these all‐amorphous
Bragg mirrors, highlighting the advantages of the crystalline and hybrid approaches. Fur‐
thermore, the combination of amorphous IBS‐deposited base structures with substrate‐
transferred crystalline coatings overcomes the current limitations of all‐crystallinemirrors.
Hence, the hybrid mirrors not only showcased enhanced reflectivity but also signified the
potential for extending the technology to even longer wavelengths.

5.1 Implications for the field

The advancements in substrate‐transferred crystalline mirrors, both pure and hybrid, have
profound implications for the broader fields of optical technology and photonics. In gen‐
eral, low‐loss optical devices based on thin‐film heterostructures were key in various break‐
through advancements, from semiconductor saturable‐absorber mirrors (SESAMs) [2, 3]
and gravitational wave detection [4, 5] to chemical kinetics [6]. In the mid‐infrared in par‐
ticular, the performance of crystalline and hybrid coatings has now surpassed current all‐
amorphous coatings by a substantial amount (see Chapter 4). This enhanced performance
in the mid‐infrared range opens up new avenues for various applications.
Asmentioned inChapter 1, oneof the immediate uses of the advancedmirrors is precision

spectroscopy and trace gas sensing around 4.5 μm. Section 4.3 already demonstrates the
importance of high‐reflectivity mirrors in this domain, that is largely dominated by cavity‐
enhanced techniques [7]. As outlined there, this wavelength range is of particular interest
for the detection of radiocarbon dioxide 14CO2 [8–12]. For example, this is of paramount
importance in differentiating carbon compounds from biogenic and petrogenic sources,
with important applications related to climate change, such as precision measurement of
bio‐fossil fuel blends [13]. The enhanced reflectivity and minimized absorption loss of the
here‐presentedmirrors can significantly improve the sensitivity of such spectroscopicmea‐
surements, paving the way for various applications in trace‐gas sensing.
Since hybrid coatings allow for a expansion to even longer wavelengths, another promis‐

ing avenue is the development of high‐performance thin‐film coatings for CO2‐laser appli‐
cations around 10.6 μm, which are widely used in medicine [14] and industry [15, 16]. The
advancements presented in Chapter 4 should allow the development up to ca. 11 μm, sur‐
passing damage thresholds and optical losses of current mirrors for CO2‐laser applications
substantially [17, 18], as mentioned in Section 4.4.
On the other hand, the results presented in Chapter 3 have immediate implications for

the design and manufacturing of many active and passive optical devices, some of which



5.2 The future of mid‑infrared optical coatings 67

are mentioned in Section 3.1. The refractive index n is a fundamental material property
that influences important specifications, such as the central wavelength of Braggmirrors or
quantum cascade lasers (QCLs). Hence, the development and fabrication of optical devices
in theMIR will benefit from the presented updated values. Additionally, our own character‐
ization efforts for hybridmirrors in Section 4.5 are testament to the fact thatmanymaterials
used in thin‐film heterostructures remain poorly characterized atMIRwavelengths. Hence,
we anticipate that the method presented in Chapter 3 itself will prove useful in the charac‐
terization of many other crystalline and amorphous materials, especially in the MIR. This
will be necessary for hybrid mirror technology, among many other optical devices, such as
superluminiscent diodes [19] or QCLs [20].

5.2 The future of mid‑infrared optical coatings

The research presented in this thesis represents only a point in the ongoing advancement
of mid‐infrared optical coatings and the future holds promise for further innovations and
applications.
As already mentioned in Chapter 4 and Section 5.1, one of the immediate research tra‐

jectories is the extension of the hybrid mirror technology to even longer wavelengths, with
a significant milestone at the application‐rich wavelength range around 10.6 μm. With ef‐
forts to manufacture hybrid mirrors at 7.8 μm already underway, there is potential to push
the boundaries further with successive iterations. The combination of crystalline technol‐
ogy with amorphous thin films offers a versatile platform that can be tailored to specific
wavelength requirements, as replacing part of an all‐crystalline design allows to grow thin‐
ner structures during molecular beam epitaxy. That way, the thickness limitations during
growth and substrate transfer (discussed, e.g., in Chapters 1 and 4, as well as Ref. [1]) are
relaxed compared to all‐crystalline designs.
This push for longer wavelengths has various implications. One of the most immediate

necessities is to find suitable substrate materials for wavelengths above ca. 6 μm, as crys‐
talline silicon starts to exhibit excess loss at this wavelength. In addition, super‐polished
substrates are required to allow for the adhesive‐free bonding of crystalline coatings, ger‐
manium is a promising candidate. This is due its similarities with silicon, availability, and
applicability at wavelengths up to 11.5 μm.
In parallel to the research onmaterials and coatings, technological advancements in fab‐

rication and characterization techniques will play a pivotal role. The progression of het‐
erostructures to longer wavelengths will be a major challenge. To meet the demands of
cutting‐edge optical coatings beyond 5 μm, particularly existing PCI and CRD setups (see
Chapters 2 and 4) will need to be extended to exceedingly longer wavelengths.
As the technologymatures, a plethora of other applications could emerge. The immediate

implications for spectroscopy and CO2 laser applications have been discussed in Section 5.1,
but the enhanced performance of these mirrors could find utility in other domains as well.
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As outlined in Chapter 1 and Section 4.4, some potential fields include environmental mon‐
itoring, biomedical applications, and even future spaceborne experiments could benefit
from the advancements in mid‐infrared optical coatings.
As also emphasized in Chapter 1, future advancements will likely emerge from collabora‐

tive efforts. This already happened in the case of the hybrid coatings, where the combina‐
tion of know‐how on crystalline mirrors, amorphous coatings, and precision spectroscopy
led to the advent of hybrid amorphous‐crystalline coatings and their first application in trace
gas sensing. Future interdisciplinary research—combining insights frommaterials science,
optical device development, and photonics applications—will be instrumental in driving in‐
novation in mid‐infrared optical coatings.
Particularly, a possible strand of research could be the characterization and tailor‐

ing of mirror dispersion to manufacture so‐called chirped mirrors [21–24]. For example,
these chirped mirrors would allow for more efficient use of high‐reflectivity mirrors in
combination with broadband stabilized frequency‐comb sources in cavity‐enhanced spec‐
troscopy [7], maximizing the simultaneous bandwidth of these devices. This will also re‐
quire the development of efficient characterization setups capable of measuring the group
delay dispersion over a broad bandwidth in the MIR.

5.3 Final thoughts

Scientific research is inherently iterative, characterized by cycles of observation, hypoth‐
esis formulation, further experimentation, data analysis, and theory refinement [25]. The
present thesis exemplifies this process, with each study building upon the findings of the
previous, leading to continuous refinement of fundamental understanding and technology
in the dynamic and evolving realm of mid‐infrared optical coatings. The initial challenges
identified in Ref. [1] and Chapter 2 served as catalysts for the foundational research pre‐
sented in Chapter 3, all of which, in turn, paved the way for the advancements in Chapter 4.
Fleck [25] also emphasized the collective nature of scientific discovery. The advance‐

ments in all‐crystalline and especially hybrid mid‐infrared optical coatings, as presented
in Chapters 2 to 4, are a testament to collaborative efforts, with interdisciplinary insights
driving innovation. While not exactly a paradigm shift in the Kuhnian sense [26], the com‐
bination of crystalline and amorphous thin films in a single hybrid structure bridges the
performance gap of mid‐infrared mirrors with regards to their counterparts in the near‐
infrared and visible ranges.
Still, the significance of substrate‐transferred mirrors, both all‐crystalline and hybrid

crystalline‐amorphous, extends beyond their immediate applications. Their potential to
advance fields such as environmental sensing, broadband spectroscopy, and laser‐based ap‐
plications is profound. As the technology continues to expand—towards longerwavelengths
and better performance—the boundaries of what is possible will undoubtedly evolve, driven
by the confluence of innovation, determination, and especially collaborative effort.
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While the studies in this thesis represent important milestones, they are points in an on‐
going journey. The field of mid‐infrared optical coatings stands at the cusp of further in‐
novations, with each innovation driving the next one. As researchers continue to push the
boundaries, the future holds promise for even more transformative advancements.
In closing, the work presented in this thesis serves not only as a testament to the latest

achievements in the field of mid‐infrared optical coatings but also emphasizes the impor‐
tance of perseverance, collaboration, and a deep‐rooted curiosity as a driver for scientific
innovation.
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Abstract

This cumulative doctoral thesis presents a comprehensive investigation into the develop‐
ment, characterization, and application of substrate‐transferred crystalline Bragg mirrors
based on gallium arsenide (GaAs) and aluminum gallium arsenide (AlGaAs), specifically
tailored for the mid‐infrared spectral region. We develop and characterize the first highly
reflective substrate‐transferred crystalline mirrors with a center wavelength above 4 μm.
These coatings achieve an excess optical loss (absorption and scatter A + S) of 7 parts
per million (ppm) and a per‐mirror transmittance T of 144 ppm at a center wavelength of
4.54 μm. The study also identifies a unique polarization‐orientation‐dependent loss mech‐
anism, attributed to the elastic anisotropy of strained epitaxial multilayers. We also give a
thorough description of the devices andmethodology used for the characterization of these
mirrors. Furthermore, we provide a general, innovative, and highly adaptable approach
to measuring the refractive indices of two materials simultaneously by probing a thin film
heterostructure. Using this methodology, wemeasure the refractive indices of GaAs and Al‐
GaAs over a broad spectral range from 2.0 μm to 7.1 μm. Utilizing a combination of Fourier‐
transform infrared spectrometry and scanning electronmicroscopy, this methodology con‐
clusively yields refractive index values with propagated relative uncertainties on the order
of 10−4. These updated values are crucial for the design, fabrication, and characterization
of next‐generation active and passive optical devices, including substrate‐transferred crys‐
tallinemirrors. Finally, we report on anothermilestone in the development of mid‐infrared
supermirrors. On the one hand, we demonstrate all‐crystalline GaAs/AlGaAs‐based Bragg
mirrors with a center wavelength of 4.45 μm, capable of achieving finesse values of 231 000
(corresponding to T = 9.33 ppm and A + S = 4.27 ppm) in a two‐mirror optical cavity. On
the other hand, we introduce the concept of crystalline‐amorphous hybrid mirrors, com‐
bining an ion‐beam‐sputtered base multilayer with a substrate‐transferred crystalline het‐
erostructure. These hybridmirrors achieve a two‐mirror cavity finesse of 409 000 at 4.45 μm
(T = 2.53 ppm, A+ S = 5.17 ppm). We also describe the methods used to demonstrate these
results. Both technologies unlock a wide array of mid‐infrared applications, including en‐
vironmental sciences, detection of fugitive emissions, and breath‐gas analysis, as demon‐
strated in a proof‐of‐principle spectroscopic measurement conducted as part of this study.





Kurzfassung

Diese kumulative Dissertation stellt eine umfassende Untersuchung der Entwicklung, Cha‐
rakterisierung und Anwendung von substratübertragenen kristallinen Bragg‐Spiegeln auf
der Basis von Galliumarsenid (GaAs) und Aluminiumgalliumarsenid (AlGaAs) vor, die spe‐
ziell für denmittleren Infrarot‐Spektralbereich entwickelt wurden.Wir entwickeln und cha‐
rakterisieren die erstenhochreflektierenden substrat‐transferierten kristallinen Spiegelmit
einer Zentralwellenlänge oberhalb von 4 μm. Diese Coatings erreichen einen optischen Ver‐
lust (Absorption und Streuung A + S) von 7 Parts per million (ppm) und eine Transmission
T pro Spiegel von 144 ppm bei einer Zentralwellenlänge von 4.54 μm. Die Studie identifi‐
ziert auch einen einzigartigen, von der Polarisationsorientierung abhängigen Verlustme‐
chanismus, der auf die elastische Anisotropie von verspannten epitaktischen Multischich‐
ten zurückzuführen ist. Wir geben auch eine gründliche Beschreibung der Geräte und der
Methodik, die für die Charakterisierung dieser Spiegel verwendet wurden. Darüber hinaus
beschreiben wir einen allgemeinen, innovativen und äußerst anpassungsfähigen Ansatz
zur gleichzeitigen Messung der Brechungsindizes von zwei Materialien durch die Untersu‐
chung einer Dünnschicht‐Heterostruktur. Mit dieserMethodemessen wir die Brechungsin‐
dizes vonGaAs undAlGaAs über einen breiten Spektralbereich von 2.0 μmbis 7.1 μm.Durch
eine Kombination von Fourier‐Transform‐Infrarotspektrometrie und Rasterelektronenmi‐
kroskopie liefert diese Methode schlüssig Brechungsindexwerte mit relativen Unsicherhei‐
ten in der Größenordnung von 10−4. Diese aktualisiertenWerte sind von entscheidender Be‐
deutung für das Design, die Herstellung und die Charakterisierung von zukünftigen aktiven
und passiven optischen Geräten, einschließlich substrat‐transferierter kristalliner Spiegel.
Schließlich berichten wir über einen weiteren Meilenstein in der Entwicklung von Super‐
spiegeln im mittleren Infrarotbereich. Zum einen demonstrieren wir komplett kristalline
GaAs/AlGaAs‐basierte Bragg‐Spiegel mit einer Zentralwellenlänge von 4.45 μm, die in der
Lage sind, Finesse‐Werte von 231 000 (entsprechend T = 9.33 ppm und A + S = 4.27 ppm)
in einem optischen Resonator mit zwei Spiegeln zu erreichen. Zum anderen stellen wir
das Konzept der kristallin‐amorphen Hybridspiegel vor, die einen ionenstrahlgesputter‐
te Basis‐Multilayer mit einer substratübertragenen kristallinen Heterostruktur kombinie‐
ren. Diese Hybridspiegel erreichen eine Finesse von 409 000 bei 4.45 μm (T = 2.53 ppm,
A + S = 5.17 ppm) in einem Zwei‐Spiegel‐Resonator. Wir beschreiben auch die Methoden,
die zur Demonstration dieser Ergebnisse verwendet werden. Wie eine im Rahmen dieser
Studie durchgeführte spektroskopische Proof‐Of‐Principle‐Messung gezeigt hat, eröffnen
beide Technologien eine breite Palette von Anwendungen im mittleren Infrarotbereich,
einschließlichUmweltwissenschaften, Erkennung vonflüchtigen Emissionen undAtemgas‐
analyse.
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