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ABSTRACT

Thermal radiation originates from photons which are spontaneously emitted by different
points in a thermal source. All matter with a temperature greater than OK emits thermal radiation,
which in turn can extract temperature distribution for all optical and electronic materials and
devices. The classic model was found by Max Planck, which describes the spectral density of
electromagnetic radiation emitted by a blackbody in the thermal equilibrium at a given temperature.
A blackbody is an ideal emitter which absorbs all incident electromagnetic radiation from all
frequencies and angles of incidence. All other emissions are studied with the reference of the
blackbody following the properties of emission and absorption. Emissivity is core in thermal
devices, both source and receiver. Thermal emission is a fundamental phenomenon for which any
object with temperature greater than absolute zero emits energy in the form of electromagnetic
waves. The thermal emission from a blackbody (an ideal thermal emitter) only depends on its
temperature, as described by Planck’s law. For a nonideal thermal emitter, i.e., a gray body,
thermal emission also depends on how effectively the emitter can radiate, quantified as its

emissivity.

In this dissertation, | systematically investigate the thermal emission from nanoplamonic
structures in both near- and far-field regimes such as metasurfaces, 2D materials, single plasmonic
emitter, etc. | implement numerical simulations to investigate the directional control of narrow-
band perfect thermal emission using a nanoscale Yagi—Uda antenna consisting of an array of
nanowires. Then | fabricate single plasmonic device and plasmonic structures via the state-of-the-
art micro and nanofabrication techniques including electron beam (e-beam) lithography,

photolithography, e-beam evaporation, reactive ion etching (RIE), wet etching, focused ion beam



(FIB), etc. Finally, I demonstrate the unique properties of the nanoplasmonic structures we

fabricate via thermal and optical characterization.
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1 Introduction

1.1 Background and overview

All matter with a temperature greater OK emits thermal radiation, which in turn can extract
temperature distribution for all optical and electronic materials and devices. Thermal emission,
which physically originates from the electromagnetic waves emitted from thermally induced
random currents in materials, plays a vital role in many fields, such as energy conversion [1-6],
infrared sensing [7,8], passive radiative cooling [9-14], and thermal management [15-21]. In recent
years, structures consisting of an array of subwavelength nanoplasmonic thermal emitters have
emerged as an important platform to actively control and manipulate far- and near-field thermal
radiation [21-34]. Nanoplasmonic structures prove to be the ideal platform to control thermal
radiation. The understanding of the thermal emission from nanoplamonic structures is still

relatively immature in the aspects of numerical modeling, device fabrication characterization.

Thermal emission can be of great importance in many applications, such as energy
harvesting, infrared sensing and imaging, thermophotovoltaics, and thermal management. In those
applications, the ability to control thermal emission is critically important since the thermal
emission by nature is incoherent, random and not 'organized'. For instance, the conventional
thermal emission, such as incandescence, is typically incoherent, broadband, and unpolarized.
These characteristics impose strong restrictions on the capability of controlling thermal emission.
More importantly, the emission spectrum in infrared sensing should be narrow-band around the
targeted frequency. Also, thermal emission from bulk materials is well studied either in the context

of thermodynamics or heat transfer using phenomenological concepts like emissivity or in the



framework of classical electrodynamics, but there remains a significant gap in our understanding

of thermal radiation at the nanoscale.

In contrast, nanoplasmonic structures, have the potential to radiate thermal emission
dramatically different from conventional correspondents, which would be of great importance for
further application. Even though the field of plasmonics has been well studied and developed in
the past, the thermal emission from nanoplasmonic structures is still in the early stage. Due to the
intrinsic difficulty of controlling thermal emission, the design principle for conventional
nanoplamonic structures cannot be directly applied to thermal emission. Therefore, it is imperative
to develop the methodology to design thermal emission from nanoplasmonic structures via
numerical simulation, experimentation and testing. In this proposal, we dive deeply into the unique
thermal emission properties of a nanoplamonic structures from the aspects of simulation,
experimentation and testing, and the thermal emission of nanoplasmonic structures would be

studied in both near- and far-fields, respectively.

1.2 Motivation and scope

The motivation of this dissertation is to study the thermal emission from the nanoplasmonic
structures in both near- and far-field, such as metamaterial, metasurfaces, plasmonic emitters, etc.
To achieve this goal, I first implement numerical simulations to investigate the directional control
of narrow-band perfect thermal emission using a nanoscale Yagi—Uda antenna consisting of an
array of nanowires. Then, | design and fabricate a single plasmonic device and plasmonic array
structures via the state-of-the-art micro and nanofabrication including electron beam (e-beam)
lithography, photolithography, e-beam evaporation, reactive ion etching (RIE), wet etching,
focused ion beam (FIB), etc. Finally, I utilize the commercial system including microscope, FTIR,

lock-in amplifier, etc. to demonstrate the unique properties of the nanoplasmonic structures via
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thermal and optical measurement. Chapters of this dissertation are arranged in the following

manner:

Chapter 2 presents the study of the far-field thermal emission from nanoplasmonic
structures. | start from the demonstration of the directional control of narrow-band thermal
emission from nanoantennas in the far-field regime via numerical simulation. Then, the optimal
design of the thermal Yagi-Uda antenna is well studied and developed, which would be a
promising platform for controlling the directionality of thermal infrared sources. Then, I study the
thermal emission from nanoplasmonic thermal emitters and the nanoplasmonic structures we made
and present a narrow-band spectrum with ultra-high emissivity. The optical measurement
characterization is conducted via our modified FTIR system, lock-in amplifier, and circuit design.
Also, large-scale single plasmonic structure demonstrates a unique peak spectrum related to its

dimension.

Chapter 3 presents the study of the near-field thermal emission from nanoplasmonic
structures. | fabricate the emitter and detector system on a chip for near-field thermal radiation
from nanoplasmonic structures. The near-field emission is largely enhanced due to the plasmonic
cavity design. Thermal and mechanical performance analyses of the nanoplasmonic device in the
near-field radiation regime are conducted to demonstrate the validity and feasibility for the
experiment. Then, the state-of-the-art nanofabrication is employed to fabricate the near-field
nanowire system. Lastly, the thermal measurement is performed to characterize the device

performance.

Chapter 4 concludes the major contributions of the dissertation. The further work is also

discussed in this chapter.



2 Far-field thermal emission from nanoplasmonic structures

2.1 Overview

The spectral and directional control of thermal emission remains challenging because
thermal emission is generally spatially and spectrally incoherent. However, by utilizing
nanoplamonic structures, it has been recently demonstrated that thermal radiation can have both
spatial and spectral coherence. Costantini et al. [35] used plasmonic metasurfaces to realize the
directional and frequency selective thermal emission. Ribaudo et al. [36] showed that two-
dimensional silicon structures can emit highly directional thermal emission. Campione et al. [37]
experimentally achieved directional and monochromatic thermal emission at epsilon-near-zero
conditions in semiconductor hyperbolic metamaterials. As highly directional emitting structures,
Yagi—Uda antennas have been investigated and widely used for decades [38-45]. A Yagi-Uda
antenna usually consists of a single driven element as the feed, a reflector, and several directors on
either side of the feed to optimize and control the directionality of electromagnetic emission. With
both continuous device miniaturization and growing demand on precise control of directionality,
nanoscale Yagi—-Uda antennas become increasingly important [46-54]. Kosako et al. [55]
experimentally demonstrated the directional light emission from a nano-optical Yagi—Uda antenna
composed of an array of finely tuned gold nanorods. Taminiau et al. numerically showed that the
interaction of a single quantum emitter with electromagnetic fields can be enhanced by coupling
with resonant plasmon modes in the near field. The angular emission of the coupled system is
highly directed and determined by the design of the nanoscale Yagi—Uda antenna [56]. Although
these nanoscale Yagi—Uda antennas have achieved the directional control in the traditional optical
and radio frequency regimes, the directional control of thermal emission with a narrow-band

spectrum remains a challenge. In this work, we investigate the directional control of narrow-band
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perfect thermal emission using a nanoscale Yagi—Uda antenna consisting of an array of nanowires
via numerical simulations. Based on nanoscale transmission line resonators as well as the design
of Yagi—Uda antennas [57], we numerically demonstrate the directional tunablity of the narrow-
band thermal emission from a nanoscale Yagi—Uda antenna. Direct simulation of thermal emission
is obtained by the Wiener chaos expansion method [58,59] and further optimized by our recently
developed quasi-normal mode (QNM) theory [60-64]. Our results clearly indicate that the
nanoscale Yagi—Uda antenna array would be a promising component for the directional control of

thermal infrared sources, infrared sensors, etc.

2.2 Directional control of narrow-band thermal emission from nanoantennas in the far-field

To detect the sensing signals of the nanoplasmonic structures from a specific direction in
the far-field region, we integrate a nanoscale emitter into a Yagi-Uda antenna and demonstrate
strong directional control of thermal emission with a narrow-band spectrum at the nanoscale. By
exploring the effects of the reflector and the director of a Yagi-Uda antenna, the emission

enhancement factor up to 8.3 is achieved through geometry optimization.

Here, we apply the fluctuating surface current method to optimize the gold nanorod emitter
at the wavelength of 7.25um. The corresponding optimized geometry parameters are 40nm for
width 40nm for thickness, and 2.5um for length. In the following sections, we will use this design

of the gold nanorod emitter as the feed of the Yagi-Uda antenna.

Consequently, its resistive loss is closely related to the material properties and cross-section
sizes, and its radiative loss is determined by the length of the emitter. In fact, the fundamental
mode of its QNMs behaves like dipole-radiation as shown in Fig. 2-1(a) for the spatial distribution

and Fig. 2-1(b) for the spectral thermal emission.
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Figure 2-1 (a) Spatial distribution of the far field thermal emission from a single gold
nanorod emitter. The plotted physical quantity is the normalized |E[? with respect to the peak
intensity. (b) Spectral thermal emission from the single gold nanorod emitter where the resonant

wavelength is located around 7.25um.

Based on the optimization of thermal emission from a single nanoscale emitter, we explore
how to control the directionality of the nanowire arrays via numerical simulation. Later in this
chapter, we present a broadband near-field thermal emitter/absorber based on metal wire arrays
(MWASs) hyperbolic metamaterials, which can significantly enhance far-field radiative heat
transfer with infrared surface-polariton-resonance materials and maintain the narrow-band

spectrum.

In general, a Yagi-Uda antenna array consists of a reflector, a feed and multiple directors,

as shown in Fig. 2-2.



Figure 2-2 Schematic of a Yagi-Uda antenna with one feed, one reflector and three
directors. LR, H, LD and S denote the length of the reflector, height of the director, length of

director and spacing distance between directors, respectively.

The directionality of the Yagi-Uda antenna array mainly originates from the constructive
interference of the propagating electromagnetic waves. The suppression of the backward
propagation by the reflector also contributes to the directionality. Although thermal radiation is
generally considered to be incoherent due to its stochastic feature, the introduction of the optimized
QNM within a single thermal emitter could compensate the lack of coherence and facilitate the
design of the whole Yagi-Uda antenna array. The surface plasmonic modes along the gold nanorod
emitter increases the spatial coherence of its thermal emission. By optimizing the QNMs to make
it spectrally narrow and sharp, the temporal coherence can be improved as well. Therefore, the
concept of constructive interference of electromagnetic waves can still work properly in the

thermal Yagi-Uda antenna. Yet, due to the randomness inherited in thermal radiation, the



directionality of the thermal Yagi-Uda antenna is expected to be weaker than that of the RF or the
optical Yagi-Uda antenna. The challenges for designing a high-performance thermal Yagi-Uda
antenna are two-fold. One is that the forward emission enhancement is weaker compared to optical
antennas given its low coherence. The other is that the resulting contrast between the forward and

the backward emission is small due to the weak suppression on the backward emission.

To quantitatively evaluate the performance of the directional control of a thermal Yagi-
Uda antenna, we directly calculate the half-height emission angle ¢ and the forward and the

backward emission enhancement factors I and Ig in terms of the thermal radiation intensity |E,|?

of the single emitter, namely Ipg = |EF,B|2/ |Eo|?.

Here, we address the impact of the directors and the reflectors on the thermal emission
pattern of the Yagi-Uda antenna. By sweeping the geometry parameters of the antenna including
director length, spacing distance, reflector length and height, we obtain the optimized Yagi-Uda

antenna design at the interested wavelength.
2.2.1 Spacing of the directors

The distance between neighboring directors is the most crucial parameter in controlling the
directionality of the Yagi-Uda antenna. As the enhancement of the forward emission lies in the
constructive interference of propagating waves, the spacing between neighboring directors can
significantly modify the forward emission by altering the relative phase of the adjacent directors.
In the scenario of thermal radiation, the reflector and all the directors will simultaneously become
secondary thermal sources once the feed emitter is thermally activated. As long as the spacing falls
in the resonant wavelength of the feed which is 7.25um in our case, the secondary thermal emission

could interfere with each other either constructively or destructively. We choose the length of each



director to be 2.2um and with the cross-section area of 40nm by 100nm. The reflector is 3um
long and separated from the feed by 1.8pum. The total number of the directors next to the feed is
assumed to be 3um. Fig. 2-3(a) plots the thermal emission pattern of the Yagi-Uda antenna for the
spacing S in the range of 500nm to 6um, whereas Fig. 2-3(b) represents the forward and the
backward emission intensity enhancement factors. The forward emission intensity gradually
increases with the increasing spacing and reaches the maximum when S is equal to 3um, thus
imposing strong constructive interference. The backward emission intensity shows a similar trend
but experiences the suppression from the reflector due to the quarter-wavelength phase shift
between the feed and itself. It is worth noting that the half-height emission angle ¢ does not vary
much with the spacing. For all our calculations, the half-height emission angle maintains around

62° for the forward emission and 55° for the backward emission.
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Figure 2-3 (a) Spatial distribution of the thermal emission projected to the XY plane at

different director spacings. (b) Enhancement factors of the forward (270 deg) and the backward



(90 deg) emission. The calculation of the enhancement factors is based on the thermal radiation

signal from the feed only.
2.2.2 Length of the directors

The length of the directors is another important factor for the directionality of the Yagi-
Uda antenna. As described in the previous section, the directors could become secondary thermal
sources and contribute to the final emission pattern. The length of the directors turns out to be the
dominant parameter in determining the resonant wavelength. It seems that the ideal case in terms
of the forward emission intensity should be that the length of the directors is the same with the
feed’s length. However, in choosing the same length for both the directors and the feed, the
backward emission could also be boosted. So, it is necessary to avoid such resonance between the
feed and the directors. Here, we calculate the thermal emission of the Yagi-Uda antenna with
different lengths of the directors. The parameter of the reflector is the same as that described in the
previous section. The total number of the directors is still 3 and the spacing is now fixed to be 3um.
The corresponding thermal emission pattern and emission intensity enhancement factors are
plotted in Fig. 2-4. From Fig. 2-4(b), we can see that the forward emission indeed reaches the
strongest point at the length of 2.5um. But the backward emission intensity also becomes the
highest. The ratio of the forward and backward emission intensity at the length of 2.5um in this
case is obviously worse than other cases. It should also be pointed out that the backward emission
becomes dominant when the length of the directors is larger than 2.5um, as shown in Fig. 2-4(a).
In conclusion, the optimal length of the director should be slightly smaller than the feed’s length,

which is 2.2um in this case.
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Figure 2-4 (a) Spatial distribution of the thermal emission projected to the XY plane with
different director lengths. (b) Enhancement factors of the forward (270 deg) and the backward (90
deg) emission. The calculation of the enhancement factors is based on the thermal radiation signal

from the feed only. (c) Forward/backward ratio under different director lengths.

2.2.3 Influence of the reflector

The role of the reflector in the Yagi-Uda antenna is to suppress the backward emission. To
realize suppression, the reflector should be placed at a distance of approximately one-fourth
resonant wavelength from the feed. The m phase shift generated by the quarter-wavelength gap
therefore could effectively destruct the backward emission. On the other hand, the length of the
reflector should be larger than that of the feed in order to block the direct thermal radiation coming
from the feed. The length of the reflector turns out to be an important parameter in optimizing the
antenna directionality. Here, we calculate the thermal emission pattern and emission intensity with
different reflector lengths. As shown in Fig. 2-5(b), the antenna gives the best performance when
the reflector length is 3um. which is slightly larger than that of the feed. As the reflector length

becomes larger, it further suppresses the backward emission below the emission of the single
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emitter. When the reflector length is smaller than the feed length, the antenna begins to enhance
both the forward and the backward emission and lose the directionality. The decrease of the
forward emission when increasing the reflector length is due to the shift of the resonant wavelength
from the reflector. Therefore, the reflector length should be chosen to be slightly larger than the

feed length.

There exist some other parameters affecting the design of the Yagi-Uda antenna, such as
the total number of the directors and the height of the reflector. In Fig. 2-6, we show that these two
parameters play a minor role on the performance of the antenna. For the number of the directors,
even one director is sufficient to enable the directionality because the director nearest to the feed
is the one most strongly activated, as shown in Fig. 2-6 (a). For the height of the reflector, given
that the spatial distribution of thermal emission is more oriented in the longitudinal direction, its

influence on the directionality is negligible.
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Figure 2-5 (a) Spatial distribution of the thermal emission projected to the XY plane with
different reflector lengths. (b) Enhancement factor of the forward (270°) and the backward
emission (90°). The calculation of the enhancement factor is based on the thermal radiation signal

from the feed only.
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Figure 2-6 (a) Spatial distribution of the thermal emission projected to the XY plane with
different numbers of directors. (b) Spatial distribution of the thermal emission projected to the XY

plane with different reflector heights.

Finally, we can plot the spatial distribution of the thermal emission from the optimized
Yagi-Uda antenna in comparison with the single nanorod emitter in Fig. 2-7, where an

enhancement factor of the forward emission up to 8.3 is achieved.
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Figure 2-7 Spatial distribution of thermal emission from a single gold nanorod emitter and

the Yagi-Uda antenna.

2.2.4 Conclusion

In conclusion, the optimal design of the thermal Yagi-Uda antenna varies with the
wavelength of interest. For a given resonant wavelength, the spacing between the directors should
be around half of the wavelength. The director length should be slightly smaller than the feed
length, whereas the reflector length should be slightly larger than the feed length. For the optimized
Yagi-Uda antenna in this work, an enhancement factor of the forward emission up to 8.3 is
achieved. Hence, nanoscale Yagi-Uda antenna arrays would be a promising platform for

controlling the directionality of thermal infrared sources.
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2.3 Perfect and tunable nanoplasmonic thermal emitters in the far-field regime

2.3.1 Fabrication process

Because the thermal emission from each resonator usually emits in all directions, the
substrate is chosen to be a metal plate with a dielectric spacer (as illustrated in Fig. 2-8(a)), where
the metal plate performs as a mirror to reflect all the radiation to the upper space. The sample
fabrication begins with the sputtering of a 50nm thick aluminum thin film as the metal ground
plate on a SiO2 thermal oxide wafer. Then a 150nm thick aluminum oxide layer is sputtered on top

of the aluminum, which serves as the dielectric spacer.

We demonstrate that perfect thermal emission of the resonator arrays can always be
approached by tuning the thickness H of the metal wires [65-67]. To prove the concept, all of the
transmission line resonators in our experiment are aligned in the y-direction, indicating the
maximized emissivity at the y-polarization. The gold nanorod arrays are fabricated by standard
electron beam lithography techniques and a subsequent lift-off process. The scanning electron
microscope (SEM) image of transmission line resonators is shown in Fig. 2-8 (b). The detailed

process will be described in later chapter.
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Figure 2-8 Emissivity of straight transmission line resonator arrays. (a) Schematic of the
cross section of the transmission line resonator arrays. (b) SEM image of the top view of the
transmission line resonator arrays. (¢) Experimentally measured y-polarized emissivity spectra of
the arrays with different H and (d) their corresponding peak values. The Q factor for the case with
H=35nm equals 7.3. (e) Experimentally measured y-polarized emissivity spectra of the resonator

arrays for H=35nm with different periodicities.
2.3.2 Fourier Transform Infrared Spectroscopy (FTIR) and Optical characterization

Our measurement system starts from FTIR, which is mostly applied for the broadband
thermal radiation measurement, because radiation of all wavelengths is collected simultaneously
without a silt blocking as of a dispersive spectrometer [68-70]. The resulting higher throughput,
known as Jacquinot advantage, can increase up to 10 times SNR. The principle of FTIR is based

on interference where radiation is first measured as a function of optical path difference (OPD)
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and then mapped on a spectrum via Fourier transform. where S(8) is detected signal and B(¥) is
the source signal. ¥ = 10*/1 where ¥ is the signal wavenumber and 24 is the signal wavelength. §
is OPD and equals two timesthe mirror distance difference for a Michelson interferometer. FTIR

is based on the Fourier transformation for the wavelength separation in spectral measurement.

In common measurements, there is no difference between rapid-scan and step-scan.
However, when demodulation techniques are included in signal-to-noise (SNR) improvement,
step-scan is required. This is because the wavelength separation mechanism of FTIR with a moving
mirror itself is a modulation, which cannot be distinguished from the external modulations (e.g.,

the input amplitude modulation electrically or by a chopper).

The thermal emissivity spectra of the samples are characterized in the wavelength range of
2-12um. The emissivity is evaluated as the absorptivity according to Kirchhoff’s law. This law is
fully applicable in our experiment because the size of the arrays is much larger than the
characteristic wavelength of thermal radiation. Because our samples are opaque, we directly

measure their reflectivity. The emissivity can then be calculated by one minus the reflectivity.

To obtain the reflectivity, the y-polarized reflectivity spectra of the samples are measured
by a Fourier-transform infrared (FTIR) spectrometer combined with an infrared microscope.
An infrared linear polarizer is used in the infrared microscope, which only allows the y-polarized
reflected light to pass through. The reflection spectra of the samples are normalized
to that of a gold standard mirror. The reflectivity of the samples is measured by using a FTIR
spectrometer (Bruker IFS 66/s) combined with an infrared microscope (Bruker Hyperion 3000,
with liquid nitrogen cooled MCT detector, KBr beam splitter, 15xCassegrain objective lens with

a numerical aperture of 0.4, and a 40um x 40pum focusing spot size).
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2.4 Far-field thermal emission from single nanoplasmonic emitter

2.4.1 Overview

In terms of the applications of thermal emission, including infrared energy harvesting,
radiative cooling, and thermal camouflage, the need for accurate and precise measurement of
thermal emission is essential. In order to increase the sensitivity and portability of the device, a
single working device is studied in this chapter. Since the signal from a single emitter is much
smaller, so overcoming the noise from the background and instrument itself is key to the

experiment.

Accurate thermal emission measurement is then fundamental in material characterization
and increasingly demanding in modern densely packed microdevices. More importantly, the rapid
development of engineered thermal emission, including efficient light sources, passive radiative
cooling, and radiative energy harvesting, makes the measurement system and analysis crucial.
Conventional thermal radiation measurement is performed via reflection and transmission. The
subsequent application of Kirchhoff’s law determines the emissivity from the net absorption of the
sample. However, this indirect method requires the emission in thermal equilibrium and reciprocal.
Otherwise, Kirchhoff’s law is violated, and the equality of emissivity and absorptivity is no longer
valid. Furthermore, this approach also becomes impractical once samples are highly absorptive or
scattered because of the difficulties in refining reflective and transmissive spectra. Unfortunately,
non-equilibrium, non-reciprocal, and extreme reflective or absorptive microdevices are ubiquitous
in state-of-art thermal radiation engineering. Directly measuring the thermal radiation is, therefore,

imperative.
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However, direct thermal emission measurement can be challenging because of the ambient
thermal background noise, which is especially true for microdevices whose thermal signal is weak.
In this chapter, we have successfully measured the spectra of a microbar emitter with systematic
signal enhancement and noise reduction. Lock-in amplifier (LIA) and FTIR serve as primary
components in signal-to-noise ratio (SNR) improvement [71-77]. Their signal process is simulated
and consistent with our experimental results. Besides, our system includes microscope and cryostat
subsystems that can precisely localize a single working device and obtain its radiation solely under
different temperatures. The system design and analysis can then provide general guidelines to set
up a thermal, near-infrared, mid-infrared radiation measurement platform. The chapter will discuss
the infrared thermal spectrum measurement based on FTIR with a focus on the demodulation or

phase-sensitive detection technique for noise reduction [78-83].

2.4.2 Measurement system set up

The overall experimental setup is shown in Figure 1. The optical signal from the device is
modulated, detected (transduced) by FTIR, and finally demodulated by a lock-in amplifier, which
is a bandwidth filter automatically centered at the modulation frequency. In addition, the signal-
to-noise (SNR) is further improved with a microscope extracting the optical signal from devices

at the micro and nanoscale.
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Figure 2-9 Experimental setup for infrared thermal emission spectrum measurement.

Fundamentally, noise reduction is the signal averaging in the time domain, or equivalently,
the bandwidth filtering in the frequency domain based on the incoherence nature of noises.
However, different sources of noise have different frequency dependencies as shown in Fig. 2-10.
For our measurement setup, there are typically five kinds of noises. 1/f, thermal, and shot noises
are inherent in electrical measurement (detection) systems, which includes the input noise of the
lock-in amplifier, i.e., the lock-in amplifier’s own noise. Thermal and shot noises are white noises
that are more or less uniform over a wide range of frequencies. I/f noise is also broadband but

increases with decreasing frequency.

Externally, there is also interference (peak) noises at some definite frequencies, such as
50/60Hz power lines. Since our measurement is initially at DC, their influence is small but is
needed for consideration when choosing the modulation frequency. The main issues for infrared
thermal spectrum measurement are the uncontrollable room-temperature (RT) blackbody radiation
from surrounding objects at mid-infrared (centered at about 1000cm™!) and stray-light

background at near-infrared, both of which are at DC.
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Figure 2-10 Frequency dependencies of different noises. Demodulation noise reduction

is an effective bandpass filter centered at the modulation frequency.

Conventional noise reduction, including the average of the scans or lower the scan speed,
is then inadequate because the weak signal at DC is buried in the strong RT thermal background
noise and the 1/f noise around DC. However, the demodulation technique switches this bandwidth
filtering process to a controlled frequency. Ideally, only a small amount of white noise will remain,

and the higher the modulation frequency (the further away from DC), the higher the SNR.

For the optical signal capturing system, one of the advantages of our measurement design
is that we have included a microscopy subsystem which precisely locates the single working micro
device on chip. As shown in Fig. 2-11(a), the device under test (DUT) is illuminated by a while
light source, and after a well-focused objective, the DUT reflection is then collected by a charge-
coupled device (CCD) camera forming a microscopic image. With the help of the translation stages
where DUT is fixed on, we can move the device that we are interested in precisely at the center of
optical axis. This is helpful for testing modern micro devices, which are for the most part densely

fabricated on a single wafer. Moreover, the DUT can be in a cryostat with temperature control.
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Figure 2-11 Microscopy subsystem in thermal radiation measurement design. (a) Image
mode: forming an image of the microscopic device. Find and locate the target micro device. (b)

Signal mode: measuring the device signal. Beam splitter is removed to increase the signal strength.

During the image mode, the DUT is in off-state, and we can use a linear translation stage
for the objective focus. For the objective with larger magnitude for smaller devices, a motorized
translation stage can be used because of the smaller depth of focus. After finishing the image mode,
we can transfer to the signal mode, as shown in Fig. 2-11(b), and remove the beam splitter. Since
the reflective microscope objective has already been well-focused, after turning on the DUT, we
can have our emitting source radiation well-collimated and entering the FTIR. The removal of
beam splitter is again intended to increase the signal strength. These operations are further

summarized in our discussion about SNR improvement in next section.

2.4.3 SNR Improvement

Our thermal measurement setup can be generalized into a cascade system combing the
DUT and the measurement system, as shown in Fig. 2-12. Our target is the response (input-output

relation) of DUT. However, the result we can obtain is practically the response of the whole
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cascade system, and a careful calibration and noise reduction are needed for accurate and precise

device characterization.

Excitation DUT Signal
DUT Igna’ Measurement Measured OUtPUt»

System

Figure 2-12 Schematic of the thermal measurement system.

To discuss the noise reduction strategies in our thermal measurement system, we need a
radiometry modeling of the signal mode in Fig. 2-11(b). For a well-setup measurement system, as
shown in Fig. 2-13, the angle dependence (6, ¢) and part of the temperature dependence T on

radiance L are fixed.

1. m(2): the measurement system (FTIR+MCT) is in constant room temperature environment,

and its response function is only depended on the signal wavelength.

2. Ipyr(4, Tpyr) : the radiance from DUT Ly, is passing through a fixed number of lenses or
apertures whose total angle dependence (6, ¢) is known. Then we can have the radiant

intensity 1(A, Tpy) Whose temperature Tpy7 IS controlled by a current source.

3. ILerror(A Terystar) = lerror,our (4 Teryostar ) + lerror,5¢ (1) the error radiance, also with fixed
angle dependence, becomes the error intensity, which is further separated into two parts:
one is from DUT whose temperature is controlled by a cryostat, the other is from

measurement system which is in constant room temperature.

To summarize the radiometry model, we present the radiation transport Eqg. (2.1) on which
the model is based. We then split our noise reduction strategies into three levels in the following

subsections.
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Figure 2-13 Signal mode including noise reduction strategies. Reflective objective and its

accurate focus by a linear translation stage for signal enhancement. DUT noise I,y or pur 1S

reduced by low temperature controlled by a Cryostat. Background noise I, 5¢ IS filtered by a

lock-in amplifier.

2.4.4 Signal enhancement for Iy

The most straightforward method to increase the signal-to-noise ratio in our measurement

is to increase the signal intensity, which has already been partially discussed in the previous section

including: First, the temperature of DUT is well controlled by a current source, and can be high

for large thermal emission. Second, Jacquinot advantage of FTIR for higher sensitivity to weak

signal is utilized. Third, reflective microscope objective with high reflectance is used and its

motorized translation is well controlled for precise focus. Lastly, | aligned the DUT, reflective

microscope objective, and FTIR entrance with an internal guiding red laser of FTIR.

24



2.4.5 Noise reduction for I,

To reduce the noise I, In OUr measurement, we have different strategies for Io,,or pur
and Iepror Bg- SINCE Iorror pyr 1S temperature dependent, the most effective way is to reduce the
temperature around DUT via a cryostat. In our measurement, we have used JANIS ST-500
Cryostat with liquid nitrogen reducing the temperature down to 80K. The reduction of I,y ¢ 1S
achieved by the mechanism of phase-sensitive detection (PSD), which applies a lock-in amplifier
and FTIR step-scan mode to achieve a dynamic narrow filter to remove most of the background

noise and pick up the signal.
2.4.6 System response calibration for m(2)

The final part of our radiation transport equation analysis is the response function of
measurement system (Eqg. (2.2)), which is calibrated by a standard thermal emitter (with known

outputs) measured under two different temperatures Tpyr = T, and T,

_ Imeasured(/LTl)_Imeasured(Ale)
m@) = Ipyr(A,T)—Ipyr(AT2) (2.2)

Note I..or, pur IS Independent of temperature after fixing the cryostat temperature
Teryostat » and becomes small when Teyostat 1S IOW. Iopror, g, as discussion above, has been well
filtered by the lock-in amplifier. Therefore, I, iS not included in our response function

calibration.
2.4.7 Lock-in amplifier

The lock-in amplifier is the central component in the demodulation noise reduction and
mainly consists of three components: mixer, low-pass filter, and amplifier. For the purpose of noise
reduction, we can focus on the mixer and low-pass filter first, as shown in Fig. 2-14. The signal is

first modulated at frequency fg, which is equal to the reference frequency f. = f,. The signal
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processing of the mixer is easier to analyze in the time domain, and is the product of signal and
reference sine wave V(t) - V.(t), resulting in a difference-frequency f; — f. = 0 (DC) component
and a sum-frequency f + f. = 2f. component. The mixed-signal then passes through the low-pass
filter, which is easier to analyze in the frequency domain, and the sum(high)-frequency 2f.
component is filtered out. Another way to consider the low-pass filter is an averager in the time

domain, where the high-frequency component is then averaged to zero.

Implicitly, the noise at DC along with the signal is also mixed with the reference, resulting
in —f,. (difference) and f,. (sum) frequency components. This further requires the cutoff frequency
of the low-pass filter lower than f. to exclude all +f. and 2f. components. Besides, the narrower
bandwidth is, the more broadband noise can be reduced. Practical lock-in amplifiers use dual-
phase demodulation to finish the coordinate transformation, i.e., we can obtain the demodulated
output in Cartesian coordinate X + iY, or polar coordinate (A, 6) with the amplitude Ag and phase

0.

Signal Vs(t) Mixer Low-pass Filter

_\ L » X +1Y

Coord
Transf.

Reference Vr(t) > As, ©

Figure 2-14 Mixing and low-pass filtering performed by the lock-in amplifier.

Note the signal is not necessary to be a sine wave even though the excitation (source) is
typically a sine wave. We can finally analyze the sine harmonics for any possible waveform of the
signal. For our measurement of a thermal device (heater) with a sine wave (f,) current excitation,

its emission, following the Joule heating 12R , is a rectified sine wave whose 1st harmonic is 2f,.
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Similarly, the reference is not necessary to be a sine wave, although our lock-in amplifiers
use a sine wave for demodulation. Using a square wave as the reference can sometimes be
beneficial and obtain a larger amplitude of demodulated output compared to using a sine wave.
But when higher-order harmonics are considered, a square reference wave can only demodulate
odd harmonics. For example, in our thermal device measurement, we need deliberately to choose

the 2nd harmonic at 2f;.
2.4.8 Setting optimization

The formal end of our measurement system, as shown in Fig. 2-10, is the setting
optimization since some of the setting parameters of each component may have certain trade-off
effects. The optimization process depends on the specific DUT we are measuring. In the next

section, we would use an Au micro bar emitter as a typical example to show the whole process.
(1) Time constant and filter order

The low-pass filter has two setting parameters: one is the cutoff frequency (bandwidth),
where TC is the time constant; the other is the filter order n, which is the number of low-passfilters
in series. The performances of different cutoff frequencies and different filter orders, in both time
and the frequency domains, are summarized in Fig. 2-15. Specifically, from frequency response,
we start from the cutoff frequency f., (Eq. (2.3)) which is set to lower than f,. and then adjust the
filter order n to avoid the leakage of DC and harmonics, which is particularly important for low
demodulation frequencies when +f, is close to DC (f; —f.). The filter with higher-order

approaches more to be an ideal rectangular wave and suppresses more of these leakage noises.

1

fco « 2n TC (23)
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From step response, we can also find the response time becomes longer when the cutoff
frequency decreases or the filter order increases. This response delay can be an issue when the
lock-in amplifier is used in some feedback control when system response speed is in concern. Even
for steady-state measurements, an extremely long response time can challenge the system's
stability and reliability. The guideline is, first, the cutoff frequency should be broad enough to
cover all signal components and be narrow enough to exclude noise at f,.. Second, the filter order

should be as low as possible and suppress all leakage noises.
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Figure 2-15 Frequency response and step response of different cutoff frequencies and filter

orders.

In addition, when the demodulation frequency is extremely low and the mixed-DC (f; —
fr) component is too close to the unwanted f,. and 2f,. terms, the setting of the low-pass filter
becomes difficult, and an extremely large time constant is needed. The £, and 2 f,. components
typically will leak out and affect the measured results. Sinc filtering allows for strong attenuation

of the £, and 2f,. components. Technically, the sinc filter is a comb filter with notches at integer

28



multiples of the demodulation frequencies (f,., 2f,, 3f,, etc.) as shown in Fig. 2-16. Since the sinc
filter takes out only the multiples of the demodulation frequency, the low-pass filter is still needed

to reduce the broadband noises.

Low-frequency demodulation without Sinc filtering

fr 2 xfr

Low-frequency demodulation with Sinc filtering
Sinc notches 0dB

fr 2 x fr

Figure 2-16 Effect of sinc filtering.
(2) Sensitivity and dynamic reserve

The final component of a lock-in amplifier is the amplifier, which determines the
sensitivity, which is the total gain as the sum of the AC gain of the input amplifier before the mixer
and the DC gain of the output amplifier after the low-pass filter. Modern lock-in amplifiers
typically fix the AC gain to achieve a maximum dynamic reserve, which by definition is the ratio
of the largest tolerable noise signal to the full-scale signal. For example, if the full scale is 1uV
from the lock-in amplifier, then a dynamic reserve of 120dB means noise as large as 1V (120dB

greater than full scale) can be tolerated at the input without overload, as shown in Fig. 2-17. The
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dynamic reserve thus represents the capability of an instrument to reject unwanted signal

components while still providing accurate results.

The sensitivity is thus by definition the total gain but mainly controlled by the DC gain of
the output amplifier (AC gain still contributes to the total gain, but we cannot use AC gain to
control the sensitivity), and is always set to high but unsaturated (non-overload). The dynamic
reserve is then the allocation between the AC and DC gains. Although the AC gain of the input
amplifier enlarges signal and noise together, the noise can be finally filtered out via the following
low-pass filter, leaving an enlarged pure signal. A higher AC gain therefore generally results in a

higher dynamic reserve.

Note most modern lock-in amplifiers are digital with a digital-to-analog converter (ADC).
Analog amplifier enlarges the signal and its noise together, and itself brings some additional noises,
while digital amplifier (regenerator) enlarges signal and the original noise but does not add more
noises, i.e., the digital amplifier only performs a numerical multiplication of the demodulated

output with the scaling factor.

Note the definition of sensitivity does not take account into the SNR. Even though the noise
is also enlarged by the DC gain and the result still has the same SNR, a larger DC gain helps to
detect a weaker input resulting in a higher sensitivity. Finally, the output amplifier is followed by
a digital-to-analog converter (DAC) with a fixed range of 10V, which is a limitation for the

enlargement scaling factor.
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Figure 2-17 With a dynamic reserve of 120dB , we are able to detect the 1V broadband

signal even with an interference (peak) noise of 1V .

The dynamic reserve is generally fixed for a specific lock-in amplifier. Several guidelines

then should be followed to fully utilize the dynamic reserve.

1. Select an appropriate input range: large enough to avoid clipping signal, and small enough
to exploit the full dynamic reserve. Note since lock-in amplifiers do not proactively change
the input range, we need to select the range considering the evolution of the signal
throughout the entire measurement. For example, we need to consider our spectrum

measurement at each mirror step (if step-scan modulation).

2. Remove the DC offset by setting the input to AC coupling. A large DC component at the

input can use up most of the dynamic reserve resulting in reduced measurement

performance.

3. Only removing the DC offset is not enough. The dynamic reserve will cost a lot to
distinguish the non-signal interference (peak) noises, which will also contaminate the
spectrum after mixing and make it difficult to set low-pass filtering. Either employ an

appropriate external band-pass filter centered on the signal of interest and suppress the
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parasitic components or generate a signal identical in frequency and amplitude to the
spurious components and feed it into the differential input of the lock-in amplifier, as

shown in Fig. 2-18.
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Figure 2-18 Use A-B input in the lock-in amplifier to reduce the non-signal interference

(peak) noises (AC).

In summary, the workflow of using a lock-in amplifier is first to characterize noise floor
(y-axis in log-scale) and use this information to finish the input noise preliminary reduction to fully
use the dynamic reserve. The noise floor also guides us to select the best modulation frequency

and optimize the filter bandwidth and order.
2.4.9 Signal modulation
(1) Double modulation

Double modulation (DM) refers to the use of demodulation under the FTIR rapid-scan
mode. As discussed before, the Fourier pair under rapid-scan is the time-Fourier frequency (t —

fr), and the Fourier frequency fr = 2v¥ is non-physical because for a real optical signal the relation
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between wavenumber and frequency, ¥ —t — f, should apply the velocity of light ¢ while the
relation between wavenumber and Fourier frequency, v — t — £, is based on the velocity of moving
mirror v. If the demodulation frequency f, is too close to the Fourier frequency fw, the lock-in
amplifier cannot distinguish f from £, and FTIR cannot distinguish f,. from fz. Then modulation
frequency (and its harmonics) appears in the wavenumber spectrum measured by FTIR, and noises
at DC are also demodulated with the Fourier frequency making the mixed spectrum too

complicated (fr mixing and its harmonics) to set a low-pass filter.

Therefore, the modulation frequency should be much higher than the Fourier frequency
with the rule of thumb timeframe of about 5-10 times in case modulation frequency will not appear
at the FTIR wavenumber spectrum and Fourier frequency mixed noise is far away from DC. In a
practical setting, the velocity of the moving mirror can be set into a specific value, which means
the Fourier frequency f» = 2vi becomes higher for larger wavenumber ¥ region at FTIR spectrum.
For example, if v = 0.04cm/s is set, we can assume a large wavenumber upper bound 7,,,, =
10000cm™1, although we may only measure the spectrum 4000 — 600cm™1, and the maximum
Fourier frequency is then fr = 800Hz resulting in the lower bound of modulation frequency
about f. =4kHz in DM mode. Lower mirror moving velocities allow lower modulation
frequencies, but can also increase the data collection time, since the total spectrum range of interest

is typically fixed (4000-600cm™).

The setting of the lock-in amplifier should have the cutoff frequency and order of the low-
pass filter include the Fourier frequency but exclude all other frequencies (modulation). This is the
reason why fr should be far away from f,. leaving enough space for low-pass filter parameter

optimization.
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DM mode is still under rapid scan and includes the setting of a number of scans. Larger
scan times can have a higher average and improve the SNR. A further increase of the scan times
has inconspicuous effects mainly due to the detector/amplifier noise. At this highest resolution,
the repeatability of different scans and stability of the device under test could not be guaranteed,

and therefore, only one scan is normally used even in DM mode.

(2) Step-scan modulation

Step-scan modulation (SSM) is the extreme case of the DM mode, and its Fourier
frequency becomes zero since the mirror is moved step-by-step with no continuous velocity. Each
step will finish a complete demodulation process. This means SSM mode ideally can be operated
at any modulation frequency, but the price is the extraordinary long data collection time, during
which the stability, reliability of the system, and random interference from the circumstance
become uncontrollable, and the patience of the operator has also been tested. Furthermore, in SSM
mode, the “instant” response feature of the FTIR is entirely lost, as the operator cannot instantly
see the effects of operation (such as optical path alignment) but needs to wait a few minutes for
the results. Without the help of catching a weak traceable signal at a previous rapid scan or double
modulation, the operation of SSM mode independently becomes extremely difficult, especially for
a new operator with an unknown sample at hand. Therefore, SSM mode is typically occurs at final

stage after the survey by DM mode.

In addition, under extremely low modulation frequencies, the step-scan itself becomes
nonvalid since the mirror is still moving and has a “velocity” although, it is moving step-by-step.
Longer step settling time may mitigate this “velocity” but again there is concern due to the
extremely long data collection times. The rule of thumb is that the average time per step should be

set to a minimum of 10 full periods of modulation, even now under step-scan mode. For example,
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in an experiment with modulation frequency as 5Hz, set the average time per step to at least

(1/5)s x 10 = 2s.

Another issue of SSM mode is that its resolution is low since high resolution requires an
extremely long data collection time. In addition, SSM mode is mainly for SNR improvement, but
higher resolution can cause lower SNR. A rough resolution (larger step) can be regarded as an
average effect and has easier and more stable controlling of the step moving. Lower resolution

means we may only measure an envelope of the spectral feature, although the SNR is high.

In both DM and SSM modes, the data acquiring time is related to the spectral span and
resolution directly. We thus can choose appropriate spectral span and resolution to balance the

tradeoff between the data collection time and SNR.

2.4.10 Optical system design

The main optical system design is to include a microscope to extract the optical signal from
some microdevices as shown in Fig. 2-11. There are two purposes of setting up a microscope with
two working modes respectively. For the image mode (optical magnification; CCD), we need to
find and locate the target micro-device. For the signal mode (infrared magnification; MCT), then
we can extract/enlarge the beam size of the micro-device to the MCT element size. The further

optical system includes the internal optical path of FTIR as shown in Fig. 2-19.
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Figure 2-19 Our FTIR (Thermo Fisher iS50) has two optional entrances for an external
source (emitter) controlled by the Synchro-passport. Left-entrance can be combined with a self-
made microscope with more flexibility and a shorter optical path distance, while right-entrance
applies the FTIR Continuum Microscopy with more stable and accurate operations. Note there is

only one interferometer at FTIR Main.

The final beam size or mode profile of the device that will be collected depends on the field
of view (FOV) of the reflective objective, as well as the size of the aperture after the microscope

(for both left- and right- internal optical paths).

Aperture is conventionally a tradeoff between sensitivity + SNR and resolution. A larger
aperture can result in a higher sensitivity since more light is hitting on the detector chip (finally
saturated because of overfilling of a finite size of the chip). The SNR is also increased and saturated
from underfilling to overfilling because of less chip area for dark current. A smaller aperture can
make the measurement more stable and accurate and is needed for high-resolution. Resolution is
not decided by the aperture but needs the aperture to reduce the grazing-incidence of light. For
conventional measurements, notice the sample holder can possibly serve as an additional aperture

when measuring the background spectrum.
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The situation becomes more complicated for microscope FTIR. A microscope (reflective
objective) is used to enlarge the beam size (mode profile) of the device at the microscale. Since
the magpnification of the reflective objective is typically not large (compared to the lens for optical
wavelength), the FOV is relatively large, and the reflective objective thus also enlarges the light
beams from surrounding backgrounds or unwanted areas. To solve this, we further implement an
aperture to chop the enlarged total light beam's edges to make sure we only collect the IR light
beam from the small device, as shown in Fig. 2-20. The aperture now has two roles: one is for
CCD imaging; the other is for MCT sensing. The aperture chops the enlarged beam size (image),
and only the sample image we want is left. The CCD imaging is then a monitor to help us pick up
the device area with a motorized translation stage. Note the image formed by CCD is only a rough
guide since the final MCT sensing is for infrared wavelengths, which are invisible. The longer
infrared wavelengths typically have a larger field of view after an aperture (pinhole) compared to
the visible wavelengths. However, if the device beam size, for example the aperture size, is above

the diffraction limit, the CCD guiding is still considered to be accurate.

,
Detector |

Aperture

A Enlarged Beam Size

oY

g %

® O

2 a I

==

mé \
\
A Y
|

Device Beam Size

Figure 2-20 Zoom-in schematic of the optical system.
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Shrinking the aperture size down to the enlarged device beam size can reduce the noise
from device ambient areas and thus increase the SNR. However, a too-small aperture can cause
the MCT chip to underfill, i.e., the final light beam that enters the detector cannot cover the whole
area of the chip, leaving a large area experiencing dark currents. This can lower the SNR and
sensitivity significantly. We thus have a trade-off: on the one hand, we want to use a smaller
aperture to restrict enlarged beam size to make sure we only collect light from the small sample,
which improves SNR; on the other hand, we need a not-too-small aperture to make sure the MCT

chip is not underfilling, otherwise reducing SNR and sensitivity.

Influence of underfilling, fullfilling, and overfilling on MCT chip: underfilling is that the
chip is not fully filled, thus reducing SNR. Fullfilling is the standard case. Overfilling a little bit
can be beneficial since the directional detection (detectivity) of the chip, but “saturated” if the
overfilling is too large. In summary, we need to avoid underfilling, while overfilling is unnecessary

and may cause lower SNR and sensitivity when using a microscope.

To handle this tradeoff, we can first use a reflective objective with large magnification, and
then the enlarged beam size (or larger percent of it) is already from the small sample, not from the
surrounding. We then do not need a tiny aperture for a further restriction. However, the
magnification of a reflective objective is typically unable to reach a FOV at the micron level. Even
with a high-power objective, the working distance is typically too short compared to the gap
between the device and the cryostat window. Also do not forget our device is working at high

temperature and can damage the objective if they are too close to each other.

Therefore, it seems unavoidable to use an aperture and needs a careful balance for the

tradeoff. We can adjust the aperture from fully open to close and find the optimal size. We may

38



also use a smaller size of the MCT chip, which is typically installed for current microscope FTIR,

but this is only for SNR compensation (no dark current), not for the sensitivity (small area).

In summary, microscope FTIR has an additional requirement of the aperture for chopping
the unwanted beam area compared to conventional measurement, with tradeoffs now in the

sensitivity + SNR and resolution + background-chopping(SNR).

To experimentally demonstrate the narrow-band or spectrally-selective response from the
fabricated emitter, we plan to measure its thermal emission spectrum, which is directly correlated
with the resonant mode of the coupled emitter and detector in the transducer. The proposed setup
for measuring the emission spectrum of an arbitrary nano-emitter is shown in Fig. 2-21. The setup
consists of a microscope which first images the nano-emitter using visible light. Infrared radiation
emitted by the nanoemitter is then collected by a Cassegrain-type reflective objective lens and
guided to a FTIR spectrometer in which a nitrogen-cooled mercury cadmium telluride (MCT)
detector measures infrared light from 0.8 to 16.7um. The FTIR includes a Michelson
interferometer and a beam splitter separating the incoming thermal emission into two beams. The
electrically driven nano-emitter allows us to modulate its temperature and thereby thermal
emission of the nano-emitter at a certain frequency while maintaining the environment (including
the substrate and the detector) at a low temperature. An AC current oscillating at frequency o with
a DC offset will be applied across the nano-emitter. This induces a temperature variation of the
nano-emitter at frequency 2w. A lock-in amplifier that measures the signal at frequency 2w is
connected to the output of the MCT detector. In this case, the FTIR will be operated at a step-scan
mode in which the optical path difference between two beams is changed step by step through
moving mirrors. The AC measurements can significantly increase the signal-to-noise ratio by

introducing the modulation in the heating.
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Figure 2-21 Schematic of the optical path and our FTIR direct emission measurement

system.

As mentioned previously in Fig. 2-11, in term of the external optical path we need to use
for measuring the emission from the emitter, we come up with two ideas as shown in Fig. 2-22.
There are 2 steps before we can measure the emission spectrum from the external module of
FTIR. First, aligning the red laser and objective lens to be coaxial in the horizontal direction, and
then we need to align the red laser and white light source to be coaxial, and once these two steps

finished, we can flip the switchable mirror to proceed with the emission measurement.
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Figure 2-22 Schematic of two different measurement steps.

2.4.11 Microbar thermal emitter measurement results

To verify our analysis of the measurement system, we have fabricated a microbar thermal
emitter as shown as inset of Fig. 2-23(a). 100nm thick Au microbar is directly deposited on a
quartz substrate. With length of 1500um and width of 80um, the microbar is well connected with
4 electrodes. Based on the measurement setup in Fig. 2-13, the reflective objective is well focused
by the linear translation stage, and we can see the shape of the microbar is well illuminated by the

guiding red laser spot from the FTIR.

We measure the microbar thermal emission under OmA (off-state) and 100mA (on-state)
under rapid-scan of FTIR, and as shown in Fig. 2-23(a). Most spectral information is then buried
in the thermal background centered at around 1000cm™=1. Our measurement setup based on step-

scan and PSD is then able to abstract this buried information as shown in Fig 2-23(b).
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Figure 2-23 (a) Microscope image of the microbar thermal emitter, which is well focused
by a reflective objective and illuminated by the guiding red laser from FTIR. Spectral information
is buried in the thermal background under rapid-scan. (b) Spectra under different current input
under our thermal measurement setup with step-scan and PSD for noise reduction. Clear dips are

700cm™t for quartz substrate absorption.

The main effort is to optimize the signal process of the lock-in amplifier, and make sure
the experimental results are consistent with the python simulation discussed above. As shown in
Fig 2-24(a), with decreasing reference frequency, the effect of the Fourier frequency (non-ideal
step-scan) becomes severe, and background noises appear when the reference frequency is below
125Hz. However, with a high reference frequency, the composite response of the emitter and FTIR
measurement system is no longer fast enough, resulting in the decrease of signal intensity. Similar
analysis is also on the time-constant. Larger time constant, i.e. smaller cutoff frequency, results in
more noise reduction, and SNR is significantly improved when time constant increases from 1ms
to 100ms as shown in Fig. 2-24(b). Some background noise peaks even appear when the time
constant is too small. However, further increase of the time constant makes the bandwidth of low-

pass filter too narrow to cover the full signal range, and the signal spectrum starts to deform and
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then finally disappear when the time constant increases up to 1s. This tradeoff again sets an
optimum of the time constant, and for our microbar thermal emitter, it is 100ms 6dB, as shown in

Fig. 2-24(c).

(c)

Figure 2-24 Reference frequency and time constant are optimized based on the effect of
non-ideal step-scan and low-pass filter. (a) modulation frequency (b) time constant (c) filter

order.

A further investigation is done on the harmonics of reference. Since the modulated thermal
signal is the full-wave rectified sin wave whose frequency is double the reference frequency, only
even harmonics of reference can pick up the thermal signal. As shown in Fig. 2-25(a), 1st order
harmonic of reference is dominant, and higher orders only can barely see the signals because of
not only the lower amplitude in the Fourier series but also the higher reference frequency resulting
in lower response of the measurement system. In our spectral analysis, only the 1st order will be
considered. Complementarily, we can also check the odd harmonics of reference, and no signal
but just background peaks which appear both when the emitter is on (100mA) and off (OmA) as

shown in Fig. 2-25(b).
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Figure 2-25 (a) Demodulated thermal signal under even harmonics of reference. 1st order
is dominant. (b) Demodulated thermal signal under odd harmonics of reference. Only background

peaks are picked up (both exist when microbar emitter is on and off).

Finally, we can check the emission spectra of our thermal emitter with increasing input
current as shown in Fig. 2-25(b). Overall, we see a blackbody radiation since 80um width of
microbar is considerably larger, and a clear dip at 700cm™? is due to the absorption of quartz

substrate.
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3 Near-field thermal emission overview

3.1 Near-field thermal emission overview

As we discuss in the introduction, the near-field thermal radiation from nanoplasmonic
structures could be of great interest due to the nano-scale size effect. Here, in order to study the
near-field thermal radiation from nanoplasmonic structures, we fabricate the on-chip
nanoplasmonic emitter and sensor, where the nano-scale infrared emitter and detector are separated
by a gap as small as ~50 nm. The nano-resonators will be made from chromium or platinum due
to the material properties and fabrication compatibility. As demonstrated in our preliminary work,
we will fabricate the electrically driven nano-emitter and nano-detector using combined e-beam
lithography and photolithography. The nano-emitter/-detector will be fabricated by e-beam
lithography, whereas their respective four-probe electrodes are patterned by photolithography. The
device fabrication will begin from a 525-pum-thick silicon wafer, and then a 300-nm-thick silicon
nitride (SiNx) thin film is deposited on both sides of the substrate using plasma enhanced chemical
vapor deposition, which serves as the infrared-transparent dielectric spacer, and the thermal
insulating layer due to its low thermal conductivity around 3W/m-K. To separate the emitter and
the detector with a nanoscale gap, and the gap distance varies from 50nm all the way to 500nm for
the measurement purposes, however, all these values still fall into the near-field radiation regime.
Therefore, we will employ FIB milling to build a trench between them. The schematic is shown
below in Fig. 3-1, where the red nanowire is the emitter light source and the yellow one is the

receiver in this case.
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Figure 3-1 Schematics of the emitter and detector system on a chip for near-field thermal

radiation from nanoplasmonic structures.
3.2 Single nanowire and plasmonic cavity design

For both the emitter and sensor, we enhance the emission and absorption properties via the
same optimization method we use in the previous far-field thermal radiation discussion. To
quantitatively evaluate the field enhancement effect in the plasmonic cavity formed by an emitter
and a detector in Fig. 3-1, we perform proof-of-concept simulations on the electrical field intensity
and the radiative heat flux between two gold nanorods at different gap distances and temperatures.
As one example, we consider an emitter-detector pair made from two identical square-shape gold
nanorods, where the length and the size of each nanorod are 3um and 80nm, respectively. The gap
distance between the emitter and the detector ranges from 50 nm to 5 pum. At the resonant
frequency, Figures 3-2(a) and (b) plot the electric field profiles of the emitter-detector pair for a
50nm gap, where the electric field is highly concentrated in the gap (or plasmonic cavity) between
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the emitter and the detector. Averaged electric field intensity was plotted as a function of gap size
in Fig. 3-2(c). It can be clearly seen from Fig. 3-2(c) that even for this non-optimized emitter-
detector pair, the enhancement of electric field intensity at a 50nm gap can be 4 orders of
magnitude larger than the case for a 5um gap. In Fig. 3-2 (d), we plot the total energy flux as a
function of gap distance by integrating the corresponding spectral heat flux. At the gap size of

50nm, the calculated energy flux is ~ 100 times larger than the blackbody radiation.
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Figure 3-2 (a) Normalized electric field profile between two nanorods with a gap distance
of 50 nm; (b) Electric field profile at the cross sectional plane that is 150 nm from the nanorod end;

(c) Averaged electric field intensity as a function of gap distance; and (d) Total heat flux as a

function of gap distance.

3.3 Thermal and mechanical performance analyses of the nanoplasmonic device in the

near-field radiation regime
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Here, our goal is to finalize the design of the device and substrate from perspectives of
thermal, electrical and mechanical simulation by conducting thermoelectric simulations in ANSYS.
From the temperature, stress and deformation analyses, we are able to find out the optimal design
for the nanowire, required thickness of each substrate and effective ways to prevent heat transfer
by conduction as well as to maximize the thermal emission. Important results and implications will

be discussed in the following sections.

A nanoscale device for near-field radiation detection with excellent thermal and
mechanical performances is designed based on the numerical simulation in commercial software
ANSYS Workbench. The geometrical parameters of the device are delicately adjusted in order to

balance multiple indicators of the device, which are listed as follows:

® Improve the emitter’s temperature uniformity;
® Reduce the emitter’s deformation due to thermal stress;
® Prevent heat conduction from emitter to detector;

® Evaluate the temperature increase of the detector due to thermal radiation.

3.3.1 Design of the device and substrate

S1 e SN, Cr

Figure 3-3: Schematic of the substrate design.
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As shown in Fig. 3-3, the nanoscale device includes a multiple layer design which are
silicon substrate, SiNx thin film, and emitter/detector/electrodes layer. In order to prevent the heat
conduction from the emitter to the detector, a rectangular bottom hole in the silicon wafer is drilled
by wet etching and a groove between the emitter and the detector are fabricated using focused ion

beam.

At the surface of the silicon nitride layer, electric heating pads are connected to the sensor
and the emitter (both made of platinum or chromium), which are separated by a nanosized trench.
As electricity loops through the heating pads, the emitter will be heated, thereby giving out thermal
radiation to the detector. Such signal change will then be detected by the sensor on the other side
of the trench and help us determine how much the near-field thermal emission transferred in

between the emitter and detector.

The temperature drop inside the emitter is mainly attributed to the heat dissipation through
the electrode. Therefore, a small heater is added to the emitter, and the emitter is heated up by heat
conduction instead of by joule heat. Moreover, the structure and size of the groove as well as the
bottom hole are well selected in order to balance the thermal and mechanical performances of the

device, which will be presented in detail in the following section.

The emitter of the device is heated by current and irradiates thermal radiation to the detector.
Such temperature increase in the detector due to the near-field thermal radiation serves as the signal
that is monitored during experiment. A more uniform temperature distribution of the emitter is
beneficial for the near-field radiative signal detection. However, both the emitter and detector are
fabricated on the same substrate, and the temperature increase due to heat conduction could

become a noise signal. Therefore, the numerical model of heat transfer in the device is necessary,

49



which is used to analyze the temperature uniformity of the emitter and design a special structure

to block the heat conduction from the emitter to the detector.

3.3.2 Heat transfer simulation method

In the first step, the simulation method is established to evaluate the temperature
distribution in the emitter and the heat conduction process from the emitter to the detector. The
current flow and the heat conduction are coupled inside the device. The joule heat induced by
current is an energy source which is added to the energy conservation equation. Therefore, the
Thermal-Electric module in ANSYS Workbench is firstly selected to simulate the entire energy

transfer process, as shown in Figure 3-4.
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Figure 3-4(a)Thermal-electric module (b)Boundary conditions in steady-state thermal-

electric simulation.

The following procedure is implemented to set up the steady-state thermal-electric

simulation:
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1)
2)
3)
4)

5)

6)

7)

Create a Thermal-Electric module in the current workspace;

Define material properties (thermal conductivity, resistivity) into the Engineering Data tab;
Establish geometrical model of the device into the Geometry tab;

Under the Model tab, define material for each part;

Under the Model tab, create contacts between every two contacting surfaces; All contacts are
selected as “Bonded”, meaning that two contacting surfaces are completely fixed relative to
one another;

Under the Model tab, create meshing. Add refinement to smaller parts, such as emitter, heater
and detector;

Set up boundary conditions. Set the temperature of the bottom surface to be 22°C (room

temperature). Apply inlet and outlet Current boundary conditions.

From Fig. 3-4, it is shown that the entire simulation domain is extremely large compared

to the size of the emitter. An extreme fine mesh is required, and it is found that the thermal-electric

simulation is hard to converge because of the coupling between electricity and heat. Therefore, an

alternative steady-state thermal model is recommended due to its simplicity in solution

convergence. The joule heat induced by current is substituted by body heat source, which is

calculated based on the current, resistivity of the material, and the cross-section area as presented

in Eq. (3.1). Due to the largest resistivity difference between chromium, SiNx, and silicon wafer,

the body heat source inside the SiNx and silicon wafer is considered to be negligible.

g P2
I“R s Ip
= = = 3.1
a \Y Sl S? 3.4
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where, g is the equivalent energy source, | is the current, R and p are the resistance and resistivity
of the material, | and S represent length and equivalent cross-section area of the device. In order to
increase the accuracy of the simulation, the device is segmented to different pieces because the
cross-section area in different sections is different. The simulation procedure is similar to that used
in the steady-state thermal-electric simulation. The energy source is applied to the device as an
internal heat generation term in the software. The bottom surface of wafer is fixed to constant
temperature of 22°C, and other surfaces are set to adiabatic boundary conditions, as presented in

Fig. 3-5.

on-emitter center: 2.1919¢+010 pW/pm?
on-head: 24261e+009 pW/um?
on-bar1: 7.8769e+008 pW/um?
on-bar2: 1.8853e+008 pW/pm?
on-bar3: 8.26e+007 pW/pm*
on-bard: 4.5179e+007 pW/pm?
on-end: 1.3175e+007 pW/um?
n-large bar: 3.7498e+005 pW/pm?®

0.00 350.00 700.00 (urm)
I . )

175.00 525.00

Figure 3-5 Setup for the steady-state thermal simulation.

3.3.3 Detector temperature evaluation method
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During the experiment, the detector receives near-field radiation and its temperature
increase is then measured as signal for determining near-field radiation. In order to ascertain that
this temperature increase is measurable, the numerical simulation is established to estimate the
detector temperature increase due to the near-field radiation. The steady-state thermal module in
ANSYS Workbench is applied. Based on the near-field radiation simulation, the total amount of
thermal energy input to the detector is assumed to be 10nW. The simulation setup is similar to that
in the previous section, and geometry, contacts between surfaces, and mesh remain the same. The
boundary condition is presented in Fig. 3-6, and a constant flow equaling 10nW is applied to the

front surface of the detector.

D: D P
Steady-State Thermal 2
Time: 1. s

2020/11/14 10:40

E Heat Flow: 10000 p\W
. Temperature: 22. °C

]
X
0.000 3.000 £.000 (urn)
B .

1.500 4.500

Figure 3-6 Setup for detector temperature evaluation.

3.3.4 Thermomechanical analysis method
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Due to the high working temperature of the emitter, the deformation induced by thermal
stress is inevitable. A coupling method based on the heat transfer analysis presented in the previous

section and static structural method is built and shown in Fig. 3-7.
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Figure 3-7 Thermomechanical coupling simulation method.

In the coupling method, the temperature distribution calculated by steady-state thermal
module is imported as a body source to the static structural module. Different materials have
different coefficients of thermal expansion and behave differently during the heating process. It
should be mentioned that the meshes used in steady-state thermal module and static structural
module are not identical. The static structural simulation normally requires a coarse mesh
compared with thermal simulation. Excect for the imported temperature distribution, a fixed
support boundary condition is applied to the bottom surface of the silicon wafer. The material
properties, such as thermal conductivity A, coefficient of thermal expansion a, Young’s modulus

E, and Poisson’s ratio v are summarized in Table 3-1.
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Table 3-1 Summary of material properties.

Material 2 (W-m?t.K?) a (m?) E (GPa) v
Si 148 4.0x10° 150 0.28
SiNy 5 3.3x10°® 290 0.27
Cr 94 6.2x10°® 297 0.21

3.4 Simulation results

3.4.1 Comparison of different emitter designs

In the preliminary design, the emitter is a cuboid structure and its two ends are directly
connected with electrodes, as shown in Fig. 3-8(a). In this way, the current passes through the
emitter and heats it up with joule heat. However, the electrodes could be considered as larger heat
sinks and dissipate large amount of energy from emitter. The temperature distribution inside the
emitter is therefore non-uniform with highest temperature occurring at its center. In order to
mitigate this problem, an extra small cuboid structure is added which serves as a heater to heat up
the emitter, as presented in Fig. 3-8(b). Compared with the emitter size, the length of the heater is
small and the temperature drop inside the heater is limited. On the other hand, the emitter is

separated from the electrode and its two ends are considered to be adiabatic.

(a) (b)
Figure 3-8(a) Original design (b) Improved design of the emitter.
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In order to compare the thermal performance of different emitter designs in a similar level,
the emitter temperature is increased to about 400°C. The temperature contours are illustrated by
Fig. 3-9. A large temperature drop from the center emitter to the end of the emitter could be seen
in the original design. Quantitatively, the temperature distribution along the center line of the
emitter is plotted and shown in Figure 3-10. It is obvious that the temperature uniformity in the

improved design is much better. The temperature difference is 23.75°C in the new design while

this value is 82.69°C in the original design.

y B
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(b)

Figure 3-9 Temperature contours in (a) Original design (b) Improved design of the emitter.
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Figure 3-10 Temperature distribution along the center line of the emitter.
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3.4.2 Comparison of different groove design
(1) H-shape groove design

In order to prevent the heat conduction from the emitter to the detector, the heat flow path
should be large enough. Therefore, an h-shape groove is firstly put forward as shown in Fig. 3-11.
With the aid of bottom hole in the wafer, the heat conduction only happens in the SiNx layer.
Furthermore, the thermal conductivity of SiNx is relatively small compared with silicon and
chromium. The h-shape groove separates the emitter and detector and confines the high

temperature region on the emitter side.

A typical temperature contour is illustrated in Fig. 3-12 and the maximum emitter
temperature reaches about 400°C. It is shown that the high temperature region is mostly located in
the emitter side and the detector temperature increase is negligible. The influence of groove size
is further analyzed, and two lengths of 150pum and 125um are compared. The maximum and
minimum temperature of the emitter are summarized in Table 3-2. The emitter temperature drop
and the detector temperature increase are calculated to evaluate the temperature uniformity of the

emitter and efficiency of heat conduction prevention.

Figure 3-11 Illustration of h-shape groove.
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Figure 3-12 Temperature contour of the device.

From Table 3-2, it could be inferred that the groove size has small impacts on the emitter
temperature uniformity and the emitter temperature drop increases as the maximum temperature
of the emitter becomes larger. As for the detector temperature, a negligible temperature increase
due to the heat conduction is detected (<0.001°C) even though the maximum temperature of the
emitter reaches 600°C. Therefore, the h-shape groove design together with the bottom hole in

silicon wafer is efficient in preventing heat conduction from the emitter to the detector.

Table 3-2 Influence of groove size on the thermal performance.

Groove size (um) Temax (K) Temin (K) ATe (K) ATp,max (K)
150 401.79 378.04 23.75 0
150 604.84 568.40 36.44 0.001
125 410.76 385.13 25.63 0.001
125 608.79 570.10 38.69 0.001

Furthermore, the thermomechanical performance of the device is investigated by looking
into the directional and total deformation of the device. Taking the device with 150um groove size
as an example, the directional deformation and total deformation of the emitter is shown in Table

3-3. It is found that the deformation in both x and y directions is relatively small compared with z
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directional deformation, which means that the z directional deformation is the major component
in total deformation. On the other hand, the temperature variation of the detector is so small that
its deformation is negligible. In order to visualize the deformation of the device after temperature

increase, an illustration is plotted in Fig. 3-13.

Table 3-3 Directional and total deformation of the emitter.

Groove size (um) Lemitterx (L) Lemitteny (um) Lemitter.z (LLm) Ltotar (Lm)
150 / +0.041 -0.880 0.881

0.000 0.500 .000 (um)

Figure 3-13 Total deformation of the device.

Due to the large temperature variation, the emitter evidently bends downwards in the z
negative direction. In consequence, the emitter does not directly face the detector, which will
possibly cause a reduction in near-field radiation received by the detector. To solve this issue,

several solutions are proposed. By increasing the thickness of the SiNx layer or decreasing the
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working temperature of the emitter, the total deformation of the emitter could be limited. However,

these methods are not applicable because of the fabrication or measurement limitations.

(2) Straight groove design

In the h-shape groove design, the larger deformation is partially attributed to the
suspending structure of the emitter. Based on this analysis, the h-shape groove is changed to a long

straight groove and the shape of bottom hole in the silicon wafer is selected as a rectangle.

In this way, the emitter is supported by the silicon wafer and the suspending part is reduced.
However, the thermal performance of the device compromises due to the heat conduction through
the silicon wafer. Therefore, the length of the emitter and the shape of the bottom hole should be
carefully designed. The parameter sensitivity analysis is illustrated in Fig. 3-14 and the length of
suspending part lo, the vertical length of the rectangular hole I1, and groove length I2 are
investigated. Four simulation cases are established, and the values of different parameters are

summarized in Table 3-4.

Figure 3-14. Straight groove and rectangular hole design.
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Table 3-4 Parameter sensitivity analysis.

Case |o (um) |1 (pm) |2 (um)
1 234 46.8 250
2 23.4 250 250
3 23.4 46.8 300
4 18.4 36.8 300

Comparing simulation results in case 1 and case 2 (as shown in Table 3-5), it is found that
vertical length of bottom hole has almost no influence to the emitter temperature distribution and
emitter deformation. The reason is that the silicon wafer in the detector side does not affect the

emitter performance and the emitter is separated from the detector by straight groove.

Table 3-5 Influence of vertical length of bottom hole.

Case TE,max (K) TE,min (K) ATe (K) ATD,max (K) Lemitter,y (Hm) Lemitter,z (}lm)
1 405.80 374.50 31.30 0 +0.020 -0.105
2 405.80 374.50 31.30 0.001 +0.020 -0.104

The influence of groove length could be obtained by comparing simulation results in case
1 and case 3, as shown in Table 3-6. Based on the temperature increase in the detector, a groove
length of 250 um is large enough to prevent heat conduction from the emitter to detector. Slightly
influence to the emitter temperature drop and directional deformation could be seen. However, the

relative differences are only 1.4% and 5.3%.

Table 3-6 Influence of groove length.

Case TE max (K) TEmin (K) ATe (K) ATp,max (K) Lemittery (Lm) Lemitter,z (Lm)
1 405.80 374.50 31.30 0 +0.020 -0.105
3 403.72 372.86 30.86 0 +0.019 -0.101

Furthermore, the influence of the length of the suspending part is studied by comparing

case 3 and case 4, and the simulation results are presented in Table 3-7. It is firstly noticed that the

61



deformation of the emitter is significantly improved by decreasing the length of the suspending
part. On the other hand, the emitter temperature drop increases when adding more silicon wafer
on the bottom of the emitter. As a result, there is a trade-off when selecting the length of the
suspending part, and the thermal performance as well as the mechanical performance of the device
could not be improved simultaneously. It should be mentioned that the length of suspending part
could not be further reduced because the temperature uniformity of the emitter will be dramatically
deteriorated. For example, if the length of suspending part shrinks to 5.3pum, the temperature drop

of the emitter will be 78.30°C.

Table 3-7 Influence of the length of suspending part.

Case TE,max (K) TE,min (K) ATe (K) ATD,max (K) Lemitter,y (l»lm) Lemitter,z (Hm)
3 403.72 372.86 30.86 0 +0.019 -0.101
4 403.11 368.14 34.97 0 +0.016 -0.057

Moreover, the thermal and mechanical performances of the device at higher temperature is
studied by increasing the emitter temperature to about 600°C. The emitter temperature and its
deformation are summarized in Table 3-8. At higher temperature, the temperature drop of the
emitter becomes larger due to larger heat flux. Based on the long straight groove and bottom hole
design, the detector temperature increase is still negligible. As for the directional and total
deformation of the emitter, they are almost linearly larger by 1.5 times compared with the results

when the emitter temperature is about 400°C.

Table 3-8 Thermal and mechanical performances at higher temperature.

Case TE,max (K) TE,min (K) ATe (K) ATD,max (K) Lemitter,y (Hm) Lemitter,z (}lm)
1 603.45 556.39 47.06 0 +0.029 -0.155
2 603.93 556.12 47.81 0.001 +0.030 -0.152
3 603.05 556.08 46.97 0 +0.029 -0.154
4 600.18 547.13 53.05 0 +0.024 -0.086
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Based on the above simulation results and considering also the fabrication tolerance, the
length of suspending part, the vertical length of the rectangular hole, and groove length are selected

as 20um, 40pm, and 300um, respectively.

Furthermore, the fragile part of the device could be identified by plotting the equivalent
thermal stress distribution, as shown in Fig. 3-15. The connecting parts between heater and emitter
as well as heater and electrodes suffer from large thermal stress which could be possibly due to

the sharp edges in geometrical shape.

Figure 3-15 Equivalent thermal stress distribution.

3.4.3 Estimation of detector temperature increase

The detector receives the near-radiation from the emitter and a preliminary simulation is
done to estimate its temperature increase. In the following simulation, the total amount of radiative
energy is assumed to be 10nW. A typical temperature distribution of the detector is presented in
Fig. 3-16. The temperature in the center of the detector is relatively lower than that at its ends. It
is because the center part of the detector is connected to the electrodes which dissipate heat by heat

conduction.
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Figure 3-16 Temperature contour of the detector.

The detector temperature in the aforementioned case 1 to case 4 in Table 3-4 are calculated
and presented in Table 3-9. In general, the detector temperature increase is the level of 0.003-0.005
K. The overall detector temperature increase is determined by the input radiative energy and the
heat loss due to heat conduction. By enlarging the bottom hole size beneath the detector, the
detector temperature could be increased as shown in case 2. However, a larger bottom hole in the
silicon wafer increases difficulty in the fabrication process. Therefore, the same geometry
parameters (the length of suspending part, the vertical length of the rectangular hole, and groove

length) are recommended.

Table 3-9 Detector temperature increase under near-field radiation.

Case ATD,max (K) ATD,min (K) ATD,average (K)
1 0.004 0.003 0.0037
2 0.005 0.004 0.0047
3 0.004 0.003 0.0037
4 0.004 0.003 0.0034

3.4.4 Design with separated emitter and heater
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In the previous design, one issue emerges because the SiNx layer with high temperature
will also emit thermal radiation which is regarded as noise during signal measurement. Fig. 3-17
presents the temperature contour in the SiNx layer and the temperature distribution along the center
line (x-axis direction) in the edge of this layer. It is found that the temperature is high in the region

near the heater and emitter. Therefore, the influence of SiNx layer should be eliminated during
measurement.

400

300F
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Temperature (°C)
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Figure 3-17 Temperature distribution in SiNx layer.

The following measurement procedure could be arranged to identify the near-field
radiation signal purely from the emitter to the detector. In the first test, the complete device is used
and the entire signal including noise could be measured. In the second test, the detector is removed
in the device and the noise signal due to the response in the detector side is found. In the last test,
the emitter is removed but the detector is kept, and the noise from the SiNx to the detector could
be recognized. It should be confirmed in the last test that the temperature distribution in the SiNx
layer remains unchanged after removing the emitter.

In order to verify this concept, a new design of device with separated emitter and heater is
proposed and presented in Fig. 3-18. A small gap d is created to separate the emitter and heater,

and the emitter is heated up by heat conduction through the SiNx layer.
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Figure 3-18 Illustration of separated emitter and heater design.

Firstly, the temperature increase of the emitter by heat conduction is checked and a typical
temperature contour is presented in Fig. 3-19. It is found that emitter temperature is still increased
to targeted temperature (400°C) but a larger maximum temperature difference could be expected
between the emitter and heater. When the gap is set to 50nm, the maximum temperature difference
between the heater and emitter is 18.6°C, and this difference will become larger as the gap

increases.

Figure 3-19 Temperature contour in the emitter/heater.

The influence of gap width is studied by setting d to 50, 100, and 150nm, respectively. The

maximum temperature, minimum temperature, and temperature difference of the emitter are
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summarized in Table 3-10. It is shown that the difference between the maximum and minimum
temperature decreases compared with previous designs, which means the temperature uniformity
in the emitter is improved due to the separation of the emitter and the heater. However, it should
be noted that larger energy input should be applied when the gap width becomes larger.

Table 3-10 Influence of groove size on the thermal performance.

Gap width (nm) Temax (K) Temin (K) ATe (K)
50 406.66 382.67 23.99
100 402.72 381.20 21.52
150 408.69 388.40 20.29

Secondly, the temperature distribution in the SiNx layer with or without the emitter is
investigated. The gap width is fixed to 50 nm, and the energy input in these two cases are identical.
The temperature contour of the SiNx layer is presented in Fig. 3-20. It is observed that the
temperature contour of the SiNx layer is similar in the two cases. A slightly difference could be
seen in the high temperature region due to the existence of the emitter. Comparing the maximum
temperature in the two cases, it is found that the relative difference is only 0.71%. Considering
also the similar temperature contour, it could be assumed that the temperature distribution in the

SiNx layer is unchanged with or without the emitter.

Figure 3-20 Temperature contour in the SiNx layer (a)with emitter (b)without emitter.
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As a result, the above-mentioned measurement procedure could be applied to identify the
near-field radiation signal purely from the emitter to the detector.

3.4.5 Conclusion

The thermal and mechanical performances of the nanoscale device for near-field radiation
detection are studied based on steady-state thermal and static structural analyses. A combination
of heater and emitter is proposed to improve the temperature uniformity of the emitter. A special
structure with straight groove and rectangular bottom hole is designed to balance the thermal and
mechanical performances of the device. Optimum geometrical parameters are also given for the

next-step fabrication.

3.5 Substrate fabrication and characterization

3.5.1 Measurement method

During fabrication, stress may be presented in the thin films due to different reasons such
as mismatch of the film/substrate, different in lattice structural properties, and fabrication process.
In extreme cases, the film may crack, peel away, or delaminate from the substrate under large
residual stress. It is therefore significant to measure the residual stress in the thin film and come
up with methods to alleviate the influence of residual stress. Commonly used experimental

methods include curvature method and X-ray diffraction analysis [84-87].

3.5.2 Curvature method

The preliminary work to determine the stress in thin films is done by Stoney Error!
Reference source not found.. Stoney proposed to measure the change of curvature of the
film/substrate before and after fabrication process as well as the film thickness to calculate the

stress in the film based on the Stoney equation, as presented in Eq. (3.2).
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where, o is the stress in the film, Es, ts, and vs are the Young’s modulus, thickness and
Poisson’s ratio of the substrate, tf is the thickness of the film, 1/r0 and 1/r represents initial and
measured curvature of the film/substrate structure. An illustration of film/substrate structure under

compressive stress is shown in Figure 3-21.

Substrate

Figure 3-21 Application of Stoney equation in film/substrate structure.
The advantage of Stoney equation is that it only demands the thickness of the film and the
film properties are not necessary. However, some assumptions are made for the equation which

are summarized as follows.

a) The film thickness is much smaller than that of the substrate.
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b) The film and substrate are homogeneous, isotropic and linearly elastic.
c) The stress component in thickness direction is zero.
d) The deformations and rotations are infinitesimal.

Ideally, for the film/substrate with uniform curvature and film thickness, the curvature
changes could be measured by optical, mechanical, magnetic and electrical methods. Among
different methods, the optical profilometer is usually applied to characterize the curvature of the
samples. Ardigo Error! Reference source not found. et al. chose WYKO NT1100 optical
profilometer to investigate the curvature change after TiN coated on the silicon substrate. The
influence of substrate shapes on the deformation was revealed and the selection of curvature

(maximum, minimum or mean value) is critical for stress calculation.

However, in most cases, the assumptions for Stoney equations are difficult to satisfy. The
equation has therefore been improved to extend its application ranges. In order to consider the non-
uniformity of curvature and film thickness, a localized approach using the Stoney equation was
proposed. It considers that the variation in curvature and film thickness is limited in the smaller
areas of substrate. For example, profilometer Tencor P-20h was used by Waters Error! Reference
source not found. to measure the local curvature change after tungsten film deposition. The local

curvature change and the calculated local residual stress in the film are shown in

Figure 3-22. It was found that that the curvature change and stress distribution are not
uniform but axisymmetric due to the deposition process. Further studies presented that the

transition of tensile stress to compressive occurs when the argon pressure increases.
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Figure 3-22 Application of Stoney equation in non-uniform case.

Furthermore, a generalized equation for curvature in multilayer structure was proposed by
Feng and Liu Error! Reference source not found., as shown in Eq. (3.3). The differences in Young’s

modulus and growth temperature for each layer were also considered.

j<i I<i I<k

| 6XES (ZZdj +dij§ Ed, [Z(am—oq W =Y (-t )AT,}

R iZEidi h: E,d’ +3[2Zdj +di]; E.d, (di —d +2>d, _zzdlﬂ (3.3)

j<i I<i I<k

(i,j.k1=12,..,N)

where, Ei, di, ai, and ATi are Young’s modulus, thickness, coefficient of thermal expansion, and

difference between room and growth temperature of the ith layer.

3.5.3 X-ray diffraction analysis
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By detecting the slight changes in the interplanar spacing, the residual stress in thin film
could be determined. Based on the definition of strain, it could be calculated by initial and changed

lattice spacing, as shown in Eq. (3.4).

g =—1_—10 (3.4

where, di and dio stand for lattice spacing before and after fabrication process. As a result, the stress
in the film could be calculated by Eq. (3.5).

_ E; (d| _d|o)

3.5
2v.dy ¢

O =

One advantage for X-ray diffraction analysis is that it can simultaneously evaluate the
thermomechanical properties. For example, Zhou et al. proposed to establish the relationship
between change of lattice spacing and temperature increase. The coefficient of thermal expansion

could be derived based on Eq. (3.6).

Ad, 1
a—__

= 3.6
AT d,, (3.6

However, the X-ray diffraction analysis is more difficult to implement and it is only

applicable to crystalline films.

3.5.4 Theoretical estimation

When a film/substrate structure experiences a change in temperature, different materials
are going to expand or shrink by different amounts. By using the definition of thermal expansion
and focusing on a two-layer structure, the thermal strain and stress can be quickly estimated by Eq.

(3.7) and Eq. (3.8), respectively.
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Ep = (af - 6‘(s) . (TDep - TRoom) (37)

ow=E; &, = B¢ (o — ) (TDep — Troom) (3.8)

where, af and as are the coefficient of thermal expansion (CTE) of film and substrate, Tpep and

Troom are the temperature during fabrication and room temperature.

When the CTE of the film is smaller than that of the substrate, the film suffers from
compressive stress. During the cooling process from higher fabrication temperature to room
temperature, all layers tend to shrink due to temperature drop. The large CTE of the substrate
makes it deform more severely than the film. As a result, the film with smaller deformation is
compressed by the substrate. To the contrary, the film undergoes tensile stress when the CTE of
the film is larger than that of the substrate. An illustration of film/substrate deformation under
compressive or tensile stress is shown in Figure 2-23. Based on the above method, the stress in the

multilayer structure present could also be estimated.

Film

e

(@) Tensile stress (b) Compressive stress

Figure 2-23 Stress in thin films.
3.6 Device fabrication

3.6.1 Objective

In this section, we will introduce the process flow and details for the fabrication of the

chemical sensors based on two identical metal nanowires. These nanowires should have a very
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small feature (70 nm in width, 70 nm in thickness, and 3um in length) with a very small gap
between them (~50 nm). Nanowires are placed on a thin layer of silicon nitride to minimize the
thermal effect by conduction. In addition, we added a trench to separate the emitter and detector
from direct thermal conduction. To fabricate these nanophotonic emitters and detectors, we need
a high-resolution patterning technique. We exploit the E-beam Lithography (EBL) system, ELS-
G100 from Elionix, Japan. Standard contact lithography is used to pattern the electrode layer.
Backside alignment and etching are performed to etch the substrate underneath the metal

nanowires followed by a focused ion beam (FIB) to create a trench between the two nanowires.

The on-chip plasmonic sensor and emitter system is fabricated on the aforementioned
substrate. Fig.3-1 shows the schematic of the device system, which is composed of two parts, the
nano-scale sensor & emitter and micro-scale 4-probe electrodes, both made of Platinum (Pt) with
a thin layer of titanium (Cr) underneath acting as an adhesion layer. Each of 4-probe electrodes is
200um by 200um square pads used for 4-point probe measurement of both the sensor & emitter.
For sensor & emitter, the key part is the nanowire in the middle with the dimension of 70-nm wide,
70-nm thick, and 3-pum long. A 50-500nm wide trench would exist in between the sensor and

emitter for studying the near-field thermal radiation.

3.6.2 Methodology and fabrication process flow

Fig. 3-24 shows the brief process flow for the fabrication of the nanophasmonic emitter
and sensor. We can divide the whole process into 4 main different steps as i) patterning of metal
nanowires, ii) patterning of electrodes, iii) backside etching, and iv) grooving a trench between the
nanowires by FIB. In step i), we need a high-resolution patterning method to define the very small
features of metal nanowires. EBL system ELS-G100 could offer down to 5nm feature, so we use
this tool to achieve our 70nm wide metal nanowires. In step ii), standard contact UV lithography
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was done to pattern the chromium (Cr) and gold (Au) electrode layer. Step iii) and iv) are the
critical parts of our process to reduce the thermal conduction between the nanowires. In step iii),
we conduct backside alignment and etch of the substrate. In step iv), a trench between the two

nanowires is created by FIB.

i) Patterning of ii) Patterning of
Metal Nanowires Electrodes

iii) Backside
Etching
e T o h

iV) Grooving a
Trench between
Nanowiresby FIB

Figure 3-24 Fabrication process flow for the nanophotonic chemical sensor.

3.6.3 Fabrication challenges

We have many challenges during our fabrication process. The major challenges include
i) hardening of photoresist when depositing Pt (platinum) for metal nanowires, ii) optimizing

the backside etching, and iii) bending and warping of thin suspended film.

Pt is the best material for the metal nanowires due to its material properties. We use the
e-beam evaporation method to deposit Pt for metal nanowires, but during the deposition,

excessive heat hardens the resist and makes it hard for the lift-off process. Our approach is to
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divide the deposition into several steps so that the resist layer would not heat up too much. If
our target is 70 nm, we deposit 10 nm, then stop the deposition for 10 minutes to cool down
the samples. Then, deposit another 10 nm and cool down again. Alternatively, we can use

different metal (pure Cr) as nanowire material.

Metal nanowires should be suspended on the thin film to minimize the heat conduction
through the substrate. At first, we try the Bosch process or deep reactive ion etching (DRIE)
to etch all the substrate to make the metal nanowires suspended. However, the result is very

uncontrollable and nonuniform, so we alternatively try silicon wet etching.

After we fabricate metal nanowires on the suspended film, the released structures
would undergo bending of the film due to residual stresses. If the size of the suspended film is
too wide, the distance between the nanowires would be much larger than the original design.
We optimized the size of the suspended film with numerical simulation to minimize the effect

due to the bending and warping of suspended structures.

3.6.4 Fabrication process flow

For this emitter and sensor system, the fabrication process sequence is critical for the

stability of the device, fabrication cost, and testing. Fig. 3-25 shows the schematic of the

fabrication flow. There are 4 steps included, the fabrication of sensor & emitter, fabrication of 4-

probe electrode, back-side etching the hole and cutting the trench. We first pattern the sensor and

emitter on the substrate via electron beam (e-beam) lithography and then align the 4-probe

electrodes via photo-lithography correspondingly to ensure good contact. Then, the Bosch process

is employed to etch a hole with the diameter of 50-100um from the back and finally a narrow

trench would be etched via focused ion beam (FIB) to measure the near-field radiation.
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1. Fabrication of Sensor & Emitter 2. Fabrication of 4-Probe

4. Cutting the trench 3. Back-side etching
— f————
Substrate Sensor & Emitter 4-Probe

Figure 3-25 Schematic of fabrication flow of single on-chip photonic transducer.

(1) Substrate preparation (Fig. 3-26a)

4-inch <100> n-type 525-pum-thick silicon (Si) wafers with 300-nm-thick silicon nitride
film on both sides were purchased from Silicon Valley Microelectronics, Inc., CA (Fig. 3-24a).
Silicon nitride films were deposited by low-pressure chemical vapor deposition (LPCVD) to
achieve tensile residue stress lower than 100MPa. The wafers were diced into 9mm by 9mm chips.
Then the chips were immersed into acetone and cleaned by an ultrasonicator for 5 minutes. The
chips were rinsed by acetone, isopropyl alcohol (IPA), and deionized (DI) water in serial order and

blown by an air gun. Then the chips were dried on a hotplate at 115°C for 1 minute.
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Figure 3-26 Fabrication Process Flow; (a) substrate preparation, dicing and cleaning, (b)
E-beam lithography for metal nanowire patterning, (c) formation of metal nanowires by
evaporation and lift-off, (d) UV lithography for electrode patterning, (e) E-beam evaporation of
Cr/Au electrodes and following lift-off, (f) UV lithography from back of the substrate, (g) dry and
wet etching from backside, (h) trench formation by focused ion beam.

(2) Patterning of metal nanowires (Fig. 3-26b, ¢)

Fig. 3-27 shows the fabrication flow of sensor & emitter. The sensor and emitter are first
patterned on the pre-coated electron sensitive resist. Then the e-beam resist is chemically changed
under exposure to the electrons, and the exposed areas can be dissolved during development.

Therefore, the inverted pattern on the substrate would be obtained. Then we deposit 70-nm-thick
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Pt layer on top of the device with a 10-nm thick Cr adhesion layer via e-beam evaporation.
Furthermore, it is a cost-effective lift-off process where the material on top of the sacrificial layer
would be removed easily by immersion and quick rinse with acetone. After lift-off process, the

fabrication of sensor and emitter would be completed.

B - A - DA - s

Spin-coating Exposure & Development Deposition Lift-off
— —
Substrate Sensor & Emitter Photo-resist (electron sensitive)

Figure 3-27 Fabrication flow of Sensor & Emitter.

A thin layer of PMMA A4 resist (Microchem Corp, USA) was spin-coated on the chips
from 4.1 (600rpm 6sec + 4000rpm 60sec). Then the chips were baked on a hotplate at 180°C for 2
minutes. ELS-G100 EBL system is used to expose the resist with the electron beam. Exposure
dose of 1700uC/cm? was used for nanowire patterns and 1000uC/cm? is used for connection to
electrodes. After the exposure, the PMMA layer is developed by immersing the chips in MIBK
(Methyl isobutyl ketone) solution diluted in IPA (MIBK:IPA=1:3) for 1 minute, followed by
subsequent rinsing with IPA for 20 seconds. Descumming of developed PMMA is done by O2
plasma treatment using reactive ion etching (RIE) tool (10W, 10 mTorr, O2 flowing at 20sccm, 15

seconds). Then, metal layers are deposited using an E-beam evaporation tool. Here, we had two



cases: (i) Cr/Pt nanowires or (ii) pure Cr nanowires. For (i) Cr/Pt nanowires, we successfully
deposited 10nm Cr / 70nm Pt nanowires. Alternatively, we deposited pure 80 nm Cr layer to
fabricate Cr nanowires instead of Cr/Pt nanowires. After finishing the E-beam evaporation, the

chips are immersed in acetone overnight for the lift-off process.

Here are some experimental results about patterned nanowires. The original design is
written by three different doses under E-beam lithography to minimize the proximity effect and
also the connecting part of the two wires with the larger leads has a fan-shaped pad written by dose
2 as shown in Fig. 3-28. After running through analysis and proof of concept, we realize that, first
only 2 doses could be used for writing, and second the fanned part would cause a large contact
resistance. Therefore, we come up with the new design, where dose 3 is eliminated and also the
connecting fanned pad is largely minimized to ensure the accuracy of the electrical measurement,

as it is shown in Fig. 3-27.

E-beam
dose 3

E-beam
«dose2

Figure 3-28 Original design of Sensor & Emitter.
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E-beam

dose?2

E-beam
dose 1

Figure 3-29 New design of Sensor & Emitter.

In addition, we tune the gap distance between the emitter and sensor by tuning the design
gap and the writing dose and the results are promising showing we can control the gap 50nm and

100nm with 5nm tolerance as shown in Fig. 3-30.

100 nm gap 50 nm gap

. E

Figure 3-30 The gap between the emitter and sensor are 100nm and 50nm.

Moreover, in order to get the most resonance from the two nanowires, we extrude the two
wires from the separate heating parts on each side as shown in Fig. 3-31. This would increase the

resonant modes of both nanowires tremendously;herefore, the near-field emission signal would be
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largely enhanced as opposed to all the previous designs. As for the previous design, the nanowires
are directly connected to the electrodes, which would contribute to the current charge leakage to a

certain extent. Therefore, we finalize our design as shown in Fig. 3-31.

- ey o A [
0924 1000KV_lum 30.000X At 2020/09/29 . N 2% __1000kV Sun 8000X A 2020/09/:

Figure 3-31 Extruded nanoplamonic structures for enhanced thermal resonance.

(3) Fabrication of 4-probe electrodes via photolithography and lift-off (Fig. 3-26d, €)

Fig. 3-32 shows the fabrication flow of the micro-scale 4-probe electrode using photo-
lithography, e-beam evaporation and lift-off. Quite similar to the previous step, except that we use
optical instead of e-beam lithography for micro-scale patterning, a uniform layer of ultra-violet
(UV) sensitive resist is then coated on the wafer by spin-coating. Subsequent exposure and
development are used to remove the irradiated region of photo-resist, and we obtain the micro-
scale 4-probe pattern. Pt and Cr are deposited via e-beam evaporation and the lift-off process is

employed to obtain the 4-probe electrodes.
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Spin-coating Exposure & Development Deposition Lift-off
] |
Substrate 4-probe Photo-resist (UV sensitive)

Figure 3-32 Fabrication flow of the 4-probe electrode.

The chips were strongly sonicated in an ultrasonicator with 170 kHz frequency for 10
minutes. Chips were subsequently rinsed with acetone and IPA. For dehydration, the chips were
dried on a hotplate at 115°C for 1 minute. HMDS (hexamethyldisilazane) layer was coated on the
chips by HMDS vapor open. AZ P4110 (Microchemicals GMBH, Germany) photoresist was spin-
coated on the chips (600rpm 6sec + 4000 rpm 60sec). Then the chips were baked on a hotplate at
95°C for 2 minutes. The chips were exposed to UV (ultraviolet) light using a contact aligner
(5W/cm?, 60 sec). After the exposure, the photoresist layer was developed by immersing the chips
in diluted AZ 400K (Microchemicals GMBH, Germany) solution (AZ 400K : DI water =1 : 3) for
1 minute with strong agitation. The photoresist layer was treated with O2 plasma for the
descumming process (100W, Oz flowing at 20sccm, 2 minutes). Then, Cr/Au layers were deposited
using the E-beam evaporation tool (15nm Cr/ 200nm Au). After finishing the E-beam evaporation,
the chips were immersed in acetone overnight for the lift-off process. Fig. 3-33 shows the design

schematic and optical images of the 4-probe electrode under the microscope.
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Here are the results of the micro-scale 4-probe patterned with the emitter and sensor system
in Fig. 3-34. We can see from the SEM image that the alignment of the emitter and sensor with

the 4-probe is well-connected, which can guarantee the electrical stability for testing.

(@)

Figure 3-33 Design schematic and optical images of the 4-probe electrode.

Figure 3-34 Optical and SEM images of emitter & sensor with the 4-probe electrode.

(4) Backside etching (Fig. 3-26f, g)
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The chips are strongly sonicated in an ultrasonicator with 170 kHz frequency for 10
minutes. Chips are subsequently rinsed with acetone and IPA. For dehydration, the chips are dried
on a hotplate at 115°C for 1 minute. First, the device side of the chips where nanowires are
presented is spin-coated with PMMA A4 resist. Then the chips are baked on a hotplate at 180°C
for 1 minute. After that, we coat the other side of the chips with HMDS (hexamethyldisilazane)
layer by HMDS vapor open. The chips are spin-coated with AZ P4110 with the same recipe from
4.3. Instead of baking on a hotplate, we use a convection oven at 90°C to bake the AZ P4110
photoresist layer (5 minutes). After the baking, the same exposure and development conditions as
4.3 are used. To etch the 300-nm-thick silicon nitride layer, we use RIE with CF4 and CHF3 mixed
gases (CF4 flowing at 14 sccm, CHF3 flowing at 6 sccm, pressure at 10 mTorr, 25W, 38 minutes).
Then, the chips are immersed in acetone and sonicated for cleaning. One hundred-nm-thick copper
(Cu) layer is deposited on the front (device) side as a protection layer during the wet etching. Thirty
wt% potassium hydroxide (KOH) solution is prepared for wet etching of Si substrate layer under
the silicon nitride and metal nanowires. The chips are immersed in KOH solution at 100°C for two
hours to etch 525 um of Si layer all the way through. To remove the Cu protection layer, the chips
were immersed in Cu etchant APS-100 (Transene inc., USA) for 1 minute. Finally, a critical point

dryer is used to release the suspended silicon nitride film without the failure of the structures.

Here are the results of the micro-scale 4-probe patterned with the emitter and sensor system
in Fig. 3-35. We can see from the optical image that the alignment of the emitter and sensor with

the 4-probe is well-connected which can guarantee the electrical stability for testing.
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Figure 3-35 Nanoplasmonic devices after KOH wet etching.

According to the modified design, we'd like to control the distance of the emitter 16-23um
away from the edge of the etched opening. After modifying our mask design and alignment, we

are able to achieve this fine adjustment as shown below in Fig. 3-36,

Figure 3-36 Nanoplasmonic devices after modified KOH wet etching.
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(5) Focused ion beam (FIB) milling

FIB tool could achieve sub-100 nm width trenches by cutting the silicon nitride film
between two metal nanowires. Then, the chips were wire-bonded on chip carriers for the

measurement.

As we demonstrate, FIB is quite flexible and accurate at making such a narrow trench with
high aspect-ratio compared to reactive ion etching (RIE). The reason is because in order to use
RIE, multiple extra steps must be added to make the hard mask for etching and the process would
be complicated and cost-prohibitive. Furthermore, the alignment of sensor and emitter with the

trench must be challenging as well via RIE.

Lastly, FIB would be used to etch against the gap in between the sensor and emitter.

First, we use bare Si wafer as a proof of concept and the result is shown in Fig. 3-37. It is
easy to cut a high aspect ratio trench with a smaller width on Si and the aspect ratio could be as

high as 10.

However, when we do FIB milling on the designed substrate with the SiNx on top, it seems
quite difficult to cut a high aspect ratio trench because of a low sputtering yield of SiNx compared
to single crystalline silicon. Here are some results regarding cutting the trench through SiNx thin
film as shown in Fig. 3-38. In addition, as the simulation results show, we only need to cut the
trench in between the shorter nanowires, but a 250-300um long trench is expected to cut through

the SiNx film to avoid the heat conduction interference for the measurement.
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Figure 3-37 SEM image of the etching result from FIB milling silicon.
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Figure 3-38 SEM image of the etching result from FIB milling SiNXx.

3.6.5 Device testing and wire bonding
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Based on the fabricated plasmonic emitter and sensor above, we will test their chemical
sensing performance by conducting detailed characterizations thermally and optically. Our goal is
to demonstrate we have the capability to measure an ultra-small near-field thermal radiation signal
at the nano-scale. Therefore, we wire bond the device pad with the pads on the DIP package as

shown in Fig. 3-39.

Wire bonding for testing

Figure 3-39 Images of the wire-bonded device and the DIP package for testing.
3.7 Thermal characterization

3.7.1 Mechanism of thermal measurement

Suspended device was first proposed by Prof. Li Shi [88] to measure the thermal
conductivity of silicon nanowire in 2003. The structure is well-known for high sensitivity and
straightforward heat transfer model. Such device design has been widely used to measure the
thermal conductivity of nanowire [89] and nanoribbon [90], and even expanded to measure far
field radiation [91, 92]. Currently steady-state heating plus high-sensitivity Wheatstone bridge is

used in the Shen Lab.

3.7.2 Theory and method
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Here, we use another thermal device to demonstrate the methodology of our thermal
measurement. As shown in Fig. 3-40, the device is a 2mm x 2mm square chip with four pairs of
suspended pads. Each pad is supported by seven 400-um-long thin silicon nitride beams. Pt coil is
deposited on the pad in serpentine shape for uniform heating and temperature sensing. Each

supporting beam is linked to an electrode.

Figure 3-40 Photo of suspended thermal device.

As shown in Fig. 3-41, the nanowire sample is mounted on the device bridging the two
pads. One of the pads is heated by a DC current, named heating pad. The temperature of the other
pad, sensing pad, is monitored. With the help of high vacuum and radiation shield, thermal
conduction is dominant, and the temperature of sensing pad is determined by how much heat is
transported from the heating pad to the sensing pad via the sample. Therefore, the thermal
conductivity of the sample can be determined by measuring the temperature of the heating pad Tn

and sensing pad Ts using resistive thermometry.
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Sensing pad

— Heating pad

Figure 3-41 Demonstration of thermal conductivity measurement based on the suspended device.

Consider the temperature distribution of the device. Note that the surface of the pads and
supporting beams is adiabatic. Temperature is uniformly distributed on the pads, linearly
distributed on the non-heating supporting beams, and parabolically distributed on the heated

supporting beams, respectively, as shown in Fig. 3-42.

Figure 3-42 Finite element simulation result of temperature distribution

As shown in Fig. 3-41, energy conservation about control volume about sensing pad CVs

is indicated by Eqg. (3.9),
Qs = Gs(ATy, — ATy) = G,AT; (3.9)

where Qs is heat flow via the nanowire sample, Gs is thermal conductance of the sample, G, =

7k, A, /L, is the thermal conductance of all supporting beams of the sensing pad, and AThand ATs
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are the temperature increases of heating pad and sensing pad about the ambient temperature,

respectively.

Energy conservation about control volume about heating pad CVh indicates as Eq. (3.10),

Qn +20Qp = Qs + Qnup + Qnp (3.10)

where Q,, = I%R,, is the heat generation on the heating pad, Q,, = I?R,, is the heat generation on a
single heated supporting beam, Q,,, = 5G,ATy, /7 is the heat dissipated by the non-heating
supporting beams, and Q;,;, = 2(G,AT,/7 + Q,/2) is the heat dissipated by the heated supporting

beams.

Solving the energy conservation equations (Eg. (3.11) and (3.12)) indicates that

_ Qnt0Qp

b ™ ATp+AT, (.11
AT

Gs = Gy g (3.12)

The temperature of the heating pad and sensing pad is determined by resistive thermometry

by Eq. (3.13), where dR/dT is determined by TCR calibration measurement.

AR
" dR/dT

AT (3.13)

3.7.3 TCR calibration measurement

Temperature coefficient of resistance (TCR) is a fundamental parameter for thermometry,

defined by Eq. (3.14),

1 dR
" RyepdT

(3.14)

where Rref is the resistance at reference temperature such as Eq. (3.15),
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R =Ryer[1+ a(T — Tref)] (3.15)

The TCR measurement circuit used in Shen lab is shown in Fig. 3-43a. The internal AC
voltage source of the lock-in amplifier is converted to a current source with the 10MQ resistor.
The typical sensing current used for resistance measurement is 100~400nA. Four-probe
connection is applied to a serpentine coil, and the voltage across the serpentine coil is measured
by lock-in amplifier. The resistance of the serpentine is then determined by voltage divided by the
current of the current source. The relation between temperature and resistance is then determined
by varying the ambient temperature of the cryostat. A typical measurement result of the suspended
device is shown in Fig. 3-42b. Generally, metal shows a quasi-linear temperature-resistance
relation. First, 2nd, and 3rd degree polynomials could be used for curve fitting and calculation of
TCR. Even for the same type of material, the TCR value varies with material microstructure under

different fabrication process, and material dimension if size effect occurs.

a Lock-in amplifier b
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Figure 3-43 (a) Four-probe circuit for TCR measurement. (b) Typical resistance-

temperature relation of the platinum coil.

3.7.4 Frequency calibration measurement
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The AC sensing current could couple with DC heating current and induce additional
heating to the heating pad, if the frequency of sensing current is so low that the pad temperature is
able to respond to the modulated heating. Thus, a frequency calibration measurement is required
for the heating pad. The circuit connection is the same as that shown in the Fig. 3-43a except an
additional DC source plugged in with the AC sensing current. Calibration measurement is

implemented as shown in the pseudocode below:

For AC frequency = 1 ~ 2000 Hz

For DC heating I =0 ~ 1.5mA
Record ATh at Imax

End
End
3= R
5?(' Cryostat Temperature
\ —u— 20K
A —0— 60K
N 100K
[ee]
§ —v— 300K
L2 |
x
N
S
'S
) \\
L | '\;ﬁv—v—!—!
1 10 100 1000

Frequency (Hz)

Figure 3-44 Frequency calibration of heating pad.
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A typical calibration result is shown in Fig. 3-44. Specifically, the temperature increase of

heating pad can be calculated by Eq. (3.16),

3AR

dR/dT
AR

dR/dT

Jif fK 1/2nt

AT = (3.16)

Jif f>»> 1/2nt

3.7.5 Four-probe thermal measurement

As mentioned, the principle of the measurement is to heat up the heating pad and then
monitor the temperature of the sensing pad. The temperatures of the sensing pad and heating pad

are independently monitored by two lock-in amplifiers in the four-probe circuit, as shown in Fig

3-45.

- Sensing pad
Sensing Lock-inB
Sensing Lock-in A

= ¢ AC sensing (Sensing Lock-in)
m S 4—DC heating + AC sensing (Heating Lock-in)

Heating Lock-in A
Heating Lock-in B

—_ Heating pad

Figure 3-45 Schematic of four-probe measurement circuit

3.7.6 Wheatstone thermal measurement

Higher sensitivity of measurement requires the circuit to detect the change in the sensing
pad as sensitively as possible. Therefore, four-probe circuit for the sensing pad is replaced by

Wheatstone circuit, as shown in Fig. 3-46. Wheatstone bridge circuit shows much higher
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sensitivity thanks to its differential circuit nature. Besides, the noise induced by temperature
fluctuation is suppressed because the sensing pad and the reference pad are both within the cryostat
such that the temperature fluctuation is identical. The gap voltage Vg4 of the Wheatstone bridge is

monitored by lock-in amplifier. The resistance of the sensing pad is determined by Eqg. (3.17),

Ry

(72 mes)
Vs Rz+R3

R, = —R, (3.17)

where Vs is the source voltage to power the Wheatstone circuit, which typically is 0.02 V for the

suspended device. Note that there is no 10MQ resistor used here.

Specifically, the Rs measured here is the total resistance of the serpentine coil and two
supporting beams. Considering the temperature distribution, resistance increase during

measurement is connected to temperature increase of the sensing pad by Eg. (3.18),

dR dR
Z5b 4 T

ARs = (dT dar

)ATS (3.18)

where Ry and R are the resistances of a single supporting beam and serpentine coil, respectively.
With TCR determined by measuring Rs, Renkun Chen et al® suggested that one should use effective

resistance increase for the temperature calculation according to Eg. (3.19),

_ DRserr AR (Rb+Rc)
AT = dRs/dT ~ dRs/dT \2Rp+R, (3.19)
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Figure 3-46 Schematic of Wheatstone measurement circuit.
3.7.7 Measurement preparation
(1) Chip mounting

DIP Chip carrier with 24 leads is used for the measurement. There are electrodes on the
top surface of the chip carrier, which are to be linked with the suspended device by wire binding.
The leads of the chip carrier are to be plugged in the sockets on the measurement stage in

connection with the external wire box. The chip mounting procedure is
» Rinse the chip carrier with acetone and IPA to remove the amorphous silicon.
»> Trim the protection metal belt to release the leads.
» Mix the thermal epoxy on a piece of glass slide with the glass pipette.
» Attach a tiny piece of mixed but uncured thermal epoxy on the DIP chip.

» Put the device on the DIP chip carrier.
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» Use tweezers to push the DIP chip carrier until one corner of the device adheres to the
thermal epoxy. Make sure the suspended device is horizontally placed for better

accessibility of wire bonding.

(2) Wire bonding

Fig. 3-37 has shown the wire-bonded device after packaging. Westbound manual wedge
bonder is used for wire bonding. The aluminum/silicon alloy wire shows high flexibility and low
resistivity. The bounded wire should start from the DIP chip carrier and end at the electrode of the
suspended device. Bond the wires clockwise or anticlockwise such that the bonded wires would

not hinder further bonding.

(3) ESD protection

Electrostatic discharge could potentially burn out the device and is especially active during
winter. ESD protection should be implemented once wire bonding begins. ESD protection

procedures include,

» Use anti-static conductive foam and ESD protection box for storage.

» Wear anti-static wristband and anti-static finger glove or gloves when handling.

> Use anti-static floor mat. Wear anti-static shoes.

» Turn on static eliminator fan when handling.

» Use air humidifier to increase the air humidity of the lab. Relative humidity greater than

35% is favored.

An overview of ESD protection tools is shown in Fig. 3-47.
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Fig. 3-47 An overview of ESD protection tools.

3.7.8 Measurement procedures and the cryostat system

Electrostatic discharge could potentially damage our device. The measurement procedures
include sample loading/unloading, wire connection, cryostat operation and MATLAB code
running. Wire connection has been shown previously. Readers are suggested to also refer to the
Scott Hall Cryostat operating procedure written by Dr. Pengfei Li, Dr. Phil Smith, et al, for
information about cryostat operation. The MATLAB codes are presented here by pseudocode.
Readers are also suggested to refer to the diagram written by Mr. Devarsh Vispute for information

about the algorithm of the MATLAB codes.

The cryostat setup is shown in Fig. 3-48. The cryostat chamber is maintained at high
vacuum by the vacuum pump. The cryostat of temperature is controlled by a Lakeshore 335

temperature controller with an electric heater and a closed-loop liquid helium cooling cycle. The
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cryostat temperature can be finely fixed at any temperature from 10K to 470K with 0.01K
resolution. The DIP chip sockets are at the top of chamber, which are connected to an external

wire box. The links among DIP chip, sockets and wire box are shown in Fig. 3-49.

Vacuum Pump
7.5x107 Torr

Radiation
shield

Figure 3-48 Picture of cryostat setup.
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Figure 3-49 Links among DIP chip, sockets, and wire box. The outer and inner circles

indicate the links of the HH cryostat and Scott Hall cryostat, respectively.
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3.7.9 Thermal measurement results

The SEM picture and schematic of the nanowire are shown in Fig. 3-50a and b, respectively.
Both nanowires are connected in four-probe circuit. The dimensions of the nanowire are L x W x

t: 3um x 250nm % 50nm.

P N A B

Wire connection

Figure 3-50a The SEM image of the nanoplasmonic structures b Schematic and wire-
bonding connection of the nanowire

Firstly, the temperature-resistance relation is calibrated by varying cryostat temperature
and measuring the resistance of the nanowire using lock in amplifier. Four measurements are
applied as shown in the Table 3-11. The temperature-resistance relation of emitter RSTU and
detector PNAB are shown in Fig. 3-51a and b, respectively. The resistance of nanowire decreases
with temperature, opposite to the general trend of bulk metal. The decreasing relation could be

relevant to the tiny thickness of deposition and potential size effect.
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Figure 3-51a Temperature-resistance relation of emitter RSTU b Temperature-resistance

relation of sensor PNAB

Table 3-11 Different measurement results.

Number RSTU PNAB
1 Connected Open
2 Connected Connected
3 Connected Connected, no sensing current
4 Connected Connected

Linear fitting is applied to determine the temperature coefficient of resistance (TCR), as

shown in Fig. 3-52. TCR of the nanowires is calculated by, where Ro is the resistance at 300K.

TCR _ LdR_ X 0.06537K~1 = 2,55 x 10~*K 1
PNAB = R dT ~ 256.0 " -

TCRysry = — ar _ X 0.07112K~1 = 2.31 x 107*K 1
RSTU ™ Ry dT ~ 307.8" T
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Figure 3-52 Linear fitting of R-T data.

Next, a DC heating test is applied to the emitter to determine the proper current required to
heat up the emitter. As shown in Fig. 3-53a, 0.2mA current could induce about ~10K increase of
the average temperature of the emitter. Note that temperature increase is proportional to the square
of current based on 1D conduction model. A rough calculation indicates that ~1.41mA DC current
could induce ~500K temperature increase. Thus, the DC current is increased to 1.5mA, as shown
in Fig. 3-54. However, the resistance of the nanowire decreases with the low current but increases
with the high current. A plausible explanation to the turning of the trend is that the TCR of this
nanowire might not be a constant at a wider temperature regime so that the resistance shows a
random relationship with the temperature. The next thing we will do is to calibrate the nanowire

at a stage system with a wider range of temperatures for example the linkam stage system.
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Figure 3-53 DC heating test of emitter RSTU. a resistance-current relation b corresponding

increase of mean temperature.
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Figure 3-54 DC heating test of emitter RSTU. a linear scale of current b square scale of

current.

Lastly, Wheatstone bridge is connected to the sensor to monitor the temperature change
when the emitter is heated up, as shown in Fig. 3-55. The result shown in Fig. 3-55 is very
interesting because a decreasing gap voltage here indicates decreasing temperature of the sensor.
Next, once we figure out the temperature-resistance relationship at the full range, we will examine

the validity of this result.

104



25 \gPaBghalgh 7
uﬂuﬂ“uﬂuu
ﬂﬂuua Hag
S E“g
oot 8 i“"Egu |
> B
> E On
15 R
0 l(l)O 2(I)0
| (nA)

Figure 3-55 Gap voltage of Wheatstone bridge for sensor PNAB during emitter heating.
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4 Conclusion and future work

4.1 Conclusion

In this dissertation, | studied the thermal emission from the nanoplasmonic structures in
both near- and far-field including nanoscale plasmonic structures including metasurfaces, 2D
materials, electrically-driven single emitter, etc. First of all, | first conducted numerical simulations
to control the directionality of narrow-band perfect thermal emission using a nanoscale Yagi—Uda
antenna consisting of nanowire arrays. Second, | designed and fabricated single plasmonic array
structures and electrically-activating plasmonic device via the state-of-the-art micro and
nanofabrication including e-beam lithography, photolithography, e-beam evaporation, RIE, wet
etching, FIB, etc. Finally, I utilized the commericial system including microscope, FTIR, lock-in
amplifier, etc. to characterize the unique properties of the nanoplasmonic structures from both

thermal and optical perspectives.

4.2 Outlook and Future work

Nanoplasmonic structures have demonstrated the ability to completely alter the thermal
emission power and spectrum despite the classic Planck's law. Therefore, nanoplasmonic
structures have the ability and potential to compensate the disadvantage of thermal radiation in
particular its randomness and incoherency. My thesis has demonstrated it from a few different

perspectives and more comprehensive studies might be needed.

From the fabrication perspective, we can optimize the process flow and change the gap of
device, meanwhile the repeatability of the fabrication should be further enhanced while the
measurement accuracy is pushed to the limit. The fabrication of nanoantenna should be interesting
for our group to explore.
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From the optical and thermal measurement perspective, we can further increase SNR.
Therefore we can further push the measurement limit to study the emission spectrum from even

smaller nanoplasmonic structures.
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