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Major Goals: The three primary goals of the program have remained largely the same throughout the program,
and we need only slightly modify and abridge the original proposal text to write:

1) Model the contribution of Bose-Einstein statistics to the photon noise
of radiation-limited thermal detectors, for both single radiation mode and multimode
detectors.

2) Theoretically and experimentally quantify the dominant phenomena that cause
uncertainty or fluctuations in the rest position of a thermal detector. For devices
with high sensitivity and spectral resolution, these will include photon counting
noise, and thermomechanical noise.

3) Develop radiation noise theory for extremely narrow spectrum thermal detectors
that includes an accounting of the cavity-altered density of states.

Accomplishments: See uploaded document.
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Training Opportunities:

Over the course of the program, three primary graduate students have been trained: Kyle Olson, Yu-Jen Lee, and
Eric Konitzer. Kyle Olson and Yu-Jen Lee were primarily involved with the theory of photon statistics and radiation
noise. Kyle Olson wrote an important paper for Physical Review that generalized previous photon statistics for
radiation noise to any spectrally selective detector. Dr. Olson graduated with his PhD from the University of
Minnesota in December 2015. Yu-Jen then began exploring techniques for microfabricating microresonators to
create high Q optical cavities. As part of this he experimenting with new materials, particularly diamond, that have
sufficiently low loss in the LWIR to create cavity quality factors greater than 1000, and order of magnitude better
than previously published. Yu-Jen is expected to graduate with his PhD in February 2020. Eric Konitzer graduated
with his Masters degree from Minnesota in May 2019. He investigated buckling and thermomechanical noise
properties of optomechanical infrared detectors and performed both theoretical and experimental work in this area.

In summer 2018, an undergraduate at the University of Minnesota, Brock Grafstrom, participated in our program as
an ARO URORP participant. This went very well as Brock received training in materials, microfabrication, and
thermomechanical noise characterization. The work of this program was reported by a student at the First Diamond
Photonics Conference in Lausanne. In addition, a Senior Honors, undergraduate student, Marley Stephens,
participated in the project, learning both microfabrication and modeling and presenting his work at multiple Senior
Honors presentations.

Kyle Olson received his PhD from the University of Minnesota in December 2015 with the thesis, "High Power
Continuous Wave Laser Heating and Damage with Contamination, and Non-Uniform Spectrally Dependent
Thermal Photon Statistics."

Eric Konitzer graduated with his Master's degree from the University of Minnesota in May 2018. He now works on
directed energy and other DoD related topics at the Applied Physics Laboratory in Maryland.
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Results Dissemination:
The following journal papers have been published:

K. Olson, and J. Talghader “Spectrally dependent fluctuations of thermal photon sources, Physical Review A, vol.
94, 013822, 5 pages, 2016.

Y. J. Lee and J. J. Talghader, “Observational limitations of Bose-Einstein photon statistics and radiation noise in
thermal emission,” Physical Review A, vol. 97, 013844 (11 pages), 26 January 2018. DOI: 10.1103/PhysRevA.
97.013844

Based on the experimental work of the last year of the program, we achieved further significant results and
currently have a publication going through the journal review cycle plus one other in preparation.

We also have the following conference publication based on our
earliest LWIR microresonators results:

Y.-J. Lee, A. Das, and J. J. Talghader, "Long-Wave Infrared Diamond Microdisk High-Q Resonator," Symposium
Latsis 2019 on Diamond Photonics, Lausanne, May 19-22, 2019, pp. 21-22.

In addition, Professor Talghader has given several invited talks at academic conferences, DoD forums, universities,
and industry including (but not only)

J. J. Talghader, "Future Directions for Microbolometers and Thermopile Infrared Detectors," Image Sensing
Technologies: Materials, Devices, Systems, and Applications V in SPIE Defense and Commercial Sensing,
Orlando, FL, April 2018.

J. J. Talghader, "Future Directions for Uncooled Infrared Detectors," DoD Basic Research Forum, Arlington, VA,
October 19, 2017.

J. J. Talghader, "Revisiting Planck’s Law: Thermal Emission and Radiation Noise in Subwavelength Infrared
Cavities," Conference on Lasers and Electrooptics Pacific Rim, Oral 3-2F-1, Singapore, August 3, 2017.

J. J. Talghader, “Microsensors and Particles: Infrared detectors, solar driven devices, and sensing inside
explosions,” Stanford Photonics Research Conference, Stanford, CA, September 19-20, 2016.

J. J. Talghader, “Physical Limits of Thermal Infrared Detection”, IEEE Sensors Conference, Busan, South Korea,
November 1-4, 2015.

Other related talks were given at the University of Texas, Penn State University, Rice University, the University of
Southern California, and Halliburton

During the program, Professor Talghader has interacted with Raytheon on technology and proposal submission. In

addition, Prof. Talghader also gave a presentation for the Raytheon uncooled detector group. J. Talghader, "Future
Directions for Uncooled Infrared Detectors," Raytheon Vision Systems, Goleta, CA, November 9, 2018.

Honors and Awards: Kyle Olson was awarded a PhD from the University of Minnesota in December 2015 with
the thesis, "High Power Continuous Wave Laser Heating and Damage with Contamination, and Non-Uniform
Spectrally Dependent Thermal Photon Statistics."”

Eric Konitzer was awarded a Master's degree from the University of Minnesota in May 2019.

Protocol Activity Status:
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Technology Transfer:

During the program, Professor Talghader has interacted with Raytheon on technology and proposal submission
(new materials that can reduce 1/f noise and overcome thermal/electrical conductivity limitations given by the
Wiedemann-Franz Law for common metals). In addition, Prof. Talghader also gave a presentation for the Raytheon
uncooled detector group. J. Talghader, "Future Directions for Uncooled Infrared Detectors," Raytheon Vision
Systems, Goleta, CA, November 9, 2018.
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Detectors

Summary of Primary Findings

To frame the discussion, we will repeat the primary goals of the program as derived from
the original program proposal:

1) Model and measure the contribution of Bose-Einstein statistics to the photon noise
of radiation-limited thermal detectors, for both single radiation mode and multi-
mode detectors.

2) Theoretically and experimentally quantify the dominant phenomena that cause
uncertainty or fluctuations in the rest position of a thermal detector. For devices
with high sensitivity and spectral resolution, these will, at a minimum, include
photon counting noise, and thermomechanical noise.

3) Develop radiation noise theory for extremely narrow spectrum thermal detectors
that includes an accounting of the cavity-altered density of states. Experimentally,
this provides an intriguing opportunity to study how modes internal to the detector

couple to free space modes.
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PART I: Photon Statistics of a Thermal Detector with an Arbitrary
Distribution of Modes

This section primarily discusses goals 1 and 2, although the recently published solution for
goal 1 [1,2] also overlaps goal 3. The reason that goal 1 is important is that the ultimate
performance of infrared devices, given by the radiation background limit, depends
directly on the photon fluctuations in a device. The background limit is different for
a device interacting with many modes and a device interacting with only one mode.
While these two extremes were known, there was no general expression for photon
fluctuations for few modes or modes of variable coupling to free space. Now that
problem has been solved and in the next year we will be developing the new radiation

background noise theory as a performance limit for micro- and nano-cavity devices.

60 vear old problem in physics is solved, revealing the noise signature of confined light

[1].

The noise signature in thermal light sources, such as microcavity devices or stars, obey an
equation developed in the 60°s whose general solution has eluded scientists, until now. All
objects heated above absolute zero emit an enormous spectrum of light into an equally
large amount of allowed spatial patterns called “modes”. At short wavelengths, in the
visible and ultraviolet, most modes are devoid of photons, but deep in the infrared there
are many photons per mode. In traditional optical devices, this difference between short
and long wavelength has little impact on device performance because all of the modes

average together.

However, if the volume of space around the heated object, such as an infrared detector,
is very small, the number of modes becomes small, and the number of long-wavelength
photons in each mode fluctuates in a way given by Bose-Einstein quantum statistics instead
of the more typical Poisson. This means that the device noise and performance
fundamentally changes for optical devices that interact with a small number of modes at
long wavelengths. Olson and Talghader describe an analytical solution for the general case,
matching precisely with intensive numerical calculations. The method used in finding the
elusive solution could be used to solve further unresolved questions in detector physics,
mathematics, and other STEM fields.



Detailed Description

The development of microcavities of dimensions comparable to wavelength [3—7],
such as in coherent thermal emission [5,7—12], narrowband thermal detection [3,6,13], and
cavity quantum electrodynamics [14-20] has opened an entire class of devices whose
thermal statistics cannot be addressed by existing theory. Thermal light emitted into free
space generally interacts with an enormous spectral density of modes. The photon number
fluctuations of thermal emission into each mode have Poisson and Bose-Einstein
contributions, but the latter average out when integrated over many modes, leaving only
standard Poisson statistics. Historically, since almost all thermal emission occurred in
systems with large numbers of modes, it has not been important to have a quantitative
model of photon statistics for a small number; however, the aforementioned experimental
and theoretical work in cavity micro- and nano-optics has changed this situation

dramatically.

A microcavity can define an enormous variety of mode distributions, and the strength
of coupling between these modes and free space can vary from mode to mode. An
analytical derivation of the thermal photon noise for the general case of an arbitrary number
of modes with an arbitrary spectral distribution (determined by both the Planck distribution
and the mode coupling) has eluded scientists since the late 1950’s due to the complicated
mathematics at hand [21-25]. We propose and demonstrate using an expansion of the
probability density function to analytically find an exact general result for thermal photon
population fluctuations for any average number of photons in any number of modes with
any spectral dependence. This method sidesteps many of the mathematical complexities of

previous treatments and produces a closed-form result.

Thermal photons will have number fluctuations given by the sum of Poisson and
Bose-Einstein (B-E) terms in single mode systems. The B-E contribution will be reduced
to zero when integrated over many modes resulting in only Poisson statistics for most
thermal light. If there are multiple modes but the spectrum is completely uniform, then the

variance in the number fluctuations can be given by the following equation [21,26].

2y =y + S0
(An)'y =y (1)

In Eq. (1) n is the number of photons, (n) is the expected number of photons, M is the



number of modes, and ((An)?) is the variance.

Following an algorithm developed previously [27], the general probability density for

thermal photons is given by the following equation.

P(n) = 2
) ;g(1+<nm>)(1+<nm>“)"”"“ @

In Eq. (2) and the rest of the manuscript the following variables are defined as the following:
n is the number of photons; m indicates the mode index; (nm) is the average number of
photons in mode m, d indicates the distribution index; P(n) denotes the probability of
having n photons given (nm); M is the total number of modes; D is the total number of ways
to distribute n photons in M modes; nm.a denotes the number of photons in mode m and
distribution d; {n) is the average total number of photons; {(An)?) is the variance in the total
number of photons.

Note that 7 is the discrete random variable, in other words, for n = 0, Eq. (2) computes
the probability of having 0 photons given the distribution (nm). The number of possible
photon distributions, D, is given by,

_(n+M—1)!

b= n\(M —1)! )

GENERAL SPECTRALLY DEPENDENT MODE DISTRIBUTIONS

To find the variance of general spectrally dependent thermal photon statistics, we first
need to find an expression for the mode distribution scaled to the total average photon
number. The scaled mode distribution in the general case can be visualized in Fig. 1.
Naturally, the sum of the average photon number in each mode equals the total average
photon number, but it is convenient to normalize a scaled distribution to the total average

photon number such that the distribution is a function of the total average photon number.
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FIG. 1. General spectrally dependent mode distributions; the subscript “s” signifies that
this distribution is scaled, and that the sum does not equal the total average photon number.

The sum of the average photon number in the modal distribution, (nm), is equal to the

expected number of photons, (n), as in the following equations,

(my=(n) =2 Aln,), 4

A= (5

). )

(n,)=——"-=+

2 (m),

The scaling factor 4 in Eq. (4) scales the modal distribution to a normalized value as
in Eq. (6). Now that there is an expression for the general mode distribution we can plug
this into Eq. (2) and solve for the probability of having 0 or 1 photon in the system.
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P(2)z1-P1)-P(0) (9)
P(n>2)=0 (10)
These probabilities are accurate for average photon numbers much less than one. However,

notice that it is the scaling factor that has forced the photon number to this low value. We
5
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will later consider the limit as the average photon number approaches zero to recover the
analytical result, and then adjust the scaling factor to show that it applies to all photon
numbers, low and high.

With the above probabilities, the variance in the signal can be found for small expected
photon numbers. Using standard statistical techniques the variance is defined by the

following equation.

2

(An?y=>"(n—m) P(n) (1)

n=0

From Eq. (1) it is reasoned that the variance must have a lower limit defined by
Poissonian statistics in the case of infinite modes, and an upper limit defined by the sum of
both Poissonian and B-E terms in the case of a single mode. It follows then that the variance
can be scaled and normalized by the following equation to force the variance between the

limits of zero and one.

((An)*) —(m)
(n)®

((An)) = (12)

From the normalized and scaled variance, finding the limit as the average photon number
goes to zero can now be attempted. Solving the equation would be quite difficult, instead

a limit-based approach is presented whereby the solution is found.

The first thing to notice is that in most cases where spectrally dependent thermal
photon noise will be critical, the number of modes will be small. This is because in systems
with large number of modes the statistics will approach Poissonian statistics, and the
spectral dependence will become negligible. Therefore, the number of modes, M, will be
set to one and the limit will be found. The number of modes will then be increased and a
new limit will be found. This will continue until a fit is found for the limit as a function of
the number of modes. The limit of the normalized and scaled variance as the average

photon number goes to zero is found to be given by the following equation.
M 2
Zm:l <nm >5

M 2
(Xm0,

Lim((an)) = (13)

(n)y—=0



Equation (13) was verified and confirmed to be exactly correct for 1 <M < 36 modes with
Mathematica for any photon distribution (nm)s with any photon occupancy greater than 0.
Systems with greater than 36 modes could not be solved exactly, but it is strongly implied
that Eq. (13) is exactly correct for any arbitrarily large number of modes. To verify this
assumption further the limit can be solved numerically with some certain defined
spectrums with more than 36 modes, and no spectrums were found to not obey Eq. (13).
More importantly Eq. (13) is exactly correct for any photon occupancy, even when the B-

E term dominates with an average photon occupancy greater than 1.

De-normalizing the result in Eq. (13) can be completed by substituting the result into
Eq. (12) and solving for the variance. Doing so results in the following general theory of

thermal photon statistics.

> ()
(= m).)

It can be shown that Eq. (14) reduces to the standard estimation given in Eq. (1) for a

((An)*) = (n)+(n)’ (14)

uniform spectrum.

DISCUSSION
Equation (14) can be simplified further by noticing that a physical mode distribution
is actually just the scaled mode distribution with a scaling factor equal to one. In this case

we can simplify the general theory of thermal photon statistics as in the following equations.
M 2
Zm=1<nm> (15)

((An)*) = (n) +(n)’ 3
(X0t

By substituting Eq. (4) into (15) the following simplifications can be made.
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What is proved by Eq. (16) is that spectrally dependent thermal photon statistics are very
simple to compute with a general closed-form expression. The variance in photon number
for a thermal source is given by the sum of the variances of each individual mode. This

also means the covariance between any two modes is zero for thermal photons.

As an example of how important this result can be, we calculate the thermal noise in
the emission spectrum of an absorbing Fabry-Pérot cavity, as plotted in Fig. 2. When the
cavity with this mode distribution is heated, it will emit thermal radiation defined by the
spectral emissivity of the cavity multiplied by Planck’s law of thermal radiation. The peaks
generated by the cavity can be thought of as different thermal emission modes. Integrating
over each peak will produce the photon mode distribution to be modeled.

gl ~ T=2000K
2T
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FIG. 2. Spectral Photon Radiance of a thermal source at 2000K in a microcavity, calculated
for normal incident light. R1 and R2 are the reflectivities of the top and bottom cavity
mirrors respectively, 4 is the single pass absorption of the cavity, and / is the thickness of
the cavity. The discrete modal spectral distribution can be calculated by integrating over
each peak as highlighted, and is decidedly non-uniform.

The number of modes can be estimated by the following equation [22].



In Eq. (17), i is the index of refraction in the middle of the cavity, v is the frequency of
light, V' is the volume of the cavity, and c is the speed of light. Using the cavity in Fig. 2,

the weighted number of modes is approximated as 2.5.

Let us use this cavity to compare the variance predicted by assuming a uniform
spectral distribution of photons in Eq. (1), and the exact results derived in Eq. (14). In Eq.

(1) the variance is shown to be:
((An)*) = (ny+(4)(m)*  (18)

while in Eq. (14) the variance is shown to be (to three significant figures).

((An)*y =(n) +(459)(n)*>  (19)

The average number of photons in the cavity is about 0.173, found by integrating the
spectrum in Fig. 2 and multiplying by the volume of the cavity. The standard uniform

spectrum approximation results in about a 1% error in the total variance.

At this point is reasonable to ask if such errors would have a measurable impact on a
practical microcavity. A cavity with the spectrum shown in Fig. 2 can be constructed of
two Distributed Bragg Reflectors (DBRs) made from alternating SrF2 and Ge layers, with
a doped Ge absorbing layer in a central half-wave cavity layer. The finesse of the cavity is

a function of the reflectivity of the mirrors, and absorptivity of the center layer.

Specifically, such a cavity might have a top mirror made of 2 pairs of 528nm thick
SrF2, and 185nm thick Ge layers, followed by an air cavity 57 1nm thick with a 25nm doped
Ge absorbing layer in the center of the cavity, and finally a bottom mirror made from 8

pairs of identical layers as the top mirror.

Two main noise sources, thermomechanical and photon counting noise, can cause the
cavity dimensions to depart from their equilibrium positions. Photon pressure within the

cavity is another source of noise, although the overall contribution to the total noise is

9



negligible due the extremely limited number of photons existing in the cavity at any one
time. The photon counting noise is inversely proportional to the variance as seen in the
following equation [28,29].

w (A Y 1
W4z =[47zFJ @y

In the previous equation A is the wavelength of light, F'is the finesse of the cavity, and z is
the displacement of the mirrors and absorber within the cavity relative to their equilibrium
positions. If the cavity contains very few photons, the photon counting noise will approach
infinity and will dominate all other noise sources. The ambiguity in the cavity center
frequency due to the apparent displacement degrades the finesse of the cavity
proportionally to the variance in thermal photons. Given a spectrometer with a resolution
of 1ecm™, this cavity could then be used to measure the thermal photon statistics accurately

enough to measure a difference between the predictions of equations 18 and 19.

An alternative cavity can be produced where the center frequency is almost
independent of the noise, and therefore little or no ambiguity in spectrum occurs. In this
case the bottom mirror starts with the Ge layer instead of the SrF> layer, and has a total of
10 pairs, also the cavity thickness is increased to 1,135nm. This design is more practical
than the previous one where usually a higher finesse is desired. Figure 3 shows the spectral
response of the two cavity designs with and without taking into account thermal photon

noise.
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FIG. 3. Photon counting noise limited peak broadening for two cavity designs. The solid
lines were calculated for no noise in the system and the dashed lines are calculated from
having 50nm of displacement noise in the system. (A) The first cavity design showing a
dramatic reduction in Finesse as well as peak height. (B) The second design where the

broadened peak is almost indistinguishable from the peak with no noise broadening.
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PART II — Calculating the Noise of Spectrally Selective Thermal
Detectors

This section applies the mathematical treatment of Part I to the photon statistics of
narrowband or high Q thermal detectors and brings to light the general solution to radiation
noise in thermal detectors that do not absorb all wavelengths of radiation with equal

efficiency.

INTRODUCTION

For many decades, theory has predicted that Bose-Einstein statistics are a fundamental
feature of thermal emission into one or a few optical modes; however, the resulting photon
noise has never been experimentally observed. There are at least two reasons for this: 1)
relationships to describe the thermal radiation noise for an arbitrary mode structure have
yet to be set forth, and 2) the mode and detector constraints necessary for the detection of
such light is extremely hard to fulfill. Herein, photon statistics and radiation noise
relationships are developed for systems with any number of modes and couplings to an
observing space. The results are shown to reproduce existing special cases of thermal
emission and are then applied to resonator systems to discuss physically realizable
conditions under which Bose-Einstein thermal statistics might be observed. Examples
include a single isolated cavity and an emitter cavity coupled to a small detector space.
Low mode-number noise theory shows major deviations from solely Bose-Einstein or
Poisson treatments and has particular significance because of recent advances in perfect
absorption and subwavelength structures both in the long-wave infrared and terahertz
regimes. These microresonator devices tend to utilize a small volume with few modes, a
regime where the current theory of thermal emission fluctuations and background noise,
which was developed decades ago for free space or single-mode cavities, has no derived

solutions.

Fundamental treatments of photon noise indicate that thermal emission noise follows
Bose-Einstein (BE) statistics rather than Poisson. It is often pointed out that BE behavior
is lost or reduced in systems where the thermal emission interacts with many modes, which
is a feature of almost every practical implementation. However, even after decades of
advances in thermal emitters and photon and thermal detectors, it is still not clear that BE

noise for thermal light has ever been observed [30-33]. One difficulty with making such

12



an observation is that a thermally emitting (or detecting) cavity almost never perfectly
couples to just one single mode. Even the highest finesse cavities typically interact with a
large number of free-space or external cavity modes, which introduce loss and/or averaging
that creates a more Poisson-like statistical behavior. A second difficulty is that systems with
few interacting modes are difficult to treat mathematically, and a general solution for
thermal statistics in a cavity with an arbitrary mode structure and coupling has only been
developed recently. In this paper, we analyze in detail the possibility of observing BE
photon statistics in micro-cavities and resonators coupled to free space or other cavities.
We develop relationships describing radiation noise for thermal emission or detection
systems with any arbitrary mode structure and coupling.

The quantum thermal emission law developed by Planck is one of the pillars of modern
physics; however, it must be modified when applied to micro- and nano-systems, where
the emitting or absorbing object has a size comparable to or less than that of a wavelength
[34,35]. For many devices on this scale, such as detectors, fluctuations are even more
important than the base level of the emission, since fluctuations set the ultimate ability of
the device to distinguish a signal from the thermal radiation background. The early work
on fluctuations [36—42] was performed decades ago on objects and devices interacting with
either idealized single modes or the many modes of free space. For the former, photon
number fluctuations appear Poissonian for wavelengths near to and shorter than the thermal
emission maximum, while they follow BE statistics at very long wavelengths. As discussed
above, the presence of many modes averages the BE contribution of each individual mode,
resulting in Poisson-like fluctuations.

A fraction of the early work on energy fluctuations and background noise ignored the
randomizing nature of many mode systems and contained errors [36,38,40] that have
propagated into later treatments and textbooks down to the present day [43—45]. Later
treatments of photon statistics and radiation noise [46—48] have handled thermal emission
fluctuations for a few additional special cases, most notably that of a system with a number
of uniform modes [40,41]. This work pointed discussed the difficulty of a obtaining a
general solution for a system with an arbitrary mode structure. Olson, et. al. [49] developed
a solution for photon number fluctuations for an idealized arbitrary cavity mode structure,
but did not analyze the radiation background noise or the conditions under which BE
statistics might be observed.

Despite the progress of these many authors, there remains no general treatment of
thermal emission energy fluctuations and radiation noise for objects interacting with an

arbitrary mode structure. In previous decades, this was an acceptable situation since nearly
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all existing devices interacted with many modes. However, there are currently many
structures and devices that have both high spectral selectivity and cavities or volumes
comparable to or smaller than A°, where 2 is the wavelength of light. This combination of
properties drives the number of cavity modes downward and makes the relative coupling
of each mode to free space (or external cavity) modes of paramount importance. Recent
devices with both narrow spectrum and small volume include microresonators [50,51],
microcavity detectors [52,53], microcavity emitters and lasers [54,55], perfect absorbers
[56,57], and others. Perhaps the most classic example is a narrow spectrum thermal emitter.
This is shown conceptually in Fig. 1 coupled to a detector in (a) the same cavity, and (b)
an external cavity, to measure the fluctuations. While the physical devices shown in Fig. 1
ostensibly apply to infrared systems, the physical treatment that we discuss applies equally
well to terahertz (THz) systems, and the Fabry-Perot cavity in the diagram could be
replaced with an appropriate THz resonator. Indeed, BE noise becomes most clearly
dominant in the single-mode thermal THz regime. We now turn to an analysis the nature

of the radiation background noise that would be observed for a general system.

14



(2)

(b)

FIG. 1 - Conceptual diagram of a resonator-based thermal emitter that couples to a detector in (a) the same cavity

and (b) an external cavity.

DERIVATION AND ANALYSIS OF THERMAL EMISSION ENERGY
FLUCTUATIONS WITH A SPECTRALLY DEPENDENT MODE STRUCTURE

Thermal emission energy fluctuations result from time dependent variations in the
number of photons emitted from or absorbed by a physical object at a temperature above
absolute zero. Over a small frequency range, the square of the thermal emission energy
fluctuations of an object can be expressed by multiplying the density of states, square of

the photon energy, photon number variance, and volume. For a blackbody in free space,

8712

3
C

the mode density is dv and the resulting equation is:

(88%) = [ ()’ (o pavaer (1)

where <AE 2> represents the mean squared energy fluctuation (variance),v is the photon

frequency, ¢ is the speed of light, /4 is Planck’s constant, Q is solid angle, and

<An2> represents the total photon number variance. At this point, the only restriction on
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the volume, ¥, is that it is very large with respect to wavelength. Also note that <An2> can

be (and is) temperature and frequency dependent.

At very small volumes, where V ~ 2°, the distribution of cavity modes deviates
substantially from that of free space. The exact mathematical treatment of the mode
structure of a microcavity will be highly geometry dependent, but in principle one merely
counts the number of modes of the cavity in the spectral range of interest and sums the

product of energy squared and photon number variance over each one:

(AE?) =3 (v, ) (an*) @)

m

Since energy fluctuations increase linearly with volume, plots of <AE 2> will usually be

normalized by this factor for easier comparison across size scales.

For an object interacting with a single optical mode, the photon number fluctuations

satisfy Bose-Einstein statistics [58], such that<An2>m =(n,)+(n,) , where (n,)is the

average photon number in the single mode, m, in the volume of the system. At the opposite

extreme is a system with many modes, where thermal emission photons populate the

system so that the combined photon statistics become Poisson-like, i.e. <An2> = <n> , Where

<An2> and <n> are the photon number variance and average number, respectively, for all

modes combined. Between these extremes is the general case of an arbitrary number of
modes, most commonly seen in micro- and nano-cavities.

To see how this develops, we note that the average total number of photons must be

equal to the sum of the averages for all of the modes,<n> = Z<nm> This is true for any

m

general emitter/absorber (not necessarily a blackbody). For thermal emission of a
blackbody in equilibrium, we can use the standard equation for the average number of

photons in a mode found in many thermodynamics texts [58,59]:

16



1
<nm>33 T 3)

el —1

If a thermal emitter (or, equivalently, absorber) is not a blackbody, then this equation will
be modified by the emissivity, i.e. the coupling strength of the graybody to a specific mode.

The expression then becomes:

&
() =" 4)

e —1
orequivalently, (n,)=¢, (n,),, - 1If we use these expressions of photon number in a Bose-

Einstein probability distribution, the photon number variance for a system with an arbitrary

mode structure takes the form [49],

where - (6)

Here M.y is the effective number of modes. As one would expect, My is a parameter
that describes the number of modes interacting with a thermal system, but it differs from
the simple mode number because it incorporates different strengths of coupling between
the thermal emitter/absorber and each mode. For example, consider the discrete distribution
of modes in Figs. 2(a) and 2(b). The first has a uniform set of modes and M.y is obtained
merely by counting each one. In Fig. 2(b), the interaction strength of each mode differs
from the others. This means that the population of thermally emitted photons into of these

modes will be less than predicted from Planck’s Law for that frequency and temperature.
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FIG. 2 - Conceptual diagram of a system of modes with (a) uniform (identical) coupling to a thermal emitter, and (b)
different couplings for each mode. The effective mode number, Mefr, must be calculated for (b) using an average photon
number that is weighted by the coupling, or emissivity, of each mode (see Eqns (4) and (6)), or else theory will

underestimate the magnitude of BE noise.

We can draw several critical conclusions about thermal emission from this analysis:

1) As stated previously, a single mode system will have Bose-Einstein photon statistics
while a many mode system in aggregate will have Poisson. However, each individual
mode of a multiple mode system will have Bose-Einstein statistics, regardless of the
system statistics in aggregate.

2) Any random sample of the photons of a system with Bose Einstein statistics will also

have Bose-Einstein statistics. For example, consider a single mode microresonator that
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3)

4)

5)

randomly scatters a small fraction of the photons propagating within it out into free
space. These scattered photons in aggregate will also have BE statistics (but as will be
discussed, a low number density may make the distinction between Poisson and BE
statistics difficult to see).

Emissivity must be considered per mode prior to the calculation of <An2> Often in

the literature, one sees photon number fluctuations calculated using a modified Eqn (5),

where (An®) for a blackbody is directly multiplied by &(v,Q), but this calculation is
y y p y

not correct. Granted, it has negligible errors at wavelengths equal to or shorter than the
peak thermal emission wavelength, but it can have significant errors for individual (or
few) modes at wavelengths significantly longer than the thermal emission peak. The

proper expression is:

()= 2 )+ ()

m

& &

m m
Z hv hv
m T T

el —1 et —1

(7

The frequency spacing between modes does not affect the photon number fluctuations
except through the emissivity (i.e. coupling) of each mode and the natural frequency
dependence of Planck’s Law. In other words, two modes separated by Inm in
wavelength would have the same number fluctuations as two separated by 2nm unless
the emissivity or population significantly changed over that wavelength range.

The Bose-Einstein statistics of a single mode of a many mode system may be difficult

to distinguish from Poisson statistics. First, the spectral resolution necessary to see a

single mode is extremely high. Second, since <”m> is only a small fraction of <n>,

the magnitude of the <nm>2 term will be extremely small compared to <n>2 This is

particularly true for common visible wavelength ranges, where the average population

of photons in a mode as given by Eqn (4) is much less than 1 and distinguishing

<nm>+<nm>2 from <nm> could be impractical. Conversely, a few mode system
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working at long wavelengths and elevated temperatures could allow Bose Einstein
statistics to be seen by sampling a fraction of the spectral range of the overall thermal
system.

6) The numbers of modes are not determined solely by the isolated detector or emitter
volumes (if they are separated into different cavities), but rather by the total mode
structure of the coupled emitter-detector system. For example, a heated single mode
cavity emitting toward a detector in free space would not be single mode for purposes
of photon statistics and radiation noise since multiple free space modes will couple with

the emitting cavity mode.

OBSERVING BOSE-EINSTEIN STATISTICS IN THERMAL EMISSION

From the previous discussion, it is clear that only thermal systems with a single mode
or few modes will ever be observed to have Bose-Einstein statistics. This condition is
usually extremely difficult to produce in practice. Recall the simple case of a spectrally
narrow heated device emitting into free space, where the radiation noise is measured by an
ideal detector. The number of modes in a spectral region in free space is given by
8m’V

3
C

dv . For a typical-size laboratory, where ¥ =(3m)’, and an emission wavelength and

frequency of A=5um and 60THz, respectively, the spectral resolution of an emitting
cavity would have to be narrower than about 2.3 x 10> Hz in order for the emitted photons
to be confined to a single free space mode. This corresponds to a microcavity finesse on
the order of or exceeding 10'%, which is many orders of magnitude beyond experimentally
achievable values [60—62].

Therefore, in order to have few modes, not only must the emitter be confined to a small
volume, but the detector interactions with its enclosing volume, whether large or small,
must be considered as well. The emitter and detector can either be confined to the same
cavity (volume), or they can be separated into two coupled volumes. We will consider each

case in turn below.
Observing Bose Einstein radiation background noise within a single cavity

A single cavity containing an emitter and detector was shown in Fig. 1(a). The diagram
is of an infrared Fabry-Perot cavity, but for generality, it could be replaced with a THz

resonator also containing a detector and emitter. This cavity is ideal, one-dimensional, and
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lossless, having mirrors of 100% reflectivity, and the space in which it resides has perfectly
absorbing walls and is held at absolute zero. This space can have any volume but to place
a lower bound on the observability of BE noise, it will be considered infinitely large.
Smaller volumes will confine the lateral dimensions and, because of the smaller mode
density with create fewer interactions with non-cavity axis modes. With perfectly reflective
mirrors, the finesse of the cavity is defined by the absorption of the emitter and detector.
The detector and emitter have been placed between the two mirrors, for example, each at a
different intensity peak in the standing wave patterns within the cavity for maximum
coupling. Other positions within the cavity or as part of the mirrors are possible with
appropriate adjustments of the coupling calculations. It is important to note that the cavity
system may have many modes in total; however, the emitter and detector will interact most
strongly through the cavity modes defined along the cavity axis because radiation emitted
in other directions will be immediately absorbed by the walls of the already-mentioned
enclosing space held at absolute zero.

Let the emitter have a single-pass absorption, A/2, and a temperature Tk and the detector
have the same absorption but temperature, Tp. The finesse of this cavity can be

calculated[63] to be F = @ . (Note that equal absorptions are merely a
simplification and not a necessary condition for the analysis below.) In order to best
identify energy fluctuations of the emitter, the detector temperature must be low, assisted
by cryogenically cooling the entire cavity system to near absolute zero. The emitter
temperature must be raised to a high value by, say, joule or inductive heating. We note that
in reality for a fully confined, lossless cavity, it would be impossible to raise the emitter
temperature by external means because no connection to the outside world would be
allowed; however, for purposes of this example we will assume that heating takes place,
for example, inductively via a frequency far from the resonance or via joule heating with
wires aligned away from the cavity axis, so that the system can be considered lossless along
the cavity axis over the (narrow) spectral absorption range of the detector.

Some sort of external attachment to the detector is also necessary for both the logical
reason that there must be some means to hold it in place and read out the signal and the
fundamental reason that the detector must be cooled because in a system solely limited by
radiation heat transfer, radiation coupling along the cavity axis will raise the temperature
of the detector to levels that would make seeing the energy fluctuations of a single emitter
mode impossible. Let us examine this latter point in more detail.

The temperatures Te and Tp are not independent because they are coupled via thermal
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radiation emitted within the cavity resonance, and the detector must absorb light of this
frequency and direction or else the noise characteristics cannot be determined. If the cavity
heat transfer is completely radiation-limited, the temperature of the detector can be written

as a function of the background and emitter temperatures as:

ZSEDhV I I_shv 1O

m e _q Qypice T _q
5 h (®)
_ z EED 1% J' J' pad 8 3% 7(2dv
m kTD _ 1 :pace _ 1

where Ts is the background temperature, probably OK, &, isthe emissivity of the detector

into free space which can be a function of v andQ, &, is the coupling between emitter

and detector in the cavity, and Q represents the solid angle distribution of detector

space

where Q, represents the solid angle

cav ° cav

emission outside the cavity, (i.e. 47-Q
distribution of the cavity modes). Note that we do not need to include the emitter
fluctuations to the background in the equation because it is only the detector that is
observing the fluctuations, so only interactions that couple directly to the detector are
relevant. See Fig. 3 for a conceptual diagram of the cavity geometry. The first term on the
left hand side represents the energy emitted from the emitter to detector, the second term
on the left side represents the energy emitted from the background to the detector, the first
term on the right represents the energy emitted from detector to emitter, and the second
term on the right side represents the emission from detector to background. Of these terms,
the emission from detector to emitter (Tp<<Tg) and the emission from the background
(Ts~0K) to the detector can be neglected in an idealized analysis, in which case we can

rewrite the above as:

e hv o ¢ 2 & hy
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We have assumed that the volume surrounding the open-sided cavity is large enough to be
considered free space. This is not a necessary condition, but it does allow us to maximize

the peripheral mode number and therefore minimize the equilibrium detector temperature
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in a radiation-limited system.
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FIG. 3 - Diagram of the solid angles used in noise and radiation heat transfer calculations of a single cavity containing a

coupled emitter and detector.

From the above equation, if we select a temperature, Tk, for the emitter, say by
introducing a joule heating current into the emitter plate, then we can calculate the steady-
state detector temperature. Once we have determined this, we can estimate the energy
fluctuations and radiation noise of the system. The detector will have two dominant sources
of radiation noise: absorbed radiation from the emitter via the fundamental cavity mode,
and emitted radiation from the detector itself due to its finite temperature, Tp. This latter
noise is emitted to all available modes, not merely those aligned along the cavity axis, and
since the number of peripheral modes can be very high, they will usually dominate the
detector emission fluctuations. In order to measure only the radiation noise in the few (or

one) modes along the cavity axis, the emitter radiation fluctuations must greatly exceed the
detector emitted fluctuations, <AE 2> > <AE 2>
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involves integrating the energy fluctuations for the detector (right hand side) over all modes
and space and then solving for Tp for a given Tk such that this is much less than the energy

fluctuations of the emitter (left hand side) in the relevant cavity mode(s):

_ " (10)
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In the above expression, we have again neglected the background emission everywhere
and detector emission in the main cavity modes because any practical solution to the above
condition will require Ts to be small and Te >> Tp; therefore, the detector fluctuations in
the cavity and the background fluctuations elsewhere will be negligible. Note that the
above expression is a conservative estimate for measurability because we have assumed
that any emission outside the main cavity axis occurs into free space; emission into a more
limited volume will involve a smaller mode density and thus a smaller contribution to
energy fluctuations, improving our prospects of detecting Bose-Einstein noise.

In Fig. 4, we show solutions for Eqns (9) and (10) for a single mode half-wave cavity
at various resonance wavelengths, using the condition that the “much greater than” symbol
refers to exactly one order of magnitude. In this plot, we have changed the emitter
temperature, T, in the single mode cavity by, for example, introducing a controlled current
to induce joule heating. The detector temperature is forced to a finite value by radiation
transfer from the emitter. For simplicity, the background has been assumed to be at T=0K.
At this point, we know the temperature of both the emitter and detector for purely radiation-
limited heat transfer. We can now calculate from the maximum detector temperature that
will allow the radiation background noise measured by the detector to be dominated by
received radiation from the emitter, as predicted by Eqn (10). Domination by the emitter is
crucial since, at a given wavelength, higher temperature objects will have a stronger BE
component to their photon statistics and the emitter-detector coupling only covers one or a
small number of modes, making BE statistics observable. From this data, we can see that
at almost all elevated temperatures, the maximum acceptable detector temperature is lower

than can be achieved in a radiation-limited system, which means that we must have some
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degree of detector cooling via heat conduction. Note that this conclusion is relatively
independent of cavity finesse.
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FIG. 4 - Plots of (E) the detector temperature versus emitter temperature for a single isolated cavity and (AE?) the
maximum detector temperature such that overall detector energy fluctuations are dominated by received power from the
emitter (an order of magnitude greater than other sources). When the emitter is heated, it gives off radiation, some of
which is absorbed by the detector. This raises the temperature of the detector to an equilibrium temperature, Tp. The
detector then has a radiation noise with contributions from fluctuations in the received emitter energy and the fluctuations
of its own emitted energy. To observe BE noise, the former should dominate, and in these plots, that is not the case if
radiation heat transfer is the only mechanism determining Tp. Some external cooling mechanism must be used to meet
the condition of Eqn (10). The curves are solutions for Eqns. (9) and (10) for a single mode half-wave cavity at various

resonance wavelengths with Ap=0.005 and Ap=0.005. The cavity can be considered as similar to that in Fig. 1(a).

Figures 6-9 quantify the radiation background fluctuations for a single cavity system as
a function of emitter temperature, finesse, cavity resonant wavelength, and number of

longitudinal modes. In each case, the actual energy fluctuations are compared to the case
of a perfect Poisson system and an extreme BE system (where <An2> ~ <n>2). The data

above establishes that, for a cavity with total isolation in one dimension, the primary
criteria for observability for BE background noise in a single cavity are 1) a high emitter
temperature, 2) an extremely long observation wavelength, and 3) a sufficiently low
detector temperature relative to the emitter.
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FIG. 5 - Conceptual diagram of the modes of a single cavity containing an emitter and detector of the type shown in Fig.

1 (a). The simulations of Figs. 6-9 are based on variations around this basic cavity. TABLE I describes the layer structure

in detail. The layers include 5.5 pairs of 3um n=2.5and 6um n=1.25, 135um n=1, 60nm n=2-2i, 750um n=1

(A), another 60nm n=2-2i, 15.75um n=1, and 9.5 pairs of 3um n=2.5 and 6um n=1.25.

TABLE 1. Layer structure for the 5-mode single cavity of Fig. 5 at 30um .

Thickness (um) Index
5.5 pairs 3/6 2.5/1.25
1 135 1
1 0.06 2-2i Detector
1 750 1 A
1 0.06 2-2i Emitter
1 15.75 1
9.5 pairs 3/6 2.5/1.25
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FIG. 6 - Radiation background fluctuations as a function of emitter temperature for an isolated single cavity containing
an emitter and detector. The plots for <n> and <n>2 are merely to show the relative importance of each term in the overall

noise of the system, which is based on <n> + <n>2. TABLE I describes the layer structure. Also, adjust length of A in
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FIG. 7 - Radiation background fluctuations as a function of finesse for an isolated single-mode cavity containing an
emitter and detector. Since there is only one mode regardless of spectral width and the detector is at a low enough
temperature that it does not emit significant radiation to the peripheral background, the fluctuations are constant. The

plots for <n> and <n>2 are merely to show the relative importance of each term in the overall noise of the system, which
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FIG. 9 - Radiation background fluctuations for a single cavity system as a function of longitudinal modes. In this plot,
we have taken the same cavity system from Figs. 6-8, except that the length has been increased to introduce additional
modes into the detector absorption pass band. The “Non-Uniform” curve represents the data of interest, while “Uniform”

curve refers to a hypothetical system where all modes couple equally to the emitter and is included for comparison.

TABLE I describes the layer structure. Also, adjust length of A in TABLE I to obtain ”% and volume.
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Interestingly, cavity finesse is essentially irrelevant in the case of the isolated
resonator because the average number of photons is determined by the number of modes,
not the spectral width of any mode resonance. Spectral width is only involved when there
is another space with modes with which the cavity could couple. However, cavity finesses
play a very important role in determining the photon lifetime of a system. This is important
because any fluctuation in the mode energy is by its nature very transient. A deviation of
the number of photons from average will exist on average for only a photon lifetime. This
means that any detector hoping to see these fluctuations must operate with a response time
on the order of the photon lifetime or faster. Otherwise, the noise will be observed as an
average over many photon lifetimes, which will revert the statistics to Poissonian.
Additional discussion of detectors will be delayed to later.

We note that the wavelength needed to observe BE noise is longer than would be
expected from a simple calculation using Eqn (3). Instead, Eqn (4) must be used because
of the imperfect coupling between the emitter and detector, &5, . The required long
wavelengths make the isolated single cavity case most compatible with a THz resonator,
although differences between Poisson and BE will be visible in the long-wavelength
infrared as well.

One additional question that deserves discussion is whether it would be possible to see
BE noise using outcoupled light from a high finesse resonator via a coupled waveguide or
scattering defect without the need to include a detector inside the resonator. This is
definitely possible, but will run into the issue raised in conclusion 2 from our thermal
emission discussion earlier in the paper. As one samples a photon population, one is

reducing the number of observed photons to well below the actual number in a mode. Since
the BE component of noise relies on (n)’, our ability to distinguish BE from Poisson

becomes much more difficult. On the other hand, a large sample cannot be outcoupled (at
least in steady-state) from the primary resonator mode because this loss will then limit the
isolation of the resonator, causing it to interact more strongly with the modes of the
environment. Truly a conundrum!

Another issue with waveguide outcoupling is that an extremely long length waveguide
introduces many modes onto the propagation axis, while a shorter waveguide develops
tunneling modes as the length decreases, eventually approaching near-free-space densities
as the length becomes very short.

Observing Bose Einstein radiation background noise in coupled spaces
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It is also possible to observe BE noise in two coupled cavities as we will now argue.
Consider, the configuration of Fig. 1(b). Here a single mode cavity containing a heated
emitter is coupled to an external observing space containing a cryogenically cooled detector.
This detector will be assumed to cold shielded and filtered so that it is only responsive to
the spectral emission of the fundamental mode of the emitter cavity. The detector cavity
will contain many modes, the number of which will be determined by the size of the cavity,

which is a variable that we will control. For simplicity, we will assume a cavity that has

lateral dimensions of % by % , but with a length of ”% , Where n is an integer that

we can control to alter the volume of the cavity. In this system, the walls of the detector
cavity have perfect reflectivity, Rs=1, but the detector itself has an absorption and is
positioned as shown in the inset of Fig. 10 and described in TABLE II. The emitter cavity
has a perfectly reflecting back mirror, Ry = 1, but a front mirror, that is, the mirror that
couples the emitter and detector cavities, that has a reflectivity, R¢ < 1. In this way, the two
cavities are coupled to one another but completely isolated from the outside world. The
single mode version of this coupled cavity system has a photon lifetime of 0.14ns.

The volume (determined by length in our specific example) of the detector plays a
dominant role in how many modes interact with the emitted photons and thus the amount
of BE behavior that will be seen in the noise. However, Rr and the absorptions of the
detector and emitter also have a large effect since they help determine the width of the
resonances within the emission envelope, as shown in Fig. 10. In this figure, a system is
shown where approximately five detector cavity modes couple at some level with the
emitter resonance. In Fig. 10, the resonances are shown as extremely narrow, but these
would widen if the single-pass absorption of the detector, 44, could be hypothetically
increased without affecting the other parameters of the cavity. This concept is shown in Fig.
11. As Aa increases, coherent interactions decrease, and the resonances widen. In the case
of extremely high detector absorption, where A4 approaches 1, the width of the resonances
that originate with the detector widen towards infinity and the coupling peak-to-valley
difference (frequency dependence of coupling) decreases as the valley minimums move
towards perfect absorption. This effectively creates a uniform mode structure in the cavity
system. When the detector resonances are very narrow compared to the emitter resonance,
each mode couples differently, and we must turn to the effective mode calculation
discussed previously in order to calculate the noise fluctuations, as shown in Fig. 12. Figure

13 shows the noise fluctuations as a function of cavity volume for the ideal cases of Poisson
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statistics, BE statistics, and uniform modes, and the actual case of coupled modes. Figure
13 shows the plot for Te = 1500K at A =50um . As with the single cavity case, we can see

that distinguishing BE from Poisson statistics is still difficult at short infrared wavelengths.
At 5um, a difference of less than 3% is seen in a single mode system. At longer infrared

wavelengths, however, as shown in Fig. 13, and into the THz range, the distinction between

BE and Poisson is very clear if a single or few mode system can be created.
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FIG. 10 - Conceptual diagram of the modes of two coupled cavities as shown in the inset. The short cavity contains the
emitter at elevated temperature and the second cavity the detector. The photon lifetime of this coupled cavity system is
0.14ns. TABLE II describes the layer structure in detail. The layers include 4.5 pairsof  2um n=2.5and 4um n=1.25,
600um n=1 (A), 40nm n=2-2i, another 600um n=1 (B), 2.5 pairs of 2um n=2.5 and 4um n=1.25, 8um
n=1.25, .5 pairsof 2um n=2.5and 4um n=1.25, Sum n=1,20 nm n=2-2i, another Sum n=1, and 9.5 pairs of
2um n=2.5and 4um n=1.25.

TABLE I1. Layer structure for the 5-mode coupled cavity at 20 um .

Thickness ( um ) Index

4.5 pairs 2/4 2.5/1.25

1 600 1 A

1 0.4 2-2i Detector

1 600 1 B
2.5 pairs 2/4 2.5/1.25

1 8 1.25
1.5 pairs 2/4 2.5/1.25

1 5 1
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FIG. 11 - Plot of energy fluctuations versus detector absorption for a basic coupled-cavity system in the case where 5

modes have been coupled to the detector. The emitter cavity parameters are: R1=0.999, R>=1, A=0.001, L =10um,

and T=1500K. As the detector absorption increases, the coupled resonances become broader, effectively becoming

uniform as A4 approaches one.
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to obtain ”% and volume.

32



8.0x10™® . T T

E Vi Bose-Einstein |

70x10™4 T=1500 K %=50 pm g
—a— Non-Uniform

\
| e Uniform
°
g
e

15 _| e I i
6.0x10 s .

(<AEZIV)™ (JIm™?)

5.0x10""

0.0 2,5;(‘10'12 5,0>(WID"2 7,5)(‘1[}"‘2 1.0x10"

Cavity Volume (m’)
FIG. 13 - Energy fluctuations versus cavity volume for a coupled cavity system with the basic structure of Fig. 10 for a
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(M = Mefr=0), and a uniform mode system (Mefr = M) have been made. TABLE II describes the layer structure. Also,

adjust length of A and B in TABLE II to obtain ”% and volume.

Before concluding, it is useful to speculate on the chances of observing Bose-Einstein
statistics in thermal emission. This analysis has shown that such observation is possible in
theory. The magnitudes of the differences between Poisson and BE noise become quite
significant under the right conditions. However, there are significant practical difficulties.
The first involves the spectral regime. BE noise will only dominate over Poisson noise for
emitters at elevated temperatures and systems operating at long wavelengths. For example,
this paper used A~30um and Te= 1500K, and ranges with temperatures and wavelengths
scaled appropriately or higher/longer are viable. Interestingly, the finesse requirements of
cavities or resonators are not a major factor in the success or failure of BE noise detection.
Unfortunately, though, the materials and device technologies for the above wavelength
ranges are not nearly as advanced as in the visible and near-IR. There are few materials
that could be fabricated into modally isolated far-IR cavities. Possibilities include diamond
and ionic solids such as KBr, but significant technological development would be
necessary to create low-loss high reflectivity coatings and resonators. Metallic or
metamaterial resonators in the THz perhaps provide a better path forward as they can be
isolated from external world by the metal of the resonator itself. Small metallic losses
within the resonator are acceptable for mode coupling as the finesse needs to be high
enough to ensure that the coupling of the system is dominated by the emitter and detector,

but not so high that finesses typical of near-IR microresonators are necessary. However,
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there are significant photon lifetime issues introduced by the finesse. As mentioned
previously, any detector must be able to sample the photon number of the system with a
response lifetime comparable to or faster than the photon lifetime. Although the photon
lifetime varies wildly depending on the cavity design, a value on the order of 100ps is a
reasonable working number. At infrared frequencies, the number of photons in a mode
dominated by BE statistics will be slightly greater than one. (There may be several or more
photons on average for a mode in the THz.) This means that detectors must be able to
distinguish individual photons in the infrared at speeds compatible with the photon lifetime.
This would be a difficult task even for cryogenically cooled telecommunications-grade

technology; in the far-infrared and THz, such detector technology is not currently available.
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PART III: High-Q Diamond Microresonators in the Long-Wave Infrared

This report section discusses our successful efforts to develop high Q LWIR

microresonators in support of Goal 2.

Executive Summary:

High Q photonic devices in the room temperature thermal infrared region, corresponding
to wavelengths between 8 and 12 microns, have been demonstrated for the first time.
Whispering gallery mode diamond microresonators were fabricated using single crystal
diamond substrates and oxygen plasma inductively coupled plasma (ICP) reactive ion
etching (RIE) at high angles. The spectral characteristics of the devices were probed at
room temperature using a tunable quantum cascade laser that was free space-coupled into
the resonators. Light was extracted via an arsenic selenide chalcogenide infrared fiber and
directed to a cryogenically cooled HgCdTe detector. The quality factors were tested in
multiple microresonators across a wide spectral range from 9 to 9.7 micron with similar
performance. One example resonance (of many comparables) was found to reach 3648 at
9.601um. Fourier analysis of the many resonances of each device showed free spectral
ranges slightly greater than 40GHz, matching theoretical expectations for the

microresonator diameter and the overlap of the whispering gallery mode with the diamond.

Introduction

The quality factors of cavities and microresonators have reached astounding levels in
many regions of the spectrum from the ultraviolet to the infrared, with Q reaching values
of hundreds of thousands or higher. Ready examples are aluminum nitride (AIN) microring
resonators with quality factors near 10° at 390nm in the UV [64], paraffin or silicone oil
droplets with quality factors of near 107 at 640nm in the visible [66], silicon microtoroids
with quality factors above 10% near 1.55pum in the near-infrared [71], and fluoride
microdisks with quality factors near 10% at 4.4um in the mid-wave infrared [84]. Further,
the above works represent only a fraction of many other outstanding devices that illustrate
high Q in many regions of the spectrum [64-86].

In the thermal infrared and beyond, however, the demonstrated quality factors of
cavities and resonators have been much lower, barely reaching 50 in most reported work
[87-91]. Much of the difficulty in reaching high Q at long wavelengths lies with the high

absorptions of even the most transparent materials. One of the most technologically
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important infrared regions lies between wavelengths of 8um and 12um, near the peak
energy density of room temperature thermal emission. We will note that the wavelength
ranges between 8-12um or 8-14um are often called the long-wave infrared (LWIR) in
engineering parlance, although the definition of what constitutes mid-wave and long-wave
infrared varies considerably in different fields such as astronomy, and we merely use this
definition for consistency with our measurement cameras and detectors. In this region of
the spectrum, chemically stable materials such as germanium and zinc selenide are often
used as optical elements, but their absorptions are only low enough to support single-pass
optical propagation or a few passes at most. High Q resonators require extreme
transparency so that the effective optical propagation length within the cavity or resonator
is compatible with long coherence lengths.

Figure 1 shows a plot of absorption versus wavelength for a number of common
infrared materials. In this plot a dotted line is shown that corresponds to the maximum
absorption that would allow a Q on the order of 10°, which is a level that is unremarkable
at shorter wavelengths but far above currently achievable values in the LWIR.
Unfortunately, there are very few materials that meet the appropriate absorption criteria.
There are several types of ionic salts, such as KBr, that have very low absorption in the
thermal infrared; however, these materials dissolve in water and are chemically unstable in
many fabrication processes and non-laboratory end-user environments.

The other possible choice is diamond. Diamond has a series of strong multiphonon
absorption peaks extending from roughly 3 to 6um in the infrared, but beyond these
wavelengths in its pure state, it has no other major solid-state vibrational states that can
interact with thermal infrared light. Therefore, in theory the Q of a diamond microresonator
would be limited by impurity absorption, or more likely, scattering due to fabrication
imperfections. The fabrication technology for diamond is still in its early stages, but
significant progress is being made [93-101] to increase the types of fabrication processes
in which diamond can be used and, perhaps most critically for microresonators, to reduce
the surface roughness caused by etching and patterning. With these advances, whispering-
gallery mode resonators of diamond have been demonstrated with high optical quality
factors at short wavelengths [93,94,99-103].

In this paper, diamond microdisks were fabricated from single crystal substrates and
oxygen-based ICP RIE at high angles. LWIR light from a tunable quantum cascade laser
emitting from A ~ 9.0um to 9.7um was introduced into the microresonator whispering
gallery modes via free-space coupling, and out-coupling was performed with an arsenic
selenide fiber that guided the light to a cryogenically cooled HgCdTe detector. The
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microresonator and the rest of the laboratory environment was at room temperature. The
measured quality factors for two specific wavelengths on two separate samples were found
to be 3648 at 9.601um and 3130 at 9.541um respectively. However, many resonances were
measured with comparable performance. A Fourier analysis of the resonances as a whole
showed that the free spectral ranges of the microdisks were slightly greater than 40GHz
which matches our theoretical predictions based on the microresonator diameter and the

whispering gallery mode overlap with the diamond.

Fabrication of Single-Crystal Diamond Microdisks

Figure 2 shows the fabrication process flow. Microdisks were patterned from CVD
single-crystal diamond plates (3mm x3mm x 250 um , Element Six). Before processing, the
single-crystal diamond plates were cleaned in a set of boiling acids and bases for few
minutes. Specifically a sequence of RCA1, RCA2, and piranha solutions were used. The
substrates were rinsed in deionized water for few minutes between etch step. After cleaning,
silicon nitride was deposited in a high density plasma chemical vapor deposition
(HDPCVD) process and used as a hard mask. After standard photolithography, inductively
coupled plasma reactive ion etching (ICP RIE) was used to pattern the silicon nitride and
etch the diamond. The etch rate of the diamond was approximately 150 nm/min with
conditions of 30 sccm oxygen flow, 100 mW RF power, 700 W ICP power, and a 5 mtorr
background pressure. Next, an additional layer of silicon nitride was deposited over both
the microresonator disk and the substrate. Another ICP RIE step removed the substrate
portion of the nitride, but leaving nitride on the disk. Since ICP RIE is a high aspect-ratio
process, we designed the etch to leave substantial material on the resonator disk sidewalls.
This step is shown from Figure 2e to Figure 2f. The sidewall silicon nitride surrounding
formed a protective layer that prevented it from attack during subsequent processing.

After this, another ICP RIE process etched the diamond to produce the desired height
of the microdisks. This height was chosen both for ease of processing and to ensure that
whispering gallery mode coupling to the substrate would be minimal. The diamond
substrates were then mounted vertically and an angled ICP RIE etch undercut the
microdisks to create the propagation ring of the resonator. Finally, the rest of protective
silicon nitride was removed using a buffered oxide etch (BOE).

Figures 3a and 3b are the images taken by scanning electron microscope (SEM) when
sample was tilted at 75 degrees. The undercut can be observed at the edge of diamond
microdisk in Figure 3a. Figure 3b is a close-up of a region in Figure 3a, zoomed and rotated

to the appropriate direction. Since the scale bar in this figure is 1 um, the surface roughness
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of sidewall was in the sub-micron regime, which makes the roughness less than one tenth
of the wavelength of the propagating whispering gallery mode; hoewever, this roughness
is likely the limiting factor for the Q of the current devices. The oxygen ICP RIE angle etch
also produced a non-uniform undercut depth in the diamond, which could also contribute
to cavity losses.

The dimensions of the diamond microdisks are shown in Figure 4. The diameters are
approximately 1mm, the heights are approximately 11um, the thicknesses of the protruding
disk edges (waveguiding regions) are approximately 1um, and the depths of the undercut

of the protruding edges are around Sum.

Optical Measurement and Fourier Analysis

The schematic diagram of the optical measurement experiment is given in Figure 5.
A quantum cascade laser (QCL) (Mircat, Daylight Solutions, Inc) emitted a collimated
long-wave infrared beam, which was scanned across wavelengths from 9.0um to 9.7um
with a 0.lcm’!/s scan rate. The laser linewidth is less than 0.lcm™. The laser beam
propagated through a chopper and focused by a BD-2 chalcogenide lens (focal length is
4mm from Thorlab, Inc.). By adjusting the location of diamond microdisk via a three-axis
precision stage, the focal point was positioned at the rim of the microdisk and therefore
light at the proper resonant frequencies could be coupled into the microdisk. The uncoupled
light was then collected by a single-mode As2Se3 chalcogenide fiber (IRF-Se-12, IRflex).
Finally, a Mercury Cadmium Telluride (MCT) photodetector (Electro-Optical Systems,
Inc.) with a lock-in amplifier was used to record the signal at the output end of the fiber.

In this experiment, two single-crystal CVD diamond microdisks were made. Before
delving into the details of the data, we should note that Figures 6 and 8 represent “control”
measurements where no microdisk was present, and we were simply sending light through
free space to the chalcogenide fiber. The philosophy behind the control measurements was
to ensure that we were not generating spurious resonances within the basic optical
apparatus of Figure 5, for example via an unintentional cavity formed from parasitic
reflections. The spectrum we measured for first control measurement and the first
microdisk are given in Figures 6a and 7a, respectively. In the first microresonator, whose
data is shown in Figure 7, some silver-coated silica microparticles (diameter ~ 2.5um) were
spread on the surface of the microresonator as suggested in reference [78] in order to
enhance the Rayleigh scattering and further boost the free-space coupling efficiency. (Note
that the second microresonator whose data is shown in later in Figure 9 was not treated in

this manner.) Since the wavelength range over which the LWIR laser was tuned covered
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many free spectral ranges of the microresonators, we were able to use a novel Fourier
analysis of the spectrum versus laser frequency scan rate. These transforms are shown in
Figures 6b and 7b, for the control and microresonator measurements respectively. No peaks
that could be confused with a resonance pattern were seen in the control, but with the
microresonator, there is an obvious low frequency structure with a prominent peak in
Figure 7b around 0.065Hz. As mentioned, this peak is missing in the control group Figure
6b. In our measurement, the scan rate was fixed at 0.1cm™'/s. 0.065Hz corresponds to 15.38

seconds or 1.538cm™. The resonance condition of a whispering-gallery-mode

microresonator satisfies the relationship, mA, =n_,27R where m is the mode number,

off
4, 1s mode wavelength, n,, is the effective refractive index, and R is the radius of

microresonator. For wavelengths around 9.5um as in our scan and using the refractive
index of diamond in this range, n = 2.4, the free spectral range of diamond microdisk with
perfect overlap of the whispering gallery mode with the diamond waveguide, the free
spectral range is approximately 40GHz or 1.33 cm™. However, we note that perfect overlap
of the mode with the diamond is highly non-physical. There will always be evanescent
fields that extend into the air around the microresonator guiding ring, just as with any core
cladding waveguide. This gives an effective index for the mode below that of 2.4. The
measured value of the free spectral range matches this expected effective mode index. One
of the resonant modes in Figure 7a is circled by black dashed line and a zoom-in of this
mode is shown in the inset and the shape of the mode was fit to a quality factor simulation.
For this mode, the quality factor Q is around 3648 at 9.601um. We note that many modes
had comparable values and that this mode was not unique in its properties.

The optical measurement of a second control and a second microresonator are shown
in Figures 8 and 9, respectively. The dimensions of the second microdisk are very similar
to the first, varying only by small microfabrication variations. As mentioned previously,
there were no microparticles dispersed on the surface of this resonator. Similar
measurements and analyses were performed. A Fourier transform of the control
experimental spectrum is plotted in Figure 8b, showing no obvious peaks except for low
frequency noise far outside the microresonator range. The Fourier transform of the
microdisk spectrum in Figure 9b shows a prominent peak at 0.065Hz (Figure 9c) which
closely matches the modal effective index free spectral range as in our calculation for disk
1. As before, one resonant mode is shown with a circular dashed line in Figure 9. This

mode is then zoomed in a inset and curve fit for Q. The quality factor for this mode is
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around 3130 at 9.541um, comparable to the first one. We note again that many other modes
of the resonator have similar properties.

Comparing the spectra of the first and second microdisks, we can conclude that the
microparticles on the surface of the first microdisk did not have a major impact on coupling
light into or out of this particular microresonator design. If the laser beam interacted with
the microparticles, we might have observed the mode splitting because of mismatch of light
travel in the clockwise and counterclockwise directions in the microdisk [69]. It may be
that our microparticles were not properly position on the vertical sidewall of the
microresonator to see the improved coupled that was observed in previous work.

The quality factors of these diamond microresonators far exceed the existing state of
the art for an LWIR cavities. We have demonstrated the first whispering-gallery mode
single-crystal diamond microdisks for the long-wave infrared. In the experiment,
millimeter-size diamond disks were made by oxygen plasma ICP RIE with angled etching
to create a protruding ring waveguide. The diamond microdisks have quality factors higher
than 3000, exceeding prior LWIR cavity Q by more than an order of magnitude. Fourier
analysis further confirmed that the measured results match the theoretically calculated free

spectral range.
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Figure 1. Absorption coefficients versus wavelength for many common infrared
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Figure 2. Fabrication process flow. (a) Silicon nitride was deposited on a diamond
substrate. Photoresist was subsequently applied. (b) The photoresist was patterned using
standard lithography. (c¢) The silicon nitride was etched by ICP RIE. (d) The diamond
substrate was etched by ICP RIE. (e) Silicon nitride was deposited again. (f) The silicon
nitride on the top surface was etched by ICP RIE, which left residual silicon nitride on the
sidewall. (g) The diamond was etched again by ICP RIE to create the desired
microresonator height. (h) The diamond substrate was mounted vertically and etched at a
high angle by ICP RIE to create an undercut. (i) The rest of the silicon nitride was removed
by a buffered oxide etch. Acronyms used in the diagram: PR: photoresist, SiNx: silicon
nitride, SCD: single-crystal diamond, ICP RIE: inductively coupled plasma reactive ion
etching, HDPCVD: high density plasma chemical vapor deposition, and BOE: buffered

oxide etch.
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Figure 3 SEM images of diamond microdisk. SEM images of the cross-sectional views
of diamond microdisk were taken with a tilt angle of 75 degrees. Scale bars in (a) and (b)
are 100um and 1um, respectively. Note that the 1um sidewall is the disk ring waveguide,
and it is a smooth surface that protrudes from the rough sidewall by about Spum.

Figure 4 - Dimensions of microresonator (cross-sectional view). The diameters of the
diamond microresonators were Imm with a height of 11um. The thickness of the

protruding disk waveguide was 1um, and the depth of undercut was approximately Sum.
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Figure 5 - Optical measurement setup. An experimental setup consisting of a tunable
quantum cascade laser (QCL) (A~9—10 um) coupled to a single-crystal diamond microdisk
was used. The uncoupled light was collected by a single-mode As2Ses chalcogenide fiber,
and was detected by a Mercury Cadmium Telluride (MCT) photodetector with a lock-in

amplifier to record the signal.
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Figure 6 Control measurement prior to insertion of microresonator 1. a. Optical
measurement using the experimental set-up of Figure 5 but without a microresonator. The
purpose of this experiment was to ensure that there were no spurious parasitic cavities in
the optical set-up that would interfere in the microresonator analysis. Part (b) is a Fourier
transform of the data in (a). In (b), the x-axis on the bottom is the free spectral range when

scan rate of tunable laser is at 0.1cm™'/s. The x-axis on the top (red) is the sampling rate of

44



the lock-in amplifier.
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Figure 7 — Spectral analysis of microresonator 1. Part (a) is the intensity versus
wavelength plot for the first diamond microresonator. Inset: Expanded view of the
experimental data circled by the black dashed line in (a) The blue line is a curve fit. The
quality factor for this sample is 3648 at 9.601um. Part (b) is a Fourier transform of the data
in (a). There is an obvious peak around 40GHz and and an expansion in is shown in (c)
with curve fitting. In (b) and (c), the x-axes on the bottom are the free spectral ranges when
the scan rate of tunable laser is at 0.1cm™!/s. The x-axes on the top (red) are the sampling
rate of the lock-in amplifier.
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Figure 8 Optical measurement for the control group of the second diamond microdisk.
a. Optical measurement setting as Figure 5 but the second diamond microdisk was missing.
b. Fourier transform of (a). In (b), the x-axis on the bottom is the free spectral range when
scan rate of tunable laser is at 0.1cm™'/s. The x-axis on the top (red) is the sampling rate of

the lock-in amplifier.
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Figure 9 Optical measurement for the experimental group of the second microdisk. a.
Optical measurement of the first diamond microdisk. Inset: the zoom in of experiment data
circled by black dash line. Curve fitting is given by blue line. Quality factor for this sample
is around 3130 at 9.541um. b. Fourier transform of (a). There is an obvious peak around
40GHz and its zoom in is shown in (¢) with curve fitting. In (b) and (c), the x-axes on the
bottom are the free spectral ranges when scan rate of tunable laser is at 0.1cm™'/s. The x-

axes on the top (red) are the sampling rate of the lock-in amplifier.
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