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Abstract

Nuclear magnetic resonance (NMR) methods are powerful tools employed in many fields,
including physics, chemistry, material science, biology, and medicine. The use of NMR
methodologies in an even wider range of applications is often hindered by the relatively large
number of resonating spins needed to achieve a sufficiently large signal-to-noise ratio (SNR)
in the available experimental time. An efficient approach to increase the SNR is hyperpo-
larization where the nuclear spin polarization is increased, e.g., by microwave, optical, and
chemistry-based methodologies.

Dynamic nuclear polarization (DNP) is one of the most powerful and versatile hyperpolariza-
tion methods. Microwave DNP employs a microwave magnetic field to excite the unpaired
electrons in the sample under investigation into electron spin resonance (ESR). The ESR
excitation of the electrons increases the polarization of the nearby nuclear spins well above the
thermal equilibrium value, producing an increase in the SNR up to 660 for ' H nuclei. A major
drawback of DNP is the cost and complexity of the required microwave hardware, especially
at high magnetic fields and low temperatures. To overcome this drawback and with the focus
on the study of nanoliter and subnanoliter samples, this thesis demonstrates single chip DNP
microsystems where the microwave excitation and detection are performed locally on chip
without the need of external microwave generators and transmission lines.

During the last two decades, the separate integration on a single chip of the front-end electron-
ics of NMR and ESR spectrometers has been demonstrated. In this thesis, the co-integration
on a single chip of the front-end electronics of NMR and ESR detectors is presented for the
first time. This combination of sensors allows to perform DNP experiments using a single chip

having an area of about 2 mm?.

Firstly, a DNP microsystem operating at 10.7 GHz(ESR)/16 MHz(NMR) is integrated into a
single CMOS chip. The ESR detector is an oscillator that generates microwave magnetic fields
Bi. up to 70 uT. The NMR detector is a broadband transceiver operating up to 1 GHz. 'H
DNP-enhanced NMR experiments on liquid and solid samples having a volume of about 1
nL are performed. Overhauser enhancements up to 50 are achieved on TEMPOL/H,O solu-
tions and solid effect enhancements up to 20 are achieved on BDPA:SEBS at room temperature.

Secondly, a DNP microsystem operating at 200 GHz(ESR)/300 MHz(NMR) is integrated into a



Abstract

single SiGe:BiCMOS chip. The ESR detector is a voltage controlled oscillator (VCO) operating
at 200 GHz with a tuning range of 8 GHz which generates a B;, up to a few G. The NMR
detector is a broadband receiver operating up to 1 GHz. 'H DNP experiments on BDPA:PS
samples having a volume of 2 nL. and 125 pL show solid effect enhancements up to 50 and
10 at 15 K and 100 K, respectively. A single chip DNP array is also demonstrated. The array
has four frequency locked 200 GHz VCOs which interrogates a sample volume an order of
magnitude larger compared to the single VCO. Measurements on BDPA:PS samples having a
volume of 1 nL show solid effect enhancements up to 20 at 200 K.

Finally, a Ing 7Gag 3As high electron mobility transistor (HEMT) technology is investigated for
the possible integration of low power single chip DNP microsystems that might be able to
operate down to 1 K and below. HEMT transistors and ultra low power oscillators operating at
11 GHz and 35 GHz are investigated down to 1.4 K.

Keywords: Dynamic nuclear polarization, DNP, nuclear magnetic resonance, NMR, electron
spin resonance, ESR, magnetic resonance spectroscopy, LC oscillator, voltage controlled
oscillator, VCO, receiver, transceiver, CMOS, SiGe, BICMOS, HEMT, microwave, cryogenic, low
power.
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Résumé

Les méthodes de résonance magnétique nucléaire (RMN) sont des outils puissants utilisés
dans de nombreux domaines, notamment la physique, la chimie, la science des matériaux,
la biologie et la médecine. Lutilisation de 'RMN dans une gamme encore plus large d’ap-
plications est souvent entravée par le nombre relativement important de spins résonnants
nécessaires pour obtenir un rapport signal/bruit (RSB) suffisamment élevé dans le temps ex-
périmental disponible. Une approche efficace pour augmenter le RSB est I'hyperpolarisation,
ot la polarisation de spin nucléaire est augmentée, par exemple par des méthodologies basées
sur les micro-ondes, I'optique et la chimie.

La polarisation dynamique nucléaire (PDN) est 'une des méthodes d"hyperpolarisation les
plus puissantes et versatile. La PDN micro-ondes utilise un champ magnétique micro-ondes
pour exciter les électrons non appariés de I’échantillon étudié en résonance de spin électro-
nique (RSE). L'excitation RSE des électrons augmente la polarisation des spins nucléaires
proches bien au-dela de la valeur d’équilibre thermique, produisant une augmentation du
RSB jusqu’a 660 pour les noyaux 'H. L'un des principaux inconvénients de la PDN est le cofit
et la complexité de I'instrumentation micro-ondes nécessaire, en particulier a des champs
magnétiques élevés et a des températures basses. Pour surmonter cet inconvénient et en
se concentrant sur I’étude d’échantillons nanolitres et subnanolitres, cette these démontre
des microsystemes PDN a puce unique ou I'excitation et la détection des micro-ondes sont
effectuées localement sur la puce sans avoir besoin de générateurs de micro-ondes externes
et de lignes de transmission.

Au cours des deux derniéres décennies, I'intégration séparée sur une seule puce de I'élec-
tronique frontale des spectrometres RMN et RSE a été démontrée. Dans cette thése, la co-
intégration sur une seule puce de I'électronique frontale des détecteurs RMN et RSE est
présentée pour la premiére fois. Cette combinaison de capteurs permet de réaliser des expé-

riences PDN en utilisant une seule puce d’une surface d’environ 2 mm?.

Tout d’abord, un microsysteme PDN fonctionnant a 10,7 GHz (RSE)/16 MHz (RMN) est inté-
gré dans une seule puce CMOS. Le détecteur RSE est un oscillateur qui génere des champs
magnétiques micro-ondes B;, jusqu’a 70 uT. Le détecteur RMN est un émetteur-récepteur
a large bande fonctionnant jusqu’a 1 GHz. Des expériences 'H RMN améliorée par le PDN
sont réalisées sur des échantillons liquides et solides ayant un volume d’environ 1 nL. Des
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Résumé

améliorations par effet Overhauser allant jusqu’a 50 sont obtenues sur TEMPOL/H,0 et des
améliorations par effet solide allant jusqu’a 20 sont obtenues sur BDPA :SEBS a température
ambiante.

Deuxiémement, un microsysteme PDN fonctionnant a 200 GHz (RSE)/300 MHz (RMN) est
intégré dans une seule puce SiGe :BiCMOS. Le détecteur RSE est un oscillateur commandé en
tension (VCO) fonctionnant a 200 GHz accordable jusqu’a 8 GHz qui génere un B;, jusqu’a
quelques G. Le détecteur RMN est un récepteur a large bande fonctionnant jusqu’a 1 GHz. Des
expériences 'H RMN-PDN sur des échantillons de BDPA :PS ayant un volume de 2 nL et 125
pL montrent des améliorations par effet solide jusqu’a 50 et 10 a 15 K et 100 K, respectivement.
Un réseau PDN a puce unique est également présenté. Le réseau comporte quatre VCO de 200
GHz verrouillés en fréquence qui interrogent un volume d’échantillon d'un ordre de grandeur
supérieur a celui d'un seul VCO. Des mesures effectuées sur des échantillons de BDPA :PS
d'un volume de 1 nL. montrent des améliorations par effet solide allant jusqu’a 20 a 200 K.

Enfin, une technologie de transistor a haute mobilité électronique (HEMT) Ing ;Gag 3As est
étudiée pour I'intégration éventuelle de microsystemes PDN a puce unique de faible puissance
qui pourraient fonctionner jusqu’a 1 K et moins. Des transistors HEMT et des oscillateurs a
tres faible puissance fonctionnant a 11 GHz et 35 GHz sont étudiés jusqu’a 1.4 K.

Mots-clés : Polarisation dynamique nucléaire, PDN, résonance magnétique nucléaire, RMN,
résonance de spin électronique, RSE, spectroscopie par résonance magnétique, LC oscillateur,
oscillateur commandé en tension, VCO, récepteur, émetteur-récepteur, CMOS, SiGe, BiCMOS,
HEMT, micro-ondes, cryogénique, efaible consommation de puissance.
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|§ Introduction

1.1 Importance of dynamic nuclear polarization

The nature of electrons and nuclei which causes them to interact with their surroundings
provides a very rich spectroscopic information. Harvesting this knowledge by magnetic
resonance (MR) has attracted a growing interest and supplied a great advantage to many
research area in the last century. Due to the high versatility of nuclear magnetic resonance
(NMR), methods developed according to its principles are powerful and non-invasive tools
employed in many research fields including physics, chemistry, material science, biology, and
medicine. Pioneering research in NMR has been recognized with five Nobel prizes. In 1944
and 1953 given to Rabi, Purcell and Bloch in physics, in 1991 and 2002 given to Ernst and
Wiitrich in chemistry and lastly in 2003 given to Mansfield and Lauterbur in medicine.

Applications of NMR span from structural information of chemical compounds to material
properties research [3], analyzing protein structure, interaction and dynamics at atomic
level [4], drug discovery [5], to medical imaging affecting millions of people today [6]. The
use of NMR methodologies for an even wider range of studies is often hindered by the low
signal-to-noise ratio (SNR) achievable in the available experimental time. This low sensitivity
problem has led to development of several signal enhancement methods which is gathered
under the term of hyperpolarization. In Fig. 1.1 polarization of 'H, !3C and electron spins are
shown at 7 T and 300 K. The figure illustrates the inherently low sensitivity of NMR by showing
the low polarization of the nuclear spins (25 ppm at 7 T and 300 K for 'H nuclei) compared to
electron spins (1.6% at 7 T and 300 K) and the possibility to hyperpolarize the nuclear spins to
the level of the electron spins.

The development of hyperpolarization methods, which allows for signal enhancement of
several orders of magnitude, has been a growing research field since the discovery of NMR.
Several different techniques have been proposed for hyperpolarization which utilizes the
power of different subjects that span from chemistry and optics to microwaves engineering [7].
One of these hyperpolarization methods is dynamic nuclear polarization (DNP) where the
polarization of electrons is transfered to the nuclei. While most of the hyperpolarization
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Figure 1.1: Spin polarization at 7 T. It is calculated as in the equation given on the left bottom
corner of the figure. Spin polarization at 7 T and 300 K for 'H and electron is 25 ppm and
1.6%, respectively. Increasing spin polarization of 'H to the level of electron would result in
maximum DNP enhancement of 660.

techniques are limited to a small class of molecules, DNP requires only unpaired electrons
(added or, rarely, naturally present) in the sample which enables broad range of applications [8].
A microwave magnetic field is necessary to excite the electrons, which eventually allows for the
transfer of electron polarization to the nearby nuclei. As a result, the NMR signal is enhanced
up to the level of the ratio of the two gyromagnetic ratios of electron and the affected nuclei
(see Fig. 1.2 for the graphical illustration of the DNP technique). The maximum enhancement
is £ = y,/y1 y = 660 for 'H nuclei. The measurement time is reduced by the square of the signal
enhancement, which amplifies the effect of DNP. The increase of SNR by a factor of 10 reduces
the measurement time by a factor of 100, e.g. an NMR measurement of 24 hours would take
less than 15 minutes by the DNP enhancement. This sensitivity enhancement by DNP enables
NMR spectroscopy experiments that are otherwise not feasible. The study of biological solids
including peptides, nanocrystals and membrane proteins are not possible using solid state
NMR alone [9].

Excitation of electrons through microwave magnetic field results in electron spin resonance
(ESR), which is another magnetic resonance spectroscopy tool that provides rich information
about the interaction of electrons with their surroundings. ESR spectroscopy provides useful
information about distances between paramagnetic centers in enzymes, the dynamics of
proteins, oxygen concentration in tissues and helps to measure the radiation absorbed in
certain materials. It is chosen to understand pathological conditions related to existing free-
radicals in vivo. ESR studies of materials such as single crystals and polymers give detailed

2
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Figure 1.2: Graphical illustration of microwave driven DNP technique. This figure is not
quantitative.

information on the local structures of such systems which might not be available with other
methods.

DNP has not yet reach its full potential due to incomplete knowledge of the electron-nuclear
spin system. ESR detection together with DNP-enhanced NMR spectroscopy enables the
study and understanding of the DNP mechanism, and possibly, the methods to enhance it
efficiently [10].

1.2 Miniaturization of magnetic resonance sensors

In most of the situations studied by NMR spectroscopy the samples are concentration limited.
In these conditions, the largest SNR is obtained with the largest possible sample volume com-
patible with the high homogeneity region of the magnet, at the strongest possible magnetic
field. However, there are also situations where the sample is volume limited. For volume lim-
ited samples, the use of an inductive detector having a sensitive volume matched to the volume
of the sample under investigation results in a significant improvement of the SNR [11-22].

Many scientifically and industrially relevant samples have typical dimensions and/or spatial
variations of their properties of interest in the subnanoliter range. These include small ag-
glomerates of biological cells (with and, possibly also without, spin labels), tiny organisms
such as C. elegans (which are ideal small systems for metabolomic studies), microelectronics
devices (with paramagnetic entities such as defects, impurities, and dopants), and small single
crystals (which are difficult to grow and/or have anisotropic ESR spectra and, hence, are
hardly measurable in powder form). Due to this broad range of potential applications, the
improvement of conventional inductive techniques and the development of new detection
methods for high sensitivity spectroscopy is, nowadays, an important research topic (see, e.g.,
Ref. [23-27]).



Chapter 1. Introduction

ISSCC™10 [11], JSSC'11[12] JSSC'16 [18] Analytical Chemistry’20 [22] Nature Methods’20 [24]
~ s N\ [ i ~
HARVARD s nm s - _
UNIVERSITY '% T o UNIVERSITY Universitat Stuttgart
Signal conditioning PCB.
-
~ P ]
-
- ’. 6om
Nt tio N
" siicon nteface vyl “
° @'u-.- e £

¥

Parigheral ssctronies for Cartier PCB

MR transceiver = NMR Spectrometer

= Relaxometry = Relaxometry + Digital Microfluidics = High-Resolution Spectroscopy L ;
= Single Sample = Multi-sample = Multi-sample Time-interleaved High Sp_anal & lemporal
\ 3 & J ) Resolution
l 2914 l 2016
Nl Nl
2011 T 2015 2020 Year
r 5 N\ 7
0% £ Ay A AR UNIVERSITA |
) H ‘\?N%\E]R/S\I‘ﬁ D 'g‘ “UNIVERSITY OF MACAL DI PAVIA '(I ﬂ-

0.51T Halbach Magnet " 2 Gy 1 Pemanent magnet (046T)

pillary

- ESR and NMR
microcoils

:

Arbitrary
Pulse

Nobel Prize for NMR
(1952, Physics)

Sequencer

F. Bloch, E. M. Purcell . J—
(Harvard, Stanford) i
Pioneering NMR A
Experiments = NMR Spectroscopy = Relaxometry + B-Field Sensor = NMR and ESR Spectrometers
= Single Sample = Multi-type = Dynamic Nuclear Polarization, DNP

PNAS'14 [14] 1SSCC™16 [19] and JSSC'17 [20] Analytical Chemistry’20 [23]

Figure 1.3: The timeline of the development of miniaturized NMR systems [1].

Matching the sensitive volume of the inductive detector to the sample volume, optimizes
the signal and noise generated on the inductor and ensures the largest SNR. Microcoils have
been used for samples at the nanoliter and subnanoliter scale [11,28-30]. There are several
advantages of miniaturization of magnetic resonance sensors [31, 32]. It is an interesting
approach not only to achieve better SNR for small samples but possibly also for the reduction of
the cost and complexity. Miniaturization allows improved excitation by the reduction of power
needed for optimal excitation. It is also advantageous for the high field hyperpolarization as
the microwave excitation depth gets thinner with the increase of the frequency. Sample size
reduction enables higher magic angle spinning (MAS) frequency. Resolution achieved by NMR
experiments are improved by the increase of MAS frequency.

The equipments generally used in NMR and ESR experiments can be listed as a magnet,
excitation and detection coils, excitation signal generator, transmitter, receiver, data digital-
ization and recording electronics. The equipment with the largest footprint in NMR and ESR
experiments is the magnet. Benchtop systems with permanent magnets up to 3 T are available
today [33-35]. Most of the times, increasing the magnetic field increases the footprint of the
magnets. The highest steady magnetic field reported to date is about 45 T [36] and NMR
experiments at fields up to 40 T have been performed [37]. Even though these magnets have
large sizes, the volume of homogeneous field in those magnets are generally the limiting factor
in probe sizes. Thus, even though the total size cannot be minimized at high fields, the probe
sizes have to be minimized. This is another supporting factor towards miniaturization of

4



1.3 Integrated circuits for magnetic resonance

magnetic resonance Sensors.

A large community of researchers is working in the miniaturization of NMR systems. Wu
et al. has presented an RF microcoil for nanoliter samples in 1994 [28]. Olson et al. has
reported a high-resolution microcoil for mass limited, nanoliter volume samples in 1995 [11].
The NMR mouse has been introduced in 1996 [38] as a surface NMR system supported with
permanent magnets. In medicine, lab-on-a-chip miniaturized NMR platforms are used in
detection and profiling of circulating tumor cells [39]. A single-board NMR spectrometer
has been introduced based on a software defined radio architecture as a low cost miniature
system [40].

Figure 1.3 shows the timeline of the development of miniaturized NMR systems as suggested
in Ref. [1]. While some of these work include the miniaturization of the complete system, some
of them focuses only on the electronics. A palm-NMR system has been introduced in 2011 [34]
and a scalable NMR spectroscopy tool is proposed in 2014 [41]. In 2015, a multi-nuclear yNMR
system which is supported with a digital microfluidic device has been introduced [42]. A
hand held micro-NMR platform with B-filed stabilization [43] and a portable NMR system
with parallelism [44] are published in 2016 and 2020, respectively. Probing brain physiology
with high spatial and temporal resolution using a CMOS NMR needle has been proposed
in 2020 [45]. Finally, the first single chip DNP microsystem with integrated ESR and NMR
electronics has been shown in 2020 [46]. Details of the last work, which is a part of this thesis,
are reported in chapter 2.

1.3 Integrated circuits for magnetic resonance

Over the years silicon technology has proven its influence in enabling the access of electronics
to masses. By the power of silicon technology, today almost everyone around the world
have their own computers in their pockets. Once the prototype of any chip is proven to be
successful, the cost of each silicon chip is reduced dramatically because of mass production.

1.3.1 Integrated circuits for single chip NMR

As it is discussed in section 1.2, miniaturization of magnetic resonance sensors is of interest
for several important reasons. For SNR maximization, the coil size of inductive sensors should
match the sample size. Microcoils are introduced for this purpose [11, 28, 30]. As the size
of the coil shrinks, it gets more critical to amplify the signal before the SNR is degraded in
the connections between the microcoil and the first amplification stage, typically an RF low
noise amplifier (LNA). For sizes in the tens of micrometers to few hundred micrometers,
integration of the amplifier in the same chip as the microcoil is advantageous because it
minimizes the connection length from the microcoil to low noise amplifier (LNA) to a few
micrometers. A step forward for SNR optimization is the on-chip down-conversion of the
RF signal. This provides low frequency output signal which can be further amplified on-chip
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for better protection of the signal from interferences and noise coupling and easier signal
handling, which is especially important for arrays of NMR sensors. This leads to an increase in
the integration level of electronics for the interest of not only low cost but also high SNR.

Single chip magnetic resonance sensors are especially promising for volume limited samples.
Single chip NMR and ESR sensors have been shown in the past 20 years. The first integrated
NMR probe has been reported in 2001, where a receiver is integrated for NMR magnetometry
[47]. Since then, array of NMR receivers [44, 48], fully integrated IQ receivers [49], transceivers
[34, 50] and sophisticated NMR chips [41, 42,51-57] have been reported. As predicted by
many review papers [1,31, 32, 58] more will come in the integrated circuit approach of NMR.
Integrated circuit approach in MR sensor design is one of the miniaturization techniques.
Fig. 1.3 presents miniaturized systems which also include integrated circuits of different
integration levels.

1.3.2 Integrated circuits for single chip ESR

At frequencies above 1 GHz, ESR measurements are usually performed using either rela-
tively large cavities (sensitive volumes of milliliter to microliter) or miniaturized conduct-
ing [27,59-65] and superconducting [24-26,66-71] resonators (sensitive volumes of microliter
to subpicoliter). Miniaturized resonators are adopted for the maximization of the SNR in
ESR experiments with small samples. Inductive methods based on microresonators have

sensitivities at the level of 10~10'! spins/Hz!/?

at room temperature [63, 65, 72-74] and of
102-108 spins/ Hz!? at low temperature [24,25,27,70,71,73], mainly depending on the sample
relaxation times, the sensitive volume of the microresonator, the operating frequency, and the
adopted normalization criteria. Non-inductive techniques can achieve single electron spin
sensitivity [75-77] but are generally considered as less versatile than those based on the more

conventional inductive approach [23,25,27].

Single chip ESR detectors contain a miniaturized LC-resonator but, in contrast to conventional
miniaturized resonators, they also include the microwave source and the most critical part of
the detection electronics in a small chip of less than 1 mm?. In the single chip approach all
elements which influence the spin sensitivity are located at less than 1 mm from the detection
coil, de-facto eliminating all concerns about SNR degradation in the connections. This is par-
ticularly important at frequencies exceeding 100 GHz, where conventional approaches require
expensive technologies to limit the degradation of the SNR. Deep submicrometer technologies
allows for the design of integrated oscillators exceeding 300 GHz in CMOS [78] and SiGe tech-
nologies [79-90], and 500 GHz in HEMT technologies [91], with possible extension to the THz
region in the near future [92]. This means that the single chip approach is well suited for ESR
spectroscopy up to the largest magnetic fields currently available. At frequencies exceeding
100 GHz conventional approaches require expensive quasi-optical technologies. Furthermore,
the small size of each chip and the on-chip frequency downconversion of the ESR signal into a
robust low frequency signal might allow one to create dense arrays of independent detectors
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Figure 1.4: Schematics of a solid-state DNP NMR system [2]. Gyrotron microwave source
with gyrotron tube shown in red, microwave transmission line is shown in cyan and low-
temperature NMR probe is shown in green. Single chip DNP microsystem that we develop
doesn’t require the gyrotron and microwave transmission lines.

that can be placed in the same magnet for simultaneous measurements on several samples
(“parallel spectroscopy”). The absence of microwave input/output connections might allow
the use of single chip ESR detectors also inside human/animal cavities (e.g., for local oximetry
measurements) using small diameter low frequency cables or an entirely wireless approach.

In 2008, the first single chip ESR detector was demonstrated [72]. It consisted of an integrated
CMOS LC oscillator and was used for continuous wave experiments. This system worked

112~ Gince then, several

at 9 GHz and achieved a spin sensitivity of Ny,;;, = 10'%pins/Hz
integrated oscillator based ESR sensors are proposed reaching operating frequency up to 263
GHz and achieving spin sensivity down to N,;;,, = 10”spins/Hz!/? [72-74,93-96]. Some of
these integrated ESR detectors have been working from 300 K down to 1.4 K [73,94]. Arrays
of such ESR detectors are proposed for parallel spectroscopy and increased concentration
sensitivity [96-99]. These approaches are suitable, e.g., for the miniaturization of the probe,
for the reduction of the losses and complexity of the connections, and for the realization of

dense arrays of detectors.

1.3.3 Integrated circuits for single chip DNP

An approach to increase the SNR in NMR spectroscopy, applicable to samples of any volume,
is to increase the nuclear spin polarization, e.g., by microwave, optical, and chemistry-based
methodologies [100-110]. In the microwave dynamic nuclear polarization (DNP) approach,
the sample under investigation contains unpaired electron spins which are excited into elec-
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tron spin resonance as also explained in section 1.1. The electron spin excitation allows to
enhance the nuclear magnetization of several orders of magnitude above its thermal value,
improving the SNR in the NMR experiment by the same factor and reducing the required
experimental time as the square of this factor. Recently, a microfluidic Overhauser DNP chip is
proposed for signal-enhanced compact NMR experiments [111]. Overhauser enhancements
up to 60 have been shown. This system is composed of a microfuidic chip with RF coils and
microwave resonators. It does not integrate a microwave generator, so it does not remove
the need of microwave generator and waveguides. Integrated circuits for single chip DNP
studies where ESR and NMR detectors are combined in an integrated single chip has not been
reported before this thesis work [46].

1.4 Thesis motivation

Extensive research efforts have been performed in the integration of NMR and ESR sensors
for the reasons that have been described in the previous discussion. The strong motivation
to improve the NMR sensitivity has resulted in a wide range of hyperpolarization research.
Increasing the sensitivity of NMR by hyperpolarization usually requires costly equipments
and a high level of expertise, and are generally applicable to a limited class of samples [8].

Even though DNP enhanced NMR is such a powerful method, the advancement in the field
was relatively slow because of technical challenges. Microwave driven DNP was limited to the
static field level of 1.5 T until the so-called "renaissance of DNP" [112]. In 1995, Griffin and
coworkers have presented high field DNP experiments by the introduction of a high power
high frequency generator, commonly called gyrotron, to the setup [113]. This opened the
doors to high field DNP studies, which resulted in commercially available products today [114].
However, the field could advance at faster pace if these systems would be easily accessible
by more researchers around the world. Even though commercial products exist, they are
rather costly and complex. Fig. 1.4 shows the schematics of a solid-state DNP NMR system
which consists of an NMR magnet, a gyrotron, a gyrotron control system, transmission line for
microwaves and a MAS cooling system. The generation of the microwave magnetic field is not
the only complexity of such systems, but also the way to carry the microwaves to the magnet
and direct those microwaves to the sample region effectively introduces other complexities.

The main goal of this thesis is to demonstrate that it is possible to integrate ESR and NMR
detectors in a single chip, removing the need of external microwave generators and trans-
mission lines/waveguides for signal transfer. With this purpose, we have realized two single
chip DNP microsystems that work at 10 GHz and 200 GHz ESR excitation frequencies. The
studies aiming at the reduction of the magnet size, integration of all the electronics from
the pulse sequencer to the analog-to-digital converters (ADC) and the use of commercially
available discrete devices in complete MR systems such as FPGAs for software defined radios
are definitely important in view of the complete miniaturization of NMR systems. However,
the main focus of this work lies in the integration of the sensitivity relevant electronics of the
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Figure 1.5: Photograph of the magnet and the probe used in the experiments. The pro-
grammable superconducting magnet with variable temperature insert (1.4-300 K, 0-9.4 T,
Cryogenic Ltd) is in the left. The single chip DNP microsystem PCB is in the green rectangle.
The PCB is connected to the probe which has two coaxial cables and twelve twisted pair wires
along the metallic rod shown in the blue and the red rectangles. Other electronic equipments
used in the experiments are reported in Chapters 2, 3 and 4.
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ESR and NMR detectors.

We propose single chip dynamic nuclear polarization microsystems to reduce the cost and
complexity of DNP experiments such that it will be available to researchers from a potentially
wide range of fields: physics and chemistry to study the DNP mechanism, biology to study
cells and metabolism, medicine and pharmacology for the detection of illnesses, for the
understanding of evaluation of different kind of illnesses, and for drug development.

There are still a lot of unknowns in the DNP mechanism and theory is being build up upon the
experimental data. To unravel the details of how DNP works and how it can be improved, it is
necessary to study ESR and NMR at the same time. Single chip DNP microsystems that consists
of integrated ESR and NMR detectors are potentially powerful tools for this mission. We believe
that the low cost single chip DNP microsystem will be accessible to more researchers and
empower DNP studies.

The power consumption of single chip DNP microsystems are not negligible for cryogenic
temperature operation. At temperatures below 1 K, the effective cooling power available
with 3He and *He*He dilution refrigerators is typically below 1 mW [115]. Special integrated
circuit design is necessary to reduce the power consumption of the integrated electronics
for operation temperatures below 1 K. For this purpose, we have investigated the possibility
of integrated high electron mobility transistor (HEMT) oscillators as ESR detectors. The
characterization of the HEMT ESR detectors provides information for the possible future
integration of single chip DNP microsystems in HEMT technology.

Finally, arrays of DNP microsystems integrated on a single chip will facilitate the parallelism
of DNP experiments and increase the sample volume of study. Integrated arrays of NMR
detectors [44,48] as well as ESR detectors [96-99] has been reported. In this work, we propose
and demonstrate a DNP array system which consists of four frequency locked oscillators.

1.5 Outline

This thesis is composed of five chapters. In chapter 1, we introduce the integrated single chip
approach for dynamic nuclear polarization experiments. In chapter 2, the first single chip
DNP microsystem that works at ESR excitation frequency of 10 GHz is introduced. Overhauser
and solid effect DNP enhancements at room temperature and ESR experiments down to 15 K
are reported.

In chapter 3, a single chip 200 GHz DNP microsystem and solid effect DNP experiments at
100 K and 15 K are reported. This chapter also includes a single chip DNP array microsystem
which is used in solid effect DNP experiments at 300 K and 200 K.

In chapter 4, low power HEMT oscillators for possible extension to cryogenic single chip
DNP microsystems are investigated. Single chip ESR detectors based on a 10 GHz and a 35
GHz oscillator are realized with HEMT technology are presented along with HEMT transistor
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characterization from 300 K down to 1.4 K.

Lastly, in chapter 5, we summarize the main results of this thesis and suggest possible future
activities in the single chip DNP microsystems area.
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¥4 Single chip 10 GHz DNP microsystem

This chapter is a modified version of the article "Single Chip Dynamic Nuclear Polarization
Microsystem, N. Sahin Solmaz, M. Grisi, A.V. Matheoud, G. Gualco, G. Boero, Analytical
Chemistry 91(14), 2020." [46]. In particular, additional measurement results are reported and
discussed. I have contributed to the chip design, measurements, simulations, data analysis
and paper writing of this work.

2.1 Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool employed in research, in-
dustry, and medicine. The use of NMR methodologies in an even wider range of applications is
often hindered by the relatively large minimum number of resonating spins needed to achieve
a sufficiently large signal-to-noise ratio (SNR) in the available experimental time. In most of
the situations studied by NMR spectroscopy the samples are concentration-limited. In these
conditions, the largest SNR is obtained with the largest possible sample volume compatible
with the high homogeneity region of the magnet, at the strongest possible magnetic field.
However, there are also situations where the sample is volume limited. For volume limited
samples, the use of an inductive detector having a sensitive volume matched to the volume of
the sample under investigation results in a significant improvement of the SNR [11-22]. For
samples in the nanoliter and subnanoliter range, non-inductive detection methods have been
also proposed, such those based on nitrogen-vacancies in diamond [116-119] and magnetic
resonance force microscopy [120-124]. Another approach to increase the SNR, applicable to
samples of any volume, is to increase the nuclear spin polarization, e.g., by microwave, optical,
and chemistry-based methodologies [100-110, 125, 126]. In the microwave dynamic nuclear
polarization (DNP) approach, the sample under investigation contains unpaired electron
spins which are excited into electron spin resonance (ESR). The electron spin excitation allows
to enhance the nuclear magnetization of several orders of magnitude above its thermal value,
improving the SNR in the NMR experiment by the same factor and reducing the required
experimental time as the square of this factor.
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Figure 2.1: Schematics of the single chip ESR detector based on a differential Colpitts topology
implemented using a CMOS technology (TSMC 180 nm, MS/RF) [94].

During the last two decades, the separate integration on a single chip of the front-end elec-
tronics of inductive NMR spectrometers [34, 41, 42, 44, 47-57] as well as ESR spectrome-
ters [72-74,93-95] have been demonstrated. These approaches are suitable, e.g., for the
miniaturization of the probe, for the reduction of the losses and complexity of the connec-
tions, and for the realization of dense arrays of detectors. In this work we demonstrate the
co-integration on a single silicon chip of the front-end electronics of an NMR and an ESR
detector. The excitation/detection planar spiral microcoils of the NMR and ESR detectors are
concentric and interrogate the same sample volume. This combination of sensors allows to
perform dynamic nuclear polarization (DNP) experiments using a single chip integrated DNP

microsystem having an area of about 2 mm?.

In this chapter, the design and characterization of a 10 GHz single chip DNP microsystem is
explained. '"H DNP-enhanced NMR experiments on liquid samples as well as solid samples
having a volume of about 1 nL performed at 10.7 GHz(ESR)/16 MHz(NMR) are reported. NMR
enhancements as large as 50 are achieved for TEMPOL/H,O solutions and as large as 20 are
achieved for a solid sample of 2% BDPA:SEBS at room temperature.

The single chip DNP microsystem is composed of two parts, the ESR and the NMR detectors.
The ESR and NMR integrated electronic circuits are similar to those described throughly in
Refs. [50,94]. The chip has a size of 1.1x1.6 mm? and it is fabricated using a standard silicon
complementary metal oxide semiconductor (CMOS) technology (TSMC 180 nm, MS/RF).

2.2 ESR detector

The ESR detector is a differential Colpitts LC oscillator operating at 10.7 GHz. In Fig.2.1,
the schematic of the ESR detector is shown. The oscillation frequency of the oscillator is

14
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determined by the inductor L and the capacitors C; and C,. The oscillations are sustained by
the amplifier formed with transistors and a biasing inductor Ly;,s. The ratio between C; and
C, capacitors sets the positive feedback that is necessary for the oscillation condition to be
met. The oscillator is powered from a Vpp pad, and it has two outputs (Vp+ and Vp-) which
are differential. The output can be taken as differential and/or single ended by terminating one
of the outputs with 50 Q. In this work, one of the outputs of the ESR oscillator is terminated by
a 100 pF capacitor and a 50 Q resistor to ground (see Fig. 2.2).

The ESR microcoil (inductor L in Fig.2.1) has two turns and an external diameter of 270 ym, a
wire width of 12 yum, a wire thickness of 2.3 um, and a spacing of 2 um between turns. The ESR
detector is a slightly modified version of the one reported in Ref. [94], where the bonding pads
are distanced to facilitate the placement of a capillary containing the liquid sample under
investigation. The DC power consumption of the ESR circuit is 90 mW at the maximum supply
voltage of the oscillator of 2 V, and 5 mW at the minimum supply voltage of the oscillator of
0.85 V.

2.3 NMR detector

The NMR detector consist of a broadband (10 MHz to 1 GHz) transmit/receive electronic circuit
directly connected (i.e., without tuning and matching capacitors) to an excitation/detection
microcoil [50]. The NMR microcoil has 10 turns, an external diameter of 191 ym, a wire width
of 3 um, a wire thickness 2.3 um, and a spacing of 2 um between turns. Resulting inductance
and series resistance are simulated as 17 nH and 28 Q at 16 MHz, respectively.

The NMR transceiver consists of a transmitter and a receiver as shown in Fig. 2.2. The NMR
transmitter consists of cascaded inverter amplifiers and switches (see transmitter part of the
NMR circuit in Fig. 2.2). The excitation signal is provided from Vrx pad and is switched with
the control signal Vgyy. Using the switches at the input of the transmitter rather than at the
output is favorable for the maximum output current transfer to the excitation/detection coil.
Fig. 2.2 shows the switches in the transmit mode. When the integrated switch is in the transmit
mode, a peak-to-peak RF voltage of about 2.5 V and a peak-to-peak RF current of about 90 mA
is delivered to the NMR microcoil and the dissipated power in the NMR microcoil is 28 mW. In
the receive mode, the switches are connected to the supply nodes (Vpp and GND) and the
inverters do not consume any power.

The NMR receiver consists of a broadband LNA (10 MHz to 1 GHz), a double balanced mixer
(Gilbert cell) and a low frequency amplifier (see receiver part of NMR circuit in Fig. 2.2). The
LNA provides the high gain and low noise needed to maximize the signal-to-noise (SNR) ratio.
After amplification, the signal is down converted to kHz range with the mixer using a local
oscillator (LO) signal provided from outside by the Vo pad. The LO signal is made differential
using inverter chains similarly to the transmit signal Vrx (see Fig. 2.2). The difference in
the Vrx signal path are the switches, which are not used in the Vg signal path. The down-
converted signal is further amplified and converted from differential to single ended for easier
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Figure 2.2: Schematic of the 10 GHz single chip DNP microsystem. The dashed red lines
indicate the NMR/ESR circuits and the concentric NMR/ESR microcoils. Black squares next
to the port names represent the bonding pads. Vpprr, Vbprx, and Vsw ports are connected
to several nets and their connections are not shown in the schematic for simplicity. Vpprr
and Vpprx are the supply voltages of all the blocks in the transmitter and receiver of the NMR
circuit, respectively. Vs, is the control signal that is connected to all the switches in both
transmitter and receiver of the NMR circuit.

manipulation afterwards and reduced number of connections. At the output of the NMR
receiver, the signal is at kHz frequencies. After this point, the NMR signal is immune to high
frequency interferences and noise couplings. The NMR receiver is connected to the integrated
NMR microcoil (shown in blue in Fig.2.2) via switches that are controlled with the same Vg,
signal. The DC power consumption of the NMR system is 70 mW in the transmit mode and 40
mW in the receive mode.

2.4 Co-integration of ESR and NMR detectors

The NMR microcoil is concentrically placed inside the ESR microcoil (see Fig. 2.2, Fig. 2.3(b)
and Fig.2.4). The two coupled concentric microcoils are simulated using a full wave electro-
magnetic simulator (Advanced Design System ADS, Keysight Technologies). The obtained
S-parameter files are used in an integrated circuits simulator (Cadence, Cadence Design Sys-
tems Inc.) to simulate both the ESR and the NMR integrated detectors. In these simulations it
is found that an NMR coil with more than 15 turns significantly reduces the quality factor of
the ESR coil and quenches the oscillation of the ESR circuitry. This is qualitatively explained
by the losses caused by the induced currents in the NMR coil. To keep a safety margin, the
implemented NMR coil has 10 turns.

Electromagnetic and electrical simulation of the integrated microwave oscillator, performed
with ADS and Cadence, show that the maximum achievable microwave current I,,,, in the
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ESR and NMR
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ESR microcoil

NMR microcoil

NMR circuit ESR circuit

Figure 2.3: Photograph of the 10 GHz single chip DNP microsystem. (a) Chip photograph
showing in red dashed lines: the NMR circuit, the ESR circuit, and the co-integrated ESR and
NMR microcoils. (b) The co-integrated ESR and NMR microcoils.

ESR microcoil is of 74 mA, obtained with an oscillator supply voltage of 2 V. Figure 2.4 shows
the result of a COMSOL simulation performed with a microwave current I,,,, =74 mA in the
ESR microcoil. The indicated magnetic field (B;,) is half of the magnitude of the component
of the microwave magnetic field perpendicular to the static magnetic field in two orthogonal
cross-sections of the capillary where the sample is confined. The microwave magnetic field
B, in the center of the coil is about 100 uT. The obtained microwave magnetic field is the
result of the superposition of the microwave magnetic field created by the ESR coil and the
microwave magnetic field caused by the induced microwave currents in the NMR microcoil.
Moving vertically from the chip (and coils) surface into the sample region, the total microwave
magnetic field first decreases, cancels out in the dark blue region, then increases, and finally
decrease again further away from the chip surface. This is the expected magnetic field pro-
duced by two concentric coils of different diameter carrying currents flowing in opposite
directions. Simulations of the microwave magnetic field produced by the ESR microcoil with
the NMR microcoil terminated with a high impedance (or without the NMR microcoil) show
that the average microwave magnetic field in the sample region could be increased by almost
one order of magnitude (and, as expected, in the center of the coil would be approximately
given by B1e = polmw/d =400 uT).

To cross-check these simulation results, we performed experiments with a single crystal of
1:1a,y-bisdiphenylene- f-phenylallyl (BDPA/benzene, 152560, Sigma-Aldrich) having a size of
about 70x70x5 ums placed in the center of the ESR microcoil (Fig. 2.4d). At room temperature,
BDPA has relaxation times 77 = T> = 100 ns [128]. The linewidth depends only on B;, and
the relaxation times as in the equation ABy, ;¢ = (2/yT») (1 + y?B2T; T»)'/? [127], where ABy, ;.
is the field difference between the two zero-crossing of the ESR signal and it corresponds
to the peak-to-peak linewidth of the dispersion signal measurable without magnetic field
modulation. The knowledge of the relaxation times and the measurement of the linewidth
allows to estimate value of Bj.. From the measured ESR signals reported in Fig. 2.4d, the
extracted value of Bj, in the center of the ESR microcoil is about 70 uT at the maximum supply
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Figure 2.4: Simulations and experiments for the characterization of the microwave magnetic
field produced by the ESR microcoil. (a) Three dimensional representation of the ESR and
NMR microcoils together with the map of the microwave magnetic field B, defined as half of
the component perpendicular to the static magnetic field By (indicated by the red arrow) of the
microwave magnetic field produced by the microwave current into the ESR microcoil. In (a),
the two perpendicular cross-sections correspond to the region occupied by the water solution
inside the capillary. In (b) and (c) are reported the maps of B;, in two larger regions. The
black dashed lines indicate the region occupied by the water solution inside the capillary. The
simulation are performed using COMSOL Multiphysics (COMSOL Inc.). The amplitude of the
microwave current in the ESR microcoil is set to 74 mA, according to the combined results of
simulations of the ESR/NMR integrated electronics performed with Advanced Design System
(ADS, Keysight Technologies) and Cadence (Cadence Design Systems Inc.). (d) ESR spectra
of a sample of BDPA placed in the center of the ESR microcoil for different ESR oscillator
supply voltages Vpp. The increase of the resonance static magnetic field is due to the increase
of the oscillator frequency with the oscillator supply voltage Vpp. (e) Microwave magnetic
field By, in the center of the ESR coil extracted from the measurement of the linewidth of the
ESR signals shown in (d) according to the equation ABy ;. = (2/yT2)(1 + yzBf T Tg)” 2[127].
Experimental conditions: f,;,, £10.7 GHz, modulation frequency: f,; = 16.7 kHz, modulation
magnetic field: B,; =6 uT.
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voltage of the oscillator of 2 V (Fig. 2.4e), corresponding to the simulated maximum current in
the ESR coil of 74 mA. As discussed above, the full wave COMSOL simulation gives a By in the
center of the ESR microcoil of about 100 T, in good agreement with the 70 uT estimated from
these BDPA measurements.

2.5 Overhauser DNP at room temperature

Overhauser DNP experiments are performed on TEMPOL/H,O solutions to characterize the
10 GHz single chip DNP microsystem using liquid samples.

2.5.1 Measurement setup

The complete setup for the characterization of the single chip DNP microsystem is shown in
Fig. 2.5. The frequency-to-voltage conversion of the ESR detector output is performed by a
delay-line-discriminator (DLD) whose central frequency is 200 MHz. The DLD is designed
in home with discrete devices according to basic delay line/mixer frequency discriminator
method [129]. In order to match the DLD central frequency and improve the spectral purity,
the signal at the output of the detector is amplified, mixed with an external reference, filtered,
and shaped through a divide-by-1 frequency divider. The DC coupled output of the DLD is
amplified and digitized by an analog-to-digital converter (ADC). This signal is used to monitor
the ESR oscillator frequency. The AC coupled output of the DLD is amplified and sent to
a lock-in amplifier for further amplification and synchronous demodulation. The lock-in
amplifier also generates the reference signal which is used for the magnetic field modulation.

An NMR magnetometer is used to track the variations of the magnetic field produced by
the electromagnet in which the DNP experiments are performed. The frequency-lock with
the NMR magnetometer is necessary due to the relatively large drift (about 1 ppm/h) of
the electromagnet. The NMR frequency measured by the magnetometer is used to set the
frequency of the RF generator connected to integrated transmitter Vrx and to the local
oscillator Vi of the integrated receiver. In particular, the RF generator frequency is set 20
kHz below the frequency measured by the NMR magnetometer. This allows to obtain an
NMR signal above the 1/ f-noise corner frequency of the integrated NMR receiver. A switch
signal Vg determines the pulse width of the NMR excitation. The output of the integrated
NMR receiver Vg is amplified, digitized, and digitally processed. The maximum NMR
signal amplitude is obtained with a radiofrequency pulse length 7, ¢ =5 us. The maximum
microwave magnetic field B;, at the center of the ESR coil is about 70 uT, as estimated from
measurements performed on a BDPA sample (see 2.4).

The samples are contained into borosilicate glass capillaries (BGCT 0.2, Capillary Tube Sup-
ply Ltd) of 0.2 mm outer diameter (OD) and 0.18 mm inner diameter (ID). The capillary are
sealed with a torch (Microtorch, Prodont Holliger). The non-degassed solutions of pure wa-
ter (Ho,0)(W3500, Sigma-Aldrich) and 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEM-
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Figure 2.5: Block diagram of the complete setup for the characterization of the 10 GHz
single chip DNP microsystem with liquid samples: (A) Electromagnet (Bruker, 0 to 2.2 T);
(B) Home-made modulation coil (0.33 mT/A); (C) RF amplification stage composed of two RF
amplifiers (Analog Devices HMC-C001) and a 3 dB attenuator; (D) Three DC power supplies
(Keithley 2400); (E) RF generator (Rohde&Schwartz SMR-20) ; (F) Mixer (Mini-Circuits ZX05-
153-S+); (G) 100 MHz high-pass filter (Crystek CHPFL-0100); (H) 300 MHz low-pass filter
(Crystek CLPFL-0300); (I) Frequency divider (Valon Technology 3010); (J) Homemade delay-
line-discriminator (200 MHz central frequency, 1 MHz detection range, 5 MHz FM bandwidth);
(K) Amplifier (Stanford Research Systems SR560); (L) Lock-in amplifier (EG&G 7265); (M) NMR
magnetometer probe (Metrolab Instruments SA 1062 probe 3); (N) NMR magnetometer main
electronic unit (Metrolab Instruments SA PT2025); (O) RF splitter (Mini-Circuits ZFSC-2-11);
(P) RF generator (Stanford Research Systems SG384); (Q) Frequency counter (Fluke PM6681);
(R) Amplifier (EG&G 5113); (S) power amplifier (Rohrer PA508); (T) Photograph of the single
chip DNP-NMR microsystem with the capillary containing the sample placed on the microcoils
and the bonding wires protected by glob-top (the black material covering the bottom part of
the chip); (U) Magnet power supply (Bruker, 0 to 150 A).
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2.5 Overhauser DNP at room temperature
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Figure 2.6: Picture of the chip together with the sample filled in a capillary container. The
TEMPOL/H,O0 solution in a borosilicate capillary is placed on top of the chip using high
vacuum grease outside of the excitation/detection coils. Glob-top epoxy (EPO-TEK H20E) is
used to protect the bondwires during the sample manipulation.

POL)(176141, Sigma-Aldrich) are obtained by dilution at room temperature in air starting
from a 1 M solution. The degassed solutions are prepared as follows. The degassing of water is
performed by bubbling with a nitrogen flow for about 1 h. A 200 mL glass vial, with inlet/outlet
pipes for the nitrogen flow, is filled with pure water heated to 70 °C by a hot plate. A pipette is
used to transfer the degassed water into a 2 mL glass vial containing the appropriate amount
of TEMPOL molecules to produce a 100 mM solution. The 10 mM and 1 mM solutions are
prepared into 2 mL glass vials by subsequent dilution in degassed water. The preparation
of the solutions and the filling/sealing of the capillaries is performed in a few seconds to
minimize the absorption of O, in contact with air (the diffusion length of O, in water in 1 s is
about 60 yum).

2.5.2 Measurement results

The capillary encapsulated samples of TEMPOL/H,O solutions are fixed on top of the single
chip DNP microsystem with a small drop of vacuum grease (high vacuum grease, Dow Corning)
as seen in Fig. 2.6. As shown in the left side of Fig. 2.7, at concentrations of 1 mM and 10 mM
the ESR spectra consist of three hyperfine lines due the 15N nucleus (I = 1). At concentrations
of 100 mM and 1 M a single line is observed, as also reported by Gafurov et al. [130]. After
obtaining the ESR spectrum, the By magnetic field is set to one of the three maxima for
concentrations of 1 mM and 10 mM and to the single maximum for the 100 mM and 1 M
concentrations. For all NMR spectra shown in the right side of Fig.2.7, the RF pulse length is
7,¢ = 5 ps, the acquisition time is T;44 = 400 ms, and the pulse repetition time is 7= 500 ms.
The non-enhanced NMR spectra are the average of N,,g = 100000 spectra obtained in about
14 hours. The DNP-enhanced NMR spectra are the average of N;,g = 1000 spectra obtained
in about 9 minutes. In the DNP-enhanced NMR measurements, the microwave excitation is
present also during the NMR detection. The frequency shift between the non-enhanced and
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Figure 2.7: ESR (left column) and NMR (right column) spectra of TEMPOL/H;0 solutions
for different concentrations (1mM , 10 mM, 100 mM, and 1 M). In the NMR spectra, the
red curves are the non-enhanced (B;, = 0) NMR spectra enlarged 5 times whereas the blue
curves are the DNP-enhanced NMR spectra (B;,=60 uT). The DNP enhancement ¢ values for
each spectra is given on the top-right corner. . The ESR measurements are performed in the
following conditions: modulation frequency f;;,, = 16.7 kHz, modulation magnetic field B, =6
uT, microwave frequency f;,, £10.7 GHz, microwave magnetic field B;,=60 uT. The NMR
measurements are performed in the following conditions: f; r =16 MHz, pulse length 7, =5
us, pulse repetition time T = 500 ms, time-domain match filter time constant Tj, = 100 ms,
acquisition time Tg44 = 400 ms, number of averaging N,z = 100000 (for the non-enhanced
signal) and Ny, = 1000 for the enhanced signal.
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2.5 Overhauser DNP at room temperature
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Figure 2.8: DNP enhancement and NMR linewidth. (a) Enhancement € and (b) NMR linewidth
of TEMPOL/H,O0 solutions with different concentrations (1mM, 10 mM, 100 mM, and 1 M)
at different microwave magnetic field B;.. The enhancement is defined as the ratio of the
integrals of the enhanced and non-enhanced NMR signals in the frequency domain. The NMR
linewidth is defined as the full width at half maximum of the NMR signal in the frequency
domain. At the operating frequency of 16 MHz, a linewidth of 20 Hz corresponds to 1.25 ppm.

enhanced NMR spectra is most probably caused by the DC current flowing in the ESR circuit.
Even though the circuit is designed to be symmetric, it is not completely symmetric around
the path of Vpp connection. The shift between the NMR spectra, which is around 60 Hz, can
be caused by a magnetic field of around 1.5 uT. DC current of 45 pA in the Vpp connection
can create a DC magnetic field of a few uT at the distance of half a millimeter. The observed
shift (up to 4 ppm) is much larger than the one attributable to temperature effects. Since the
temperature induced frequency shift for the ' H nucleus in water is about 0.01 ppm/°C [131],
the observed shift would correspond to a temperature increase of 400 °C, which is obviously
impossible for a liquid water sample.

In all Overhauser effect measurements, the enhancement ¢ is defined as the ratio of the
integrals of the enhanced and non-enhanced NMR signals in the frequency domain (see Eq.
2.1). We use the integral of the signal instead of the signal amplitude because the enhanced
signal has a broader linewidth (see Fig. 2.7).

NMR d
e S mwon) d f e

~ [(NMRyworr) df

Fig. 2.8 reports the DNP enhancements (Fig. 2.8a) and the NMR linewidths (Fig. 2.8b) obtained
with TEMPOL/H,O0 solutions having different concentrations. A maximum enhancement
of about —50 is obtained with the largest B, (i.e., about 70 uT) with a 10 mM degassed
solution. Enhancements in the order of —100 have been previously reported at 0.3 T [132-
138]. In particular, Héfer et al. reported an enhancement of —100 for a 10 mM solution
of TEMPOL/H»0 at room temperature (i.e., with the same test sample and experimental
conditions of this work) [132]. The lower enhancement measured in our work is probably due
to the lower average B;, which, as shown in Fig. 2.8a, is insufficient to reach the saturation
region. This is caused by the NMR coil inside the ESR coil, which reduces significantly the
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Chapter 2. Single chip 10 GHz DNP microsystem

microwave magnetic field B, produced by the ESR coil as explained in the description of the
system.

Figure 2.8 shows also that the degassing of water increases the enhancement, especially for low
radical concentrations. The enhancement of the NMR signal for the 1 mM degassed solution
is almost three times larger than the one measured with the non-degassed solution. For the
10 mM sample, the enhancement increase caused by the degassing is much lower, probably
due to the negligible additional relaxation induced by the presence of the O, molecules (0.2
mM at room temperature) with respect to the relaxation due to 10 mM TEMPOL molecules.
As shown in Fig. 2.8b, for 1 mM to 100 mM concentrations, the NMR linewidth is about 20 Hz
(i.e., 1 ppm), mainly limited by the lack of shim coils in the electromagnet (a very similar chip
operated in a 7 T magnet equipped with shimming coils shows spectral resolutions down to
about 2 Hz [55]). The NMR linewidth of the 1 M solution is about 90 Hz, presumably due to
the large concentration of TEMPOL which significantly reduces the T, value [132,139].

2.6 Solid effect DNP at room temperature

In addition to DNP experiments with liquid samples where the dominant DNP mechanism
is the Overhauser effect, we performed experiments also with solid samples where the main
DNP mechanism is the differential solid effect [140]. Solid effect DNP experiments are
performed with 2% BDPA in styrene-ethylene-butylene-styrene (2% BDPA:SEBS), 10 mM
BDPA:cis-polyisoprene and 2% BDPA in polystyrene (2% BDPA:PS) polymers to exemplify the
use of the 10 GHz single chip DNP microsystem also with solid samples.

2.6.1 Measurement setup

To measure solid samples with short transverse relaxation time 7>, a different setup is used as
shown in Fig. 2.9. In this setup, two different RF signal generators are used for excitation (V7x)
and down-conversion (V7o) signals. Excitation signal Vrx is sent at the resonance frequency,
whereas the down-conversion signal Vg is at 125 kHz on the side to move the NMR signal
to a spectral region where the 1/f noise and the distortions related to dead-time are avoided.
However, this approach introduces a coherence problem. Even though we use two sources
that are frequency locked, phase locking is not guaranteed. Since the phase difference between
excitation and detection always changes, the signal would be lost during averaging. A second
channel in ADC board is used to track the phase difference between those RF signals. The
phase is corrected for each measurement before averaging in the digital signal processing
performed by an home-made Labview”™ program.

24



2.6 Solid effect DNP at room temperature

N(R)
vV

(0)

(0)

(A) (N“Magnetometerl

|RF Generatorl

Frequency
(Q)[Counter

(V) Computer with ADC

Magnet Power and GPIB
Supply

X|Y
S
( )/I 0S¢ ILock-ln
Out

(E) (F) © " H U]

Figure 2.9: Block diagram of the complete setup for the characterization of the 10 GHz single
chip DNP microsystem with solid samples. (A) Electromagnet (Bruker, 0 to 2.2 T); (B) Home-
made modulation coil (0.33 mT/A); (C) RF amplification stage composed of two RF amplifiers
(Analog Devices HMC-C001) and a 3 dB attenuator; (D) DC power supplies (Keithley 2400); (E)
RF generator (Rohde&Schwartz SMR-20) ; (F) Mixer (Mini-Circuits ZX05-153-S+); (G) 100 MHz
high-pass filter (Crystek CHPFL-0100); (H) 300 MHz low-pass filter (Crystek CLPFL-0300);
(I) Frequency divider (Valon Technology 3010); (J) Homemade delay-line-discriminator (200
MHz central frequency, 1 MHz detection range, 5 MHz FM bandwidth); (K) Amplifier (Stanford
Research Systems SR560); (L) Lock-in amplifier (EG&G 7265); (M) NMR magnetometer probe
(Metrolab Instruments 1062 probe 3); (N) NMR magnetometer main electronic unit (Metrolab
Instruments SA PT2025); (O) RF splitter (Mini-Circuits ZFSC-2-11); (P) RF generators (Stanford
Research Systems SG384); (Q) Frequency counter (Fluke PM6681); (R) Amplifier (EG&G 5113);
(S) power amplifier (Rohrer PA508); (T) Photograph of the single chip DNP-NMR microsystem
with the 2% BDPA:SEBS sample placed on the microcoils and the bonding wires protected
by glob-top (the black material covering the left part of the chip); (U) Magnet power supply
(Bruker, 0 to 150 A).

25



Chapter 2. Single chip 10 GHz DNP microsystem

Figure 2.10: Picture of the chip together with the 2%BDPA:SEBS sample placed on top of the
concentric ESR and NMR microcoils.

2.6.2 Measurement results

BDPA doped polymers are measured to demonstrate the possibility to measure also solid
samples with the single chip DNP microsystem. A common polymer that is used in DNP
studies is polystyrene (PS). T, of PS is around 10 us which makes it more challenging to
measure compared to liquid samples which have longer 7. As an intermediate form between
solid and liquid samples, we have used also elastomers such as cis-polyisoprene and SEBS.
Three solid samples are used in the measurements performed with our single chip DNP
microsystem: 2%BDPA:SEBS, 2%BDPA:PS, and 10 mM BDPA:cis-polyisoprene.

The samples of 2% BDPA:SEBS, 2% BDPA:PS and 10 mM BDPA:cis-polyisoprene are prepared
by dissolving SEBS (Kraton Corporation) and BDPA (152560, Sigma-Aldrich) in toluene, PS
(331651, MW 35000, Sigma-Aldrich) and BDPA in chloroform, and cis-polyisoprene (182141,
Sigma-Aldrich) and BDPA in toluene, respectively. The mixture is then drop casted on a
glass plate and dried overnight inside a fumehood with a glass cover to reduce the speed of
evaporation. If the evaporation is too fast the top surface of the sample becomes very irregular.
The amount of chloroform and toluene determines the thickness of the resulting dried sample.
Once the solvent completely evaporates, the dried sample is cut by a ceramic blade to a size of
200 ym x 200 um x 100 pm. After samples are formed in the desired shape, they are picked up
by toothpicks that are sharpened by a cutter. The samples are attached to the chip surface by
Van der Waals forces (i.e. no glue required). The placement of a 2% BDPA:SEBS sample of size
approximately of 200 ym x 200 ym x 100 pm is shown in Fig. 2.10 as an example.

In all solid effect measurements, the enhancement ¢ is calculated as the ratio of the NMR
signal amplitude values in the frequency domain when microwaves are on and off. For these
solid samples, the linewidth of the non-enhanced NMR signal is the same as the one of the
enhanced signal, so the integration in Eq. 2.1 is not necessary.
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Figure 2.11: ESR spectrum of 2%BDPA:SEBS. The oscillator is supplied with Vpp = 1.8 Vand
Ipp = 40 mA. Experimental conditions: modulation frequency f;;, =1.234 kHz, modulation
magnetic field B, =1.8 mT, microwave frequency f;,,, =10.4 GHz, microwave magnetic field
B =60 uT.
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Figure 2.12: NMR spectra of 2%BDPA:SEBS with and without microwaves. When microwaves
are applied on the right side of the ESR peak (wps + wor) the enhancement is 20 (red curve),
whereas it is -15 when the microwaves are applied on the left side of the ESR peak (wos —wor)
(pink curve). The NMR measurements are performed in the following conditions: f; r =16
MHz, pulse length 7, ¢ = 5 us, pulse repetition time T, = 100 ms, time-domain match filter
time constant Ty, = 1 ms, acquisition time Ty44 = 15 ms, number of averaging N, ¢ = 400000
for the non-enhanced signal and N, = 4000 for the enhanced signal.
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Figure 2.13: DNP enhancement of 2% BDPA:SEBS with respect to the magnetic field. The
oscillator is supplied with Vpp = 1.8 Vand Ipp = 40 mA. The microwave excitation is always
on during this measurement. The center of the ESR spectra is approximately at 370.25 mT.
Measurements are performed in the following conditions: The RF excitation frequency f; ¢ is
swept from 15.742 MHz to 15.828 MHz, the By field is swept from 0.36975 T to 0.37175 T, pulse
length 7, r=5us, pulse repetition time T, = 100 ms, time-domain match filter time constant
Ty = 1 ms, acquisition time Ty44 = 15 ms, number of averagings Ng,g = 4000.

In all solid effect enhanced NMR measurements, the 10 GHz oscillator is biased at Vpp =1.8V
and Ipp =40 mA and it is kept on during the NMR acquisition. For the non-enhanced NMR
spectra the oscillator (ESR excitation) is turned off. The magnetic field By, the NMR excitation
(Vrx) and down-conversion (Vzp) frequencies are swept and the ESR frequency (microwave
excitation) kept the same for both of the DNP enhancement curves shown in Fig. 2.13 and Fig.
2.18.

The ESR spectrum of 2% BDPA:SEBS is shown in Fig. 2.11. The oscillator is biased with
Vbp =1.8Vand Ipp =40 mA. At this supply, the microwave magnetic field B, is around 60
uT which is strong enough to saturate the sample and causes broadening of the ESR linewidth
up to around 23 G. At lower bias voltage of Vpp = 0.85 V the measured ESR linewidth is 16 G.
Non-enhanced NMR and enhanced NMR spectra for the same sample are shown in Fig. 2.12.
When microwaves are applied on the right side of the ESR peak (wps + wor) the enhancement
is 20 (red curve), whereas it is -15 when the microwaves are applied on the left side of the
ESR peak (wps — woj) (pink curve). While the non-enhanced NMR spectra are the average of
Ngyg = 400000 spectra obtained in 11 hours, the DNP-enhanced NMR spectra are the average
of Ngyg = 4000 spectra obtained in 6 minutes. The DNP enhancement curve is shown in Fig.
2.13.

The ESR spectrum of 10 mM BDPA:cis-polyisoprene is shown in Fig. 2.14. The oscillator

28



2.6 Solid effect DNP at room temperature

S o © o
(e} L N o N
T T T T

ESR Signal [kHz]

o
[ee]
T

- 10 mM BDPA:cis-polyisoprene |
294 K

1.2 I I I I I
0.366 0.368 0.37 0.372 0.374 0.376 0.378
B, [T]

Figure 2.14: ESR spectrum of 10 mM BDPA:cis-polyisoprene. The oscillator is supplied with
Vbp = 1.8 Vand Ipp = 40 mA. Experimental conditions: modulation frequency f;;; =16.789
kHz, modulation magnetic field B, 1.8 mT, microwave frequency f;,,, £10.4 GHz, microwave
magnetic field By, =60 uT.
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Figure 2.15: NMR spectra of 10 mM BDPA:cis-polyisoprene. When microwaves are applied on
the right side of the ESR peak (wps + woy) the enhancement is 10 (red curve), whereas it is 12
when the microwaves are applied on the left side of the ESR peak (wps—woy) (pink curve). The
NMR measurements are performed in the following conditions: f,r =16 MHz, pulse length
T,¢ =5 us, pulse repetition time T, = 500 ms, time-domain match filter time constant T}, = 2
ms, acquisition time Ty, = 15 ms, number of averaging N,,g = 100000 for the non-enhanced
signal and N;y¢ = 300 for the enhanced signal.
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Figure 2.16: ESR spectrum of 2% BDPA:PS. The oscillator is supplied with Vpp = 1.8 Vand
Ipp = 40 mA. Experimental conditions: modulation frequency f;;; =16.789 kHz, modulation
magnetic field B, £1.1 mT, microwave frequency f,,, £10.4 GHz, and microwave magnetic
field By, =60 uT.

is biased as in the 2% BDPA:SEBS measurements. The ESR linewidth is around 14 G. Non-
enhanced NMR and enhanced NMR spectra for the same sample are shown in Fig. 2.15. When
microwaves are applied on the right side of the ESR peak (wps + woj) the enhancement is 10
(red curve), whereas it is 12 when the microwaves are applied on the left side of the ESR peak
(wos —wor) (pink curve). While the non-enhanced NMR spectra are the average of Njgyg =
100000 spectra obtained in 14 hours, the DNP-enhanced NMR spectra are the average of
Ngyg = 300 spectra obtained in 2.5 minutes.

At first, all the samples were doped with 2% BDPA (approximately 50 mM) and showed a
linewidth of about 1.5 kHz. Even though all the samples were doped with the same con-
centration, significant broadening of the NMR linewidth (compared to their non-doped
counterparts) is observed only in cis-polyisoprene sample at 2% concentration because it
has narrower linewidth (compared to SEBS and PS) of about 300 Hz when undoped. Thus,
cis-polyisoprene sample was diluted 5 times to have a final 10 mM concentration of BDPA and
a linewidth of about 500 Hz.

The ESR spectrum of 2% BDPA:PS is shown in Fig. 2.16. The enhanced NMR spectra for the
same sample are shown in Fig. 2.17. The NMR signal when the microwaves are off is not
measured as it would need at least 40 hours of averaging to reach an SNR of 1 according
to calculations of the expected signal amplitude and the measured noise. The expected
signal is calculated based on the Bloch equations as explained in Ref. [30] considering the
geometry of the excitation and detection coils and the sample volume. Experimentally we have
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Figure 2.17: NMR spectra of 2% BDPA:PS with microwaves. When microwaves are applied
enhancement is at least 6. The NMR signal when the microwaves are off is not measured as it
needs at least 40 hours of averaging to reach an SNR of 1 according to calculations of expected
signal amplitude and the measured noise. Experimentally we have observed that after 200000
averagings (i.e., 5.5 hours), the non-enhanced NMR signal is still not visible. Enhanced NMR
measurements are the results of 25000 avergagings. The NMR measurements are performed
in the following conditions: The RF excitation frequency f; r =15.94 MHz for the left side of
the ESR peak (wos —woy) and f; r =15.98 MHz for the right side of the ESR peak (wos + wor),
pulse length 7, = 3 us, pulse repetition time T, = 100 ms, time-domain match filter time
constant T, = 50 us, acquisition time Ty,4 = 15 ms, number of averaging Ng,g = 4000 for the
enhanced signal.
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Figure 2.18: DNP enhancement of 2% BDPA:PS with respect to the magnetic field. The oscil-
lator is supplied with Vpp = 1.8 Vand Ipp = 40 mA. Microwave excitation is always on during
this measurement and center of the ESR spectra is approximately at 379 mT. Measurements
are performed in the following conditions: the RF excitation frequency f; s is swept from
16.051 MHz to 16.221 MHz, the B field is swept from 0.377 T to 0.381 T, pulse length 7, s =3
us, pulse repetition time T = 100 ms, time-domain match filter time constant T,, = 50 us,
acquisition time Tj,4 = 15 ms, number of averagings Ny, ¢ = 25000.

observed that after 200000 averagings (i.e., 5.5 hours), the non-enhanced NMR signal is still
not visible. The DNP enhancement curve is shown in Fig. 2.18. Here, for the non-enhanced
NMR signal the noise level is used, which results in an underestimation of the enhancement.
The DNP-enhanced NMR spectrum is the average of N;,g = 4000 spectra and is obtained
in 6 minutes. Solid effect enhancements up to 100 are reported on the same sample with
NOVEL method [141]. Pulsed DNP experiments might enable larger enhancements using
the frequency tunability of the single chip DNP microsystems. An experimental scheme to
perform pseudo-pulsed ESR measurements with frequency tunable single chip ESR detectors
is reported in Ref. [142].

2.7 ESR experiments at cryogenic temperatures

ESR measurements at cryogenic temperatures have been performed to show the possibility to
use this single chip DNP microsystem also at low temperatures. ESR spectra of 2% BDPA:PS
at 180 K and 15 K are shown in Fig. 2.19 and Fig. 2.20, respectively. The ESR spectrum at
180 K (Fig. 2.19) has lower amplitude (approximately 0.6 kHz) compared to the ESR spectra
(approximately 1.5 kHz) at 294 K (Fig. 2.16). One of the reasons behind this phenomena is the
effect of O,. The ESR measurement at 294 K is performed in air whereas the one at 180 K is
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Figure 2.19: ESR spectrum of 2% BDPA:PS at 180 K. The oscillator is supplied with Vpp = 1.8
Vand Ipp =40 mA. Experimental conditions: modulation magnetic field B;; =1.1 mT, and
modulation frequency f;,, =16.789 kHz.

performed in He atmosphere after the removal of O,. After the O, removal, a five times signal
amplitude reduction is observed in ESR spectra of 2% BDPA:PS.

As the temperature decreases from 180 K to 15 K, the signal amplitude increases from 0.6
kHz to 2.5 kHz. This increase is less than the expected one by the Curie law [143] which is 12
times. It can be attributed to two phenomena: 1) the microwave magnetic field B;, generated
by the ESR oscillator increases as the temperature decreases, 2) the relaxation times of the
sample are longer at lower temperatures which results in easier saturation of the sample.
The microwave magnetic field B, increases as the temperature decreases because the power
consumption of the oscillator and the microwave current in the ESR microcoil increases. This
is mostly attributed to the carrier mobility increase in the transistor [144]. As a consequence,
B, generated by the oscillator increases, causing larger sample saturation.

NMR and enhanced-NMR spectra have not been measured yet, but the low temperature ESR
measurements are promising also for low temperature DNP experiments with this single chip
10 GHz DNP microsystem.

33



Chapter 2. Single chip 10 GHz DNP microsystem

ESR Signal [kHz]

-1.5F 2% BDPA:PS
15K

-2 L I |
0.38 0.385 0.39 0.395 0.4
B, [T]

0.405

Figure 2.20: ESR spectrum of 2% BDPA:PS at 15 K. The oscillator is supplied with Vpp =1.8
Vand Ipp =40 mA. Experimental conditions: modulation magnetic field B;;, =1.1 mT, and

modulation frequency f;, =16.789 kHz.
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8] Single chip 200 GHz DNP microsys-
tems

The single chip integration of the sensitivity relevant part of nuclear magnetic resonance
(NMR), electron spin resonance (ESR), and dynamic nuclear polarization (DNP) enhanced
NMR detectors is a promising approach to improve the limit of detection, especially for
nanoliter and subnanoliter samples. A single chip DNP microsystem operating at 11 GHz
(ESR)/16 MHz (NMR) has been demonstrated in section 2. Here, we report on a single chip
DNP microsystem operating at 200 GHz (ESR)/300 MHz(NMR). The single chip integrated
microsystem consists of a microwave oscillator operating at about 200 GHz for ESR excita-
tion/detection and of a radio frequency receiver operating at about 300 MHz with frequency
downconversion for NMR detection. The proposed microsystem eliminates the need of a high
power microwave generator (e.g. a gyrotron) and high quality microwave wave guides for DNP
experiments. Additionally, it works from 300 K down to at least 15 K because of the intrinsic
capabilities of the chosen integrated circuit technology. The NMR excitation is performed with
a non-integrated coil. To exemplify its possible applications, 'H DNP enhanced NMR experi-
ments on solid samples of volumes from 125 pL to 2 nL are performed at temperatures from
15 K to 300 K. DNP enhancements as large as 50 are achieved with 2% a,y-bisdiphenylene- -
phenylallyl in polystyrene (2% BDPA:PS) at 15 K. This work demonstrates the possibility to
extend the single chip approach to the realization of probes for DNP studies of nanoliter and
subnanoliter samples at high frequency, high field, and low temperature.

3.1 Introduction

Nuclear magnetic resonance (NMR) methods are a powerful tool employed in many research
fields, including physics, chemistry, material science, biology, and medicine. Their importance
for industrial and clinical applications is also widely recognized such as industrial process
monitoring and magnetic resonance imaging (MRI). The use of NMR methodologies for an
even wider range of studies is often hindered by the low signal-to-noise ratio (SNR) achievable
in the available experimental time. An approach to increase the SNR, applicable to samples
of any volume, is to increase the nuclear spin polarization (hyperpolarization), e.g., by mi-
crowave, optical, and chemistry-based methodologies [7,100-110, 125, 126]. Dynamic nuclear
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polarization (DNP) is one of the most powerful and versatile methods to improve the SNR
in NMR experiments [3,7,145-147]. Microwave driven DNP methods employ a microwave
magnetic field which excites the unpaired electrons (added or, rarely, naturally present) in
the sample under investigation into electron spin resonance (ESR). The ESR excitation of
the unpaired electrons increases the polarization of the nearby nuclear spins well above the
thermal equilibrium value, producing an effective increase in the SNR up to 660 for 'H nuclei
(and more for nuclei with a lower gyromagnetic ratio). DNP enhanced NMR experiments are
performed in wide range of magnetic fields, from zero to more than 20 T [7,125,148-151]. As for
non-DNP enhanced NMR spectroscopy, operation at higher magnetic fields allows for larger
thermal spin polarization that increases SNR and larger chemical shifts that increase the spec-
tral information content. Despite the reduction in the DNP enhancements generally observed
at higher magnetic fields, the previous two advantages makes the exploration of DNP methods
at high fields interesting and potentially impactful. High field DNP provides information that
is otherwise not available, for example in solid state NMR alone [8]. Conventional high field
DNP methodologies require the use of relatively expensive and bulky microwave/quasi-optical
sources and waveguides [150, 152, 153], which reduces their widespread use.

During the last two decades, the separate integration on a single chip of the front-end elec-
tronics of inductive NMR spectrometers [34, 41, 42, 44, 45,47-57, 154] as well as ESR spec-
trometers [72-74,93-96, 99, 155] have been demonstrated. Recently, the co-integration on
a single silicon chip of the front-end electronics of an NMR and an ESR detector has been
demonstrated [46]. This combination of sensors allowed to perform DNP experiments at
10.7 GHz (ESR)/16 MHz(NMR) using a single chip integrated microsystem of about 2 mm?.
Overhauser DNP experiments in liquid samples of TEMPOL/H,0 at room temperature with
NMR enhancements as large as -50 has been reported. Details of this microsystem is explained
in chapter 2.

Due to the strong motivations to operate at higher static magnetic fields described above, in
this work we designed and characterized a single chip integrated DNP microsystem operating
200 GHz (ESR)/300 MHz (NMR). The realized single chip microsystem generates microwave
magnetic fields at 200 GHz, allows to performs continuous wave ESR experiments by field
or frequency sweeps, and to perform NMR and DNP enhanced NMR experiments. The
integration of the microwave source and ESR detector together with the NMR sensor allows to
study DNP enhanced NMR without the need of an external microwave source and connections
to carry the microwave signals such as waveguides. All the connections to/out of the magnet,
where the microwave excitation and ESR detection occurs on chip, are DC. As a result, these
single chip integrated ESR, NMR, and DNP-NMR detectors are suitable for the miniaturization
of the probe, for the reduction of the losses and complexity of the connections, and for the
realization of dense arrays of detectors for parallel (simultaneous) spectroscopy of several
samples. Additionally, the single chip approach might allow for a better SNR for volume limited
samples in the nanoliter and subnanoliter range tightly matched to the sensitive volume of
the detector with respect to the conventional bulky inductive probes which are optimized for
microliter and larger sample volumes. By suppressing the need for external microwave sources

36



3.2 Technology selection

and microwave connections, the single chip approach proposed here reduce drastically the
cost and the complexity of the DNP instrumentation and, hence, should allow for a more
widespread use and study of DNP methologies on nanoliter and subnanoliter samples.

In this chapter, a 200 GHz DNP microsystem and a 200 GHz DNP array microsystem are
presented from design to measurement results. ESR and NMR detector designs are explained
starting from the technology selection. Design criteria, co-integration of ESR and NMR
detectors, simulation methods, sample preparation, measurement setups, and measurement
results are reported and discussed.

3.2 Technology selection

There are several important specifications that should be considered in the technology selec-
tion for a custom integrated circuit design. Since it is hardly possible to design a circuit without
trade-offs, it is crucial to set the most important criteria in the circuit. For the NMR detector
the criteria are 1) noise, 2) deadtime (wideband low frequency amplifier), 3) gain, 4 ) power
consumption, 5) low temperature operation, from the most important to least important. For
the ESR detector, they can be ordered as 1) frequency, 2) microwave magnetic field By,, 3)
power consumption, 4) low temperature operation. For the 200 GHz DNP microsystem design,
the most important criteria can be listed as:

1. Operation frequency. High field DNP experiments are performed with costly equip-
ments, thus the goal is to perform DNP experiments without them. Previously we have
shown a 10 GHz DNP system and we aim to increase the frequency at least an order of
magnitude. We have selected 200 GHz because of the availability of a 7 T magnet in our
laboratory.

2. High microwave magnetic field amplitude B;.. High B, is important especially for
high field DNP. It has been shown that at high field solid effect enhancements are larger
than Overhauser, but solid effect requires larger microwave B, [7]. Additionally, in our
previous 10 GHz system, it has been observed that the Overhauser enhancements were
also not saturated.

3. Low temperature operation. Low temperature operation is necessary to increase the
versatility of the system, and because the majority of the solid effect experiments are
performed at low temperatures. Due to the generally longer longitudinal relaxation time
of electron (T1,), it is easier to saturate ESR transitions at low temperatures, hence it is
easier to achieve higher enhancements at lower temperatures [7].

Although the aforementioned criteria are the most important ones, the list is not exhaustive
for the success of the 200 GHz DNP microsystem. It is important to have a low noise and wide
band receiver to perform NMR experiments. Noise of the integrated NMR receiver depends
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Table 3.1: Integrated circuit technology comparison table (room temperature).

TSMC ST FD-SOI THP SiGe:C IHP SiGe:C(Cu)
40 nm 28 nm 130 nm 130 nm
fr [GHz] 360 320 300 300
(260 for miniasic)
fmax [GHz] 200 320 500 500
Number of 2 2 2 3
thick metals
R, [mQ/sq] 18 19 11 11
22 19 18 6
6

on the planar microcoil because of the high sheet resistance of the available metal layers in
integrated circuit technologies. As a consequence, one of the most important specifications for
integrated NMR detectors with integrated microcoils are the sheet resistance (Ryj,) of available
metal layers in the technology (see Table 3.1). This is explained in details in section 3.4.

Another important specification is the power consumption of the NMR circuitry. NMR receiver
consists of building blocks that would consume large powers, especially the low noise amplifier
(LNA). To design a low noise LNA, it is necessary to have enough power budget, because
transistor’s noise performance is not good enough at low power consumptions. Giving LNA
enough power budget means restriction of power budget in the following stages. Fortunately
CMOS technology is optimized in terms of power consumptions. So, it is important to have
the power of CMOS technology available in the technology. This is a very important quality
of SiGe:BiCMOS (SiGe:C) technologies. In the building blocks where the performance has
more importance over the power consumption, heterojunction bipolar transistors (HBT) are
selected for the design and in other building blocks where the power consumption is more
critical, CMOS devices are selected. This is explained in details in section 3.4.

An IC technology comparison is shown in Table 3.1. f7 is the transit frequency (cut-off or
gain-bandwidth) of the transistors. It defines the frequency at which the current gain of the
transistor drops to zero. TSMC 40 nm shows the highest fr but it is not provided for "miniasic"
program which allows universities to access the technology at a reduced price. fy4x is the
maximum oscillation frequency of the transistor. It defines the maximum frequency to get a
power gain out of the transistor. IHP SiGe:C technologies offer the highest f;,4x. Rsp, is the
sheet resistance of the thick metal layers available in the technology. In the first row, thickness
of the top layer is given. In the second and third rows, thicknesses of the second and third
layers from the top are given. The IHP SiGe:C(Cu) technology offers the lowest Ry, and an
extra thick metal layer for inductors with higher quality factors. High fr and f;,,4x frequencies
are required for high frequency oscillators (i.e. ESR detector) and low Ry, is required for
microcoils with less noise (i.e. NMR microcoil of NMR receiver).

The Silicon Germanium (SiGe) technology is chosen mainly for operating frequency, cryogenic
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temperature performance, large oscillation capacity of transistors and cost. Oscillators with
operation frequencies at around 200 GHz in SiGe HBT technology have been previously
reported [79-90]. Their highly doped Ge emitter allows both high current gain and high
cut off frequency. SiGe HBT devices offer higher gain at relatively higher current compared
to CMOS transistors. Higher current allows for higher oscillation amplitude. The cost of
SiGe HBT technology is similar if not lower compared to a CMOS technology that would
allow a similar cutoff frequency. Moreover, the SiGe technology is adapted and optimized
for low temperature operation. The potential of SiGe HBTs have been extensively studied by
Cressler [156], showing that SiGe HBT devices are promising for cryogenic circuit design. As
stated in this work, cooling these devices improves the critical properties such as current gain
(B) and cut-off frequency (fr). Moreover, the technology offers additional localized backside
etching (LBE) and through silicon via (TSV). LBE increases the quality factor of inductors, up
to a factor of two at 5 GHz. TSV reduces the ground inductance which has high importance in
microwave design. As these add-on processes have extra cost, we have not implemented them
in the first prototype of our system. However, these extra costs per chip would be reduced in
the mass production of such probes.

3.3 ESR detector

The ESR detector consists of a 200 GHz voltage controlled oscillator (VCO) with an oscillation
amplitude detection output (see Fig. 3.1). The ESR phenomenon produces a variation of the
oscillation frequency and of the oscillation amplitude of the oscillator [94]. In the case where
the high frequency signals (especially at frequencies larger than 10 GHz) are transfered out
of the magnet, signal quality is deteriorated because of large losses in long cables. Hence it
becomes very important to manipulate the signal locally on chip especially at 200 GHz. Since
the ESR phenomenon creates both frequency and amplitude variations, either a frequency
down-conversion circuit or an amplitude detection circuit are possible. In this work, we have
decided to use amplitude detection mainly because of the simplicity of the circuit.

The DC component of the voltage at the Vgsr node (see Fig. 3.1) is proportional to the
amplitude of the oscillations. This property has first been shown in cross-coupled CMOS LC
VCOs [157] and used for ESR detection based on the same type of oscillators [97, 158, 159].
Since it is based on the differential working principle of cross-coupled VCOs, we predicted
that the same principle applies also to differential Colpitts oscillators. The freedom of voltage
variation in the center of Lg inductors is assured by the current biasing in the same node (Ip)
through a biasing resistor Rp. The amplitude-encoded signal on the Vgsg node is transfered
out of the chip through an RF decoupling inductor Lp.

Here is the step-by-step procedure followed for oscillator design:

1. Decision on the topology. The most common topology used for SiGe oscillators in 200
GHz operation range is the differential Colpitts topology [79-90]. The design of the
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L% . %LE

Figure 3.1: Schematic of the 200 GHz ESR detector. The gate width and the emitter length of
Q1, Q2, Q3 and Q4 transistors are 70 nm and 900 nm respectively. The number of emitters for
Q1 and Q, transistors is 6, whereas for Q3 and Q4 transistors is 5. Rg and Rp resistors are 280
Q and 18 kQ. The Lg inductor is the excitation/detection coil of the ESR detector. VD Dggp is
the supply voltage, Ip is the supply current, V7 is the tuning voltage and Vgsp is the output of
the ESR oscillator.
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oscillator we realized is based on the work by Voinigescu et al. [82]. As also suggested
in their work, the oscillator is simulated in two different forms: 1) regular "oscillator
configuration" where the oscillation frequency, amplitude and microwave current in the
L inductor are maximized, 2) "amplifier configuration" (or negative gain configuration)
to optimize components (e.g. inductors, transistors, varactors) and to make sure there
are no other frequencies where the oscillation condition (Barkhausen criteria) is met.
While the importance of the first one is obvious, the second one is also very useful to the
designer in understanding the effect of changes in each component.

. "Amplifier configuration" simulation (small signal - AC simulation). Even though
oscillators work in large signal mode, small signal simulations provide key information
in the design of oscillators. For this simulation, the oscillator feedback is broken and
itis simulated as an amplifier as in Fig. 3.2. In this simulation, the real and imaginary
parts of the input impedance are computed. There should be only one zero crossing of
the imaginary part while the real part is negative. This allows us to make sure there will
be only one oscillation frequency possible. All DC voltages, currents, and component
values can be decided for 200 GHz oscillations at this step.

. Optimization of transistor size, bias voltages and component values for Barkhausen
criteria. The design starts using the values given in the work [82] and using the maxi-
mum number of emitters in the transistor. In the initial simulations only the transistors
have real model files, all the other components are ideal with reasonable assumptions
of the parasitics. For example, L inductor is chosen as 7 pH and a series resistance of
1 Q is assumed. After these simulations, there is already a rough design of oscillator.
However, schematic design is only the starting point of the circuit design at 200 GHz. It
is important to simulate all connections with electromagnetic (EM) simulations. Follow-
ing the previous example, it is seen that the series resistance of the Ly inductor varies
between some mQ to 1.5 Q from DC to 200 GHz. Using the EM simulation in the circuit
simulation is crucial in microwave oscillator design (details will be explained later in this
section). The oscillation frequency is determined by the Lg inductors and the parasitic
capacitances of Q;, Q2, Q3 and Q4 transistors. The transistor of highest fr is chosen
from the technology. This transistor size cannot be changed but the number of emitters
can be changed. The number of emitters of the Q; and Q, transistors are optimized with
two main criteria: 1) enough gain to sustain oscillations and 2) frequency of operation.
The larger the number of emitters the larger the gain and the lower the frequency of
operation. The number of emitters of Q3 and Q, transistors are optimized to obtain the
desired oscillation frequency and large enough tuning range. Even though their effect is
not pronounced as a first order effect, inductors L¢, Lgp and Lg also effect the operation
frequency. So, a full circuit simulation is necessary to obtain the desired oscillation
frequency.

. "Oscillator configuration" simulation (large signal - transient simulation). This sim-
ulation is performed for the optimization of the oscillation frequency, amplitude and
microwave current in the Lg inductor.
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5. Layout. The layout design starts with the design of the Lg, Lr and L¢ inductors. After
the separate simulation results converge to the desired values, combination of these
inductors are simulated. More components are added in each iteration until the final
layout is reached. For example, you would start only with three inductors, then you
would draw the transistor connections. This would introduce the inductance of Lgp and
parasitic capacitances, resistances and inductors at transistor nodes because of vias. At
200 GHz, a via has a non-negligible inductance.

6. EM simulation. ADS (Advanced Design System, Keysight) software is used to perform
EM simulations and extract the S-parameters file. This file contains the high frequency
characterization of the metal lines and can be imported to the circuit design software
(EDA software), in our case Cadence. Model files of the technology are provided by the
foundry and are imported to Cadence. Combination of technology model files with S-
parameters files from ADS enables accurate simulations. Design of a 200 GHz oscillator
requires EM simulation files that contains data at least up to 400 GHz. EM simulations
up to 400 GHz is very time consuming, and even impossible without simplifications
such as via merging, modelling vias not 3D but as wire connections, and removing
some complex connections that are not critical for high frequency behaviour. A second
important method for layout simplification in EM simulation is to simulate some layout
parts separately. In this design, the vias and connections to transistors are simulated
separately, and their inductance, resistance, and capacitance are added as separate
parasitics components to the oscillator simulations. This manipulation saves significant
amount of simulation time as these connections mostly are not redesigned in each
iteration.

7. Back to step 2 and 4. Combining EM simulations output with circuit simulation in Ca-
dence enables a good post layout simulation. At this step, iterations of circuit and layout
optimization is performed. Once the desired result is achieved in both simulations (in
step 2 and 4) of the final layout, the design is finished.

The oscillator design for high spin sensitivity ESR detection and effective DNP excitation
goes in opposite directions. High frequency oscillators require low microwave magnetic field
B, for high spin sensitivity, hence low power consumption. The low B, is desired to avoid
saturation of samples having long spin relaxation times and to maintain low 1/f noise in the
oscillator, which is the dominant noise type in high frequency oscillators. On the other hand,
ESR oscillators for DNP excitations are optimized for large microwave magnetic field By,
hence high power consumption. SiGe technology is chosen for the DNP application mainly
because of its high power capability at high frequency as explained in the previous section
(see section 3.2). High oscillation amplitude in the resonator is required to be able to saturate
the ESR transitions in the samples.

The oscillator frequency is variable by the tuning voltage V. Varactors that are available in the
technology are too large for the target frequency of 200 GHz. For this reason, Q3 and Q4 HBTs
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Figure 3.2: Amplifier configuration of the ESR oscillator. R; is set as 1 Q to reflect the
expected effective resistance of the Lp inductor [82]. C; should be large and is chosen as 5
nE S-parameter simulation is performed and Z;; parameter is extracted from S;; parameter.
Oscillation condition is met when imaginary part of Z;; crosses zero where the real part of Z;;
is negative. This condition should be met only once and at 200 GHz.

(same as Q; and Q, but different in size) are used to form variable capacitors as suggested
also in [82]. The frequency variability of the oscillator allows to perform ESR experiments with
a frequency sweep rather than a magnetic field sweep [95]. The frequency tuning range of
the oscillator is 8 GHz. The frequency can be changed up to 3 GHz by changing the tuning
voltage (V7) between -0.5 Vand 2 V (see Fig. 3.15). An additional 5 GHz tuning is achieved by
adjusting the supply current I and the supply voltage Vpprsg. The oscillator frequency also
depends on the operating temperature. The VCO frequency increases approximately linearly
as the temperature decreases, with central frequency of 190 GHz at room temperature and 200
GHz at10K.

The oscillator operates with a supply voltage (Vppgsr) range of 1 to 1.5 V and a supply current
(Ip) range from 6 to 70 uA and consumes 5 to 24 mA. Since the microwave magnetic field
By, is generated on chip by the oscillator and the ESR signal is encoded as DC signal, no
microwave connections are necessary (all signals from/to the single chip ESR detector are DC).
In this work, we recorded the ESR spectra by measuring the oscillation amplitude variation
as explained previously. Standard magnetic field modulation and lock-in demodulation is
used to improve the signal-to-noise ratio (see discussion in Section 3.7.2). The maximum
microwave magnetic field B, in the center of the ESR microcoil is calculated as 2.75 G with
the equation By, = uolrr/4D;y, where the peak-to-peak simulated RF current Irr in the ESR
microcoil is 35 mA and D;,, is the inner diameter of the microcoil.
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Figure 3.3: Block diagram of the NMR receiver. It is a heterodyne receiver consisting of LNA,
mixer and a low frequency amplifier. The local oscillator signal V; is splitted and amplified
to drive the differential mixer.

3.4 NMR detector

The NMR detector is a receiver-only chain with 75 dB overall gain, consisting of a microcoil, a

broadband low noise amplifier (LNA) operating up to 1 GHz, a mixer, and a low frequency (LF)
amplifier with a 4 MHz bandwidth (see Fig. 3.3). An external coil is used for NMR excitation
(see Figs. 3.12(a), (d), 3.13(b), and additional details in section 3.7.2).

The design of the NMR detector starts with the detection coil (see the photograph of the NMR
microcoil in Fig. 3.8(c)). Here, the NMR microcoil design is explained step-by-step:
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1. Coil diameter. In most of the designs, the coil diameter is chosen according to the

sample volume. In this work, it is chosen according to the ESR excitation coil. A distance
of at least the diameter of the ESR microcoil should be kept from the ESR microcoil to
the inner diameter of the NMR microcoil to avoid a significant perturbation of the ESR
oscillator. The NMR microcoil diameter is not increased any further as the goal is to
perform DNP experiments on samples with a large fraction of their volume which is
efficiently hyperpolarized by the ESR excitation.

. Number of turns. The NMR signal is proportional to the number of turns in the NMR

microcoil, and the noise is proportional to square-root of series resistance (v/R;) of
the NMR microcoil. The design strategy is as follows: 1) maximize the intrinsic signal-
to-noise ratio (SNR) at coil ends with attention to keep the self resonance frequency
above the operating frequency, 2) design an LNA that do not significantly deteriorate
this intrinsic SNR. Number of turns, wire width, spacing between wires and the inner
diameter determine the outer diameter of the NMR microcoil. The outer diameter of
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the NMR microcoil is kept in moderate size to avoid increasing the aspect ratio of the
NMR and ESR microcoil diameters. Thus, number of turns is limited to 21 for two main
reasons: 1) to avoid a large aspect ratio of the NMR and ESR microcoil diameters and 2)
to keep a safety margin with the operating frequency and the self resonance frequency
of the NMR microcoil.

3. Broadband or tuned approach decision. This step goes together with the previous step,
because the broadband or tuned approach decision would be taken according to the
quality factor of the microcoil. The quality factor (Q) of a coil is defined as Q = wL/R;,
where w =2n f, f is the frequency and L is the inductance of the resulting microcoil. If
the Q factor of the coil is high, the coil can be tuned by tuning and matching capacitors,
and the signal and the noise of the coil would be intrinsically amplified before the
low noise amplifier. This approach would be especially interesting for reducing the
requirements on the LNA, as it would not be required to have a very low noise. However,
if the Q factor cannot be made high, for example because of the high sheet resistance
of available metals of the integrated circuit technology, tuning and matching would
both not be very effective (gain of this amplification would be low), and the noise of the
microcoil would already be high and leave a more relaxed LNA design in terms of input
equivalent noise.

4. EM simulation. Once the design of the coil is finalized, it is important to simulate the
microcoil in an EM simulator as it was done for the ESR microcoil in section 3.3. This
simulation take much less time compared to the ESR microcoil simulation and give
values very close to the calculated ones because of the lower frequency operation. It is
critical to make sure that the self resonance frequency of the NMR microcoil, which is
extracted from the EM simulation, is above the desired operation frequency.

Even though the selected SiGe technology has three thick metal layers, the sheet resistance
of these metal layers are still not low enough to achieve high-Q factor coils. As a result a
broadband approach is chosen, with the potential advantage of studying different nuclei or
operating at different fields with the same NMR detector. Once this decision is made, the
number of turns are increased until the SNR is maximized at the NMR microcoil ends. Finally,
the NMR detection microcoil is realized with the three thick top metal layers available in the
technology. It has an external diameter of 200 ym (250 pym for the microsystem with four
microwave oscillators inside the NMR microcoil), a wire width of 5 um, a wire thickness of
around 3 um, a spacing between the wires of 2.8 um, and a total number of turns of 21 with 7
turns in each layer. The computed values for the inductance and the series resistance of the
resulting NMR microcoil at the operating frequency of 300 MHz are 79 nH and 24 Q for the
200 ym microcoil.

The NMR microcoil is connected to the LNA directly (i.e. without tuning/matching capacitors).
The schematic of the LNA is shown in Fig. 3.4. A differential design is chosen for the LNA
and for the complete receiver architecture to have a higher immunity against noise and
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Figure 3.4: Schematic of the low noise RF amplifier. A differential cascode topology is used in
the LNA design.

interferences [160]. The LNA is designed to amplify the signal without significantly impacting
the SNR. The gain of the LNA is limited to 28 dB to avoid possible oscillations. Cascode
topology is chosen to achieve higher gain without additional power consumption and noise
deterioration [161]. The LNA operates from DC to 1 GHz and a total input referred noise of 0.8
nV/Hz!’? including the microcoil and the input impedance of 1.5 k.

The LNA is connected to the down conversion mixer with decoupling capacitors which sets
the minimum operating frequency of the receiver chain to 15 MHz. A double balanced mixer
is used to down convert the signal. Down-conversion is important to reduce the output signal
frequency and to be able to add an additionaly LF amplifier to increase the immunity against
noise and interferences along the cables. The local oscillator (LO) signal is used for the down
conversion and brought to the chip from outside of the magnet. It is amplified and separated
into two signals which have 180° phase shift by an inverter chain amplifier. See Fig. 3.3 for
the connection to the mixer and Fig. 3.5 for the block diagram of LO signal amplification. The
output of the mixer is directly connected to the LF amplifier which further amplifies the signal.

The LF amplifier is designed to drive low impedance loads and have further amplification in
the receiver chain such that the signal and noise is not deteriorated along the cables. The LF
amplifier consists of an OPAMP that is designed in the Miller OTA topology. A resistive feedback
is used to set the gain of the LF amplifier as shown in Fig. 3.6. Fig. 3.7 shows the current source
used in the OPAMP. The LF amplifier has a bandwidth of 4 MHz and a low output impedance of
15 Q. The large LF bandwidth is important for experiments on solid samples having short T,
which require a receiver chain with short dead-times after the excitation pulse. The measured
deadtime is about 1 us. The total input referred noise of the receiver is about 1 nV/Hz!/? in
the post layout simulation and the worst corner. The spin sensitivity of the NMR receiver is
10'3 spins/Hz!/? at 300 MHz and room temperature. It is calculated as Ny,;, = V;N;VSD/So
where V is the sample volume in m3, N is the spin density spins/m3, VSD is the voltage
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Figure 3.5: Schematic of the mixer and LO signal amplifier. The down conversion mixer is
designed in Gilbert cell topology. The LO signal is splitted and amplified. R;; and R;» resistors
are biasing the DC voltage at the inputs of the first amplifier stage.
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Figure 3.6: Schematic of the low frequency amplifier. The OPAMP is designed in Miller OTA
topology and simple resistive feedback is used to limit the gain and enhance the bandwidth.
The details of the current source is given in Fig. 3.7.
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Figure 3.7: Schematic of the current source used in the low frequency amplifier.
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Figure 3.8: The single chip integrated DNP microsystem operating at 200 GHz(ESR)/300
MHz(NMR). (a) Schematic of the single chip DNP microsystem. The dashed red lines indicate
the NMR/ESR circuits and the concentric NMR/ESR microcoils. The black squares next to
the port names represent the bonding pads. VDDpgx is connected to several nets and the
connections are not shown in the schematic for simplicity. VDDgx is the supply voltage
of all the blocks in the receiver of the NMR circuit. (b) Photograph of the single chip DNP
microsystem. The blue line indicates the concentric NMR/ESR microcoils. The dashed red
lines indicate the NMR/ESR circuits as in (a). (c) Photograph of the NMR and ESR microcoils.
The ESR microcoil has a single turn and an external diameter of 45 um. The NMR microcoil
has 21 turns (7 turns in each of the three top metal layers) and an external diameter of 200 um.

noise spectral density at the output of the chip in V/Hz!/?

the chip in V. The spin sensitivity is improved by the factor of enhancement in the case of DNP

and So is the signal at the output of

enhanced NMR experiments.

3.5 Co-integration of ESR and NMR detectors

The main concern in the co-integration is the placement of the ESR and NMR microcoils. The
NMR microcoil is designed such as the inner diameter is at least twice as much the outer
diameter of ESR microcoil. This is necessary for the ESR oscillator to be not significantly
affected by the NMR microcoil.
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The second concern is related to the ESR oscillator layout. Most of this layout has to be below
the NMR microcoil, because of the big frequency and size difference between ESR and NMR
systems. As the ESR oscillator operates at very high frequency, the coils and inductive lines are
very short compared to the much lower frequency of the NMR counter part. The NMR coil has
21 turns and is realized with the three top thick layers according to the criteria explained in
the Section 3.3. As a result, the ESR oscillator layout is designed without using the three top
thick metals apart from the L (see Fig. 3.1 and Fig. 3.8(c)).

Since the Lg inductor (ESR microcoil) is in the middle of the NMR microcoil, there is freedom
to choose which layer to use in the design. The ESR excitation/detection coil Lp is designed
using the second thick metal from the top. The top layer is thicker than the second top layer,
but its series resistance is not lower because it is made of aluminum rather than copper which
is less resistive by about a factor of 1.6. Moreover, connection from the second top layer to the
top layer needs to be done through a resistive thin layer and very resistive vias. Hence, using
the second top layer is preferable. The third top layer has the same sheet resistance as the
second top layer, so the third top layer could also be utilized for Lg design. The distance from
the sample is important at the level of some micrometers as the diameter of the ESR microcoil
is 45 pm. So, the second top layer becomes a better choice compared the third top layer to
minimize the distance to the top surface of the chip. Moreover, the vias from the third top
layer to the second top layer have a sufficiently low resistance to have negligible impact on the
oscillator performance.

The EM simulations of the oscillator are performed with a complete metal coverage in place of
the NMR microcoil to allow for a converging and faster simulation. In Fig. 3.9, the picture of
the layout simulation file is shown. The orange layer indicates the metal coverage that is used
to simulate the effect of the other layers. As the other layers have slits in the real layout, the
metal coverage simulates the worst condition.

3.6 Array microsystem

The ESR microcoil of the single oscillator interrogates a sample volume of about 50 pm x
50 um x 25 pm. Although there are interesting samples to work at this volume, there are
also concentration limited samples where larger volumes are preferred. For this reason, the
study of solutions to increase the excited volume are of great interest. Arrays of ESR and NMR
systems have been shown before as discussed in section 1.3. In this work, we demonstrate,
for the first time, an array of four frequency locked oscillators for ESR excitation in a DNP
microsystem. Having four oscillators coupled together increases the effective sample volume
to 100 pm x 100 um x 50 pum, i.e. by a factor of 8 with respect to the single oscillator.

Fig. 3.10 shows the complete DNP array microsystem together with ESR and NMR microcoil
photograph. The array system consists of four 200 GHz oscillators that are coupled together
as shown in Fig. 3.11. The smallest capacitors available in the technology (34 {fF) are used to
couple oscillators and, at the same time, to load them as little as possible. Simulations show
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Figure 3.9: ESR oscillator layout used for EM simulations. The orange area shows the metal
layer drawn for EM simulation to emulate the effect of the NMR coil on the oscillator.The NMR
coil is deleted and replaced by metal coverage to allow for a converging and faster simulation.
Arrows are the ports of the simulation.

ESR and NMR microcoils

— NMR ESR
NMR circuit ESR circuit microcoil microcoils

Figure 3.10: The single chip integrated DNP array microsystem with four frequency locked
microwave oscillators. (a) Photograph of the single chip DNP array microsystem with four
frequency locked microwave oscillators operating at 190 GHz. (b) Photograph of the NMR and
ESR microcoils. Each ESR microcoil has a single turn and an external diameter of 45 um. The
NMR microcoil has 21 turns (7 turns in each of the three layers) and an external diameter of
250 pm.
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Figure 3.11: Frequency locked oscillators of the single chip DNP array microsystem. Each
coupling capacitor has a capacitance of about 34 fE

that when the oscillators are working at different frequencies (a difference is intentionally
introduced in each oscillator for this simulation), after coupling them with this method, they
all oscillate at the same frequency which is approximately the average frequency. There
might be additional parasitic capacitive and inductive coupling of the oscillators which is not
investigated in details.

The NMR microcoil for the array microsystem is slightly larger compared to the single mi-
crosystem. It is also realized with the three thick top metal layers available in the technology.
It has an external diameter of 250 ym (50 pm larger compared to single oscillator microsystem
NMR microcoil), a wire width of 5 ym, a wire thickness of around 3 um, a spacing between the
wires of 2.8 um, and a total number of turns of 21 with 7 turns in each layer. The computed
values for the inductance and the series resistance of the resulting NMR microcoil at the
operating frequency of 300 MHz are 119 nH and 35 Q. The NMR receiver electronics of the
array microsystem is the same as the 200 GHz DNP microsystem. The NMR spin sensitivity of
the array microsystem is calculated as 1.5x10'3 spins/Hz!/? (see chapter 3.4 for the details of
the spin sensitivity calculation).

3.7 Measurements

3.7.1 Preparation of the samples for DNP experiments

In order to characterize the performance of the realized DNP microsystems, we have used
polystyrene (PS) and styrene-ethylene-butylene-styrene (SEBS) solid polymers doped with 2%
a,y-bisdiphenylene-3-phenylallyl (BDPA/benzene, 152560, Sigma-Aldrich). The BDPA ESR
linewidth in these polymers is in the order of 10 G, hence it is well suited for observing well
separated solid effect (SE) lines in the DNP enhancement profile at the 'H Larmor frequency
of 300 MHz corresponding to a field offset for the solid effect of about 110 G. BDPA:PS has
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been investigated in several previous DNP experiments [113, 162-166] whereas BDPA:SEBS
has not been investigated yet. At room temperature, the 'H NMR linewidth of PS is of about
50 kHz whereas the one of SEBS is of about 1 kHz, presumably due to motional narrowing as
observed also in other elastomers above their glass temperature [30, 48, 50].

The samples of 2% BDPA:PS and 2% BDPA:SEBS are prepared by dissolving PS (331651, MW
35000, Sigma-Aldrich) and BDPA in chloroform and SEBS (Kraton Corporation) and BDPA in
toluene, respectively. The mixture is then drop casted on a glass plate and dried overnight
under fumehood with a glass cover to reduce the speed of evaporation. If the evaporation
is too fast, the top surface of the sample becomes very irregular. The amount of chloroform
and toluene can be adjusted to tune the thickness of the resulting dried sample. Once the
sample is completely dried, it is cut by a ceramic blade to obtain the desired dimensions. SEBS
samples are difficult to cut due to their stretchability. In order to overcome this problem, SEBS
samples are cut using an optical laser (Optec LightShot LSV3). Measurements show that the
laser does not deteriorate the samples. Once cutted, the samples are picked up by toothpicks
sharpened by a cutter. The samples adhere to the toothpick by Van der Waals forces and do
not require any additional glue. Once in contact with chip surface, the samples adhere to it
also by Van der Waals forces, or eventually glued adding diluted paper glue (Pritt, Henkel AG &
Company). In Fig. 3.12(c), a 2% BDPA:PS sample placement example on top of the sensitive
area of the microchip (i.e., on top of the concentric ESR and NMR microcoils) is shown.

3.7.2 Measurement setup

The single chip DNP microsystems are glued on PCBs with conductive epoxy (Epo-Tek, H20E-
FC) and connections from the chip to PCB are made by bonding wires. Fig. 3.12(a) shows the
PCB and 3.12(d) shows the bonding wires. The PCB shape and dimensions are chosen accord-
ing to the available space in the magnet (Superconducting magnet with variable temperature
insert, Cryogenic Ltd.). There are two coaxial cables and twelve twisted pair wires that can
reach the PCB, thus there are two AC connectors available in the PCB. One of them is used for
the NMR excitation signal and is connected to the NMR excitation coil through tuning and
matching capacitors as shown in Fig. 3.12(a), (d) and Fig. 3.13(b). The NMR excitation coil is
resonated by series tuning and parallel matching using mechanically tunable capacitors (EW
Electronics, SGC3S100NM and SGC3S300NM). The excitation coil has two turns, a diameter
of 6.5 mm and a wire diameter of 400 ym which results in 50 nH inductance and 1 Q series
resistance. The other AC connector is used for the local oscillator signal Vi that is used in
the down conversion of the NMR signal on-chip (see Fig. 3.3 and Fig. 3.5). All the other
connections, including the NMR output and the ESR output are made using the twisted wires.

As seen in Fig. 3.12(a), there is a packaged component on the PCB (the black device in the
center of the PCB) which is an amplifier. This amplifier is used for the amplification of the ESR
signal to avoid deterioration of the SNR. Fig. 3.13(a) shows the complete amplifier schematic
design. OPAMP THS4304D is used in the design because it is known to be working down to 1.4
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Figure 3.12: Set-up for the characterization of the single chip integrated DNP microsys-
tem operating at 200 GHz(ESR)/300 MHz(NMR). (a) Printed Circuit Board (PCB) used for
characterizing single chip DNP microsystem. The red rectangle indicates the chip and the
NMR excitation coil. (b) Block diagram of the complete setup for the characterization of the
single chip DNP microsystem: (A) Superconducting magnet with variable temperature insert
(1.4-300 K, 0-9.4 T, Cryogenic Ltd); (B) Home-made resistive modulation coil (2.8 mT/A); (C)
Home-made NMR excitation coil with tune and match variable capacitors; (D) DC power
supplies (Keithley 2400); (E) RF generators (Stanford Research Systems SG384) ; (F) Frequency
mixer (Mini-Circuits ZAD-1); (G) Amplifier (Stanford Research Systems SR560); (H) Power
splitters (Mini-Circuits ZSC-2-1+); (I) RF Power amplifier (RFPA). The Vs is the control signal
that is connected to the power amplifier switch for generating pulsed excitations; (J) Photo-
graph of the single chip DNP-NMR microsystem; (K) Amplifier (Mini-circuits ZX60-V83-S+);
(L) Lock-in amplifier (EG&G 7265); (M) Power amplifier (Rohrer PA508); (N) Low noise differ-
ential amplifier (NF Corporation 5305, DC-10 MHz); (O) 26 dB attenuator. (c) Photograph of a
2%BDPA:PS sample placed on top of the ESR and NMR microcoils. (d) Photograph of the chip
which shows the bonding wires and a part of the NMR excitation coil.
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Figure 3.13: Schematic of the components on the PCB. (a) Schematic of the PCB ESR amplifier.
The OPAMP is a THS4304D. R; =10 kQ, R, =100 Q, C; =100 pE C» =10 uE R; =1kQ, C; =1 uF
and Cp =100 nE (b) NMR excitation circuit. Ley.;s is the NMR excitation coil. The photograph
of the excitation coil is in Fig. 3.12(a) and (d). C7 is tuning capacitor (SGC3S100NM) and Cy,
matching capacitor (two SGC3S300NM with a 10 pF capacitor in parallel).

K [73]. A simple resistive feedback with filters is utilized to set a gain of 100 V/V, a low pass
filter of around 150 kHz, and a high pass filter of around 1 kHz. The bandwidth determines
the modulation frequency range of the continuous wave ESR detection.

The NMR excitation coil is used to excite the subnanoliter sample placed on top of the inte-
grated NMR detection microcoil. However, it excites efficiently also a volume of about 50 pL in
the FR4 epoxy PCB, a material with a high density of 'H nuclei. Despite the presence of a Cu
layer having a thickness of 37 um between the excited volume in the PCB and the integrated
detection coil, the NMR signal induced in the detection coil by the 'H nuclei in PCB substrate
can be larger than the non-enhanced NMR signal induced in the detection coil by 'H nuclei
contained in a sample having a volume smaller than the sensitive volume of the detection
coil. In order to compute the DNP enhancement, we quantified the background NMR signal
by performing measurements without sample in the detection coil. For some of the samples
investigated in this work (2% BDPA:PS), the background NMR signal is much larger than the
non-enhanced NMR signal from the sample. This large ratio, makes an accurate experimental
evaluation of the non-enhanced NMR signal difficult because the background NMR experi-
ment and the experiment in presence of the sample cannot, in practice, be performed in the
exact same conditions and are affected by noise. In our experimental conditions we estimated
that the background signal cannot be determined with an error of less than 10%. In experi-
ments where the non-enhanced NMR signal is below 10% of the background signal, we have
assumed that the non-enhanced NMR signal is 10% of the background signal. To cross check
this assumption, we have calculated the NMR signals that are expected to be measured. The
expected signal is calculated based on the Bloch equations as explained in Ref. [30]. Even at
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the optimum condition, the calculated NMR signal is smaller than the 10% of the background
signal, which is the NMR signal amplitude used in the enhancement calculations. Therefore,
this criteria leads to an underestimation of the DNP enhancement.

A possible solution to the background signal is the use of ceramic PCBs. These type of PCBs are
produced generally from alumina based materials and does not contain 'H nuclei. Another
solution is the integration of the excitation coil and the transmitter. We have shown this
approach in the 10 GHz DNP microsystem (see section 2.1) [46].

The measurement setup is shown in Fig. 3.12(b). Continuous wave ESR detection is performed
with a modulation coil and a lock-in amplifier. The NMR output Vyur is taken directly
out of the chip and not further amplified on the PCB. Outside of the magnet, it is further
amplified (amplifier (N) in Fig. 3.12(b)). This amplifier can be AC coupled at the input, but
the deadtime is reduced if Vg is DC coupled. Since the Vg has a DC component of
about 1V, a differential amplification with a DC voltage source set to 1 V is required. Two
frequency locked RF generators are used for NMR excitation and down conversion. Even
though they are frequency locked at a fixed frequency difference of about 125 kHz, phase lock
is not guaranteed by this method. As NMR signal coherence is necessary for signal averaging,
areference signal is generated by mixing these two RF signals (excitation and Vo, with mixer
(F) in Fig. 3.12(b)) and phase correction is applied in the digital signal processing performed
by a home-made Labview’™ program.

3.7.3 Single chip DNP microsystem

At low temperature, due to saturation, the ESR spectrum of 2% BDPA:PS is hardly measurable
in absence of oxygen. For this reason, in order to determine the oscillator frequency we used
a grain of BDPA having a volume of a few um3. The operating frequency of the integrated
oscillator is determined assuming an effective gyromagnetic ratio of 28.02 GHz/T [167]. The
ESR spectra of the same BDPA grain at 300 K is shown in Fig. 3.14. The oscillator frequency
shifts by the change of base current /5 and supply voltage V DDgsr causing the ESR signal shift
observed in the figure. Up to base current of 8 uA, the ESR signal is not saturated and it has the
shape of the derivative of absorption (derivative is obtained because of the field modulation),
while from 20 pA base current up, the ESR signal is reduced and its shape is changed. The
change in amplitude and broadening is caused most probably by saturation, whereas the
change in shape is not yet fully understood. From the measurement of the BDPA linewidth
we determined the approximate value of the microwave magnetic field B,, produced by the
oscillator coil. The measured values at the inner side of the ESR microcoil wire are between 5
G and 11 G at 300 K depending on the I3 and the VD Dggg, which is in agreement with the
calculation of 2.75 G in the center of the coil (see Section 3.3).

The frequency tunability of the oscillator is measured with a BDPA sample. The graph in
Fig. 3.15 is obtained when the oscillator is supplied with Ig =45 yA, VDDgsg = 1.05 V and
IDDgsg = 17 mA. The frequency is tunable up to 3 GHz by changing V7 from 0 to 2 V. The
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Figure 3.14: ESR spectra of a grain of BDPA measured with the single chip DNP microsystem
at 300 K. The volume of the BDPA grain is approximately (10 um)3. The oscillator supply
current I is changed from 30 pA to 70 pA, resulting in IDDgsg changing between 14 and
21 mA. VDDggp is biased around 1.24 V. d is the distance between the sample and the ESR
microcoil. The ESR measurements are performed in the following conditions: Modulation
frequency f;; £16.829 kHz, modulation magnetic field B, =0.15 mT, microwave frequency
fmw =190 GHz, tuning voltage V1 = 0 V. The ESR spectra are shifted to center at the same
point. The static magnetic field is around 6.79 T.
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Figure 3.15: Oscillator frequency vs. tuning voltage V; curve measured with the single chip
DNP microsystem at 300 K. The oscillator is supplied with Ip =45 pyA, VDDEgggr =1.05V and
IDDgsgr = 17 mA. The oscillator frequency is calculated from the ESR spectrum of a BDPA
sample, assuming a gyromagnetic ratio of 28.02 GHz/T.

oscillation frequency also depends on Iz and VDDggg. Fig. 3.14 shows that by changing I
from 30 to 70 A, ESR field is reduced by 90 mT which corresponds to 2.5 GHz frequency shift.
Additional measurements show that the frequency is tunable up to 8 GHz by changing I,
VDDgsg and V7 altogether.

Fig. 3.16 shows the ESR spectra of BDPA at 10 K, 100 K and 200 K, demonstrating the possibility
to work in a broad range of temperatures. The operation frequency of the oscillator shifts to
higher frequencies as the temperature decreases.

This DNP system is suitable for different types of microwave driven DNP experiments. Solid
effect DNP is selected as an example. Fig. 3.17 shows 'H NMR spectra (left column) and
DNP enhancement (right column) curve measured with a sample of 2% BDPA in PS having a
volume of 100 x 200 x 100 um?® and 100 x 50 x 25 um?® at 15 K and 100 K. Both DNP curves are
measured by sweeping the frequency of the oscillator by V7. At each Vr value, the 'H NMR
spectra are measured with 80 and 200 averaging at 15 K and 100 K, respectively. Additional
to the solid effect, Overhauser effect is observed at 15 K (see Fig. 3.17 (c)), as it has been
previously reported in the literature [164]. When the microwave frequency is at wos — wor
(wos = YeBy is the ESR frequency and wo; = y1 5By is the NMR frequency), the NMR signal is
enhanced by approximately +50 and +10 times (blue curves) at 15 K and 100 K, respectively.
When microwave frequency is at wos + wor, the NMR signal is enhanced by approximately
-50 and -10 times (red curves) at 15 K and 100 K, respectively. These results are compatible
with the ones reported in the literature. Enhancements as large as 12 at 9.4 T and 100 K [164]
and 10 at 5 T and 300 K [163] has been shown for the same sample. For a BDPA doped highly
deuterated PS sample, enhancements of 8 at 300 K and 15 at 100 K has been shown at 18.8
T [168].
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Figure 3.16: ESR spectra of a grain of BDPA measured with the single chip DNP microsystem
at 10, 100 and 200 K. The oscillator supply current Iy is changed from 30 to 50 yA. VD Dggp is
adjusted between 0.7 and 1.3 V as the bias current increased, resulting in /DDggg to change
between 20 and 22 mA. The ESR measurements are performed in the following conditions:
Modulation frequency f;;; £16.829 kHz, modulation magnetic field B;;; £0.15 mT.
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Figure 3.17: 'H NMR spectra and DNP enhancement curves measured with single chip
integrated DNP microsystem. IHNMR spectra (a) and DNP enhancement (c) curve measured
with a sample of 2% BDPA in PS having a volume of 100 x 200 x 100 um? at 15 K. The oscillator
is supplied with Ip =30 uA, VDDEgsr = 1.1 Vand IDDgsg = 19 mA. Each NMR measurement
is performed in the following conditions: f; s = 307 MHz, pulse length 7, = 3 us, pulse
repetition time 7, = 4 s, time-domain match filter time constant T,;, = 30 us, acquisition time
Tyaq = 15 ms, number of averaging Ny g = 80. 'H NMR spectra (b) and DNP enhancement (d)
curve measured with a sample of 2% BDPA in PS having a volume of 100 x 50 x 25 um? at 100
K. Oscillator is supplied with Ig =45 yA, VDDgsgr = 1.05Vand IDDgggr = 23 mA. Each NMR
measurement is performed in the following conditions: f;f =297 MHz, 7, =8 us, Tr =15,
T =30 us, Tgaq = 15 ms, Ngyg = 200. In (a) and (b) the blue curve is the DNP enhanced NMR
spectra when microwaves are applied on the left side of the ESR peak (wps — wor) and the red
curve is the DNP enhanced NMR spectra when microwaves are applied on the right side of the
ESR peak (wos + woj).
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Figure 3.18: Oscillator frequency vs. tuning voltage V7 curve measured with the single
chip DNP array microsystem at 300 K and 125 K. The oscillators are supplied with Iz =160
UA, VDDEsgr =1.45Vand IDDgsg =77 mA at 125 Kand Ig = 120 pA, VDDgsg = 1.4 Vand
IDDgsg =50 mA at 300 K. The oscillator frequency is calculated from the ESR spectrum of a
BDPA sample, assuming a gyromagnetic ratio of 28.02 GHz/T.

3.7.4 Single chip DNP array microsystem

The main difference compared to the single oscillator microsystem is that the operating
frequency is approximately 5 GHz lower in the oscillator array microsystem. The frequency
tunability of the DNP array microsystem is measured similarly to the DNP microsystem and
shown in Fig. 3.18 at 300 K and 125 K. The frequency tuning is not effective above 1V, which is
also an important difference compared to the single oscillator microsystem. The frequency
is tunable by approximately 1 GHz, by changing the tuning voltage V7 from 0 to 2 V. On the
other hand, the frequency tunability by Iz and VD Dggp, is still as effective as for the DNP
microsystem with the single oscillator.

Fig. 3.19 shows the ESR spectra of a BDPA grain having a volume of a few ym3. This BDPA
grain is placed on top of the polymer sample, so there is a distance of about 30 um from the
top of the ESR microcoil to the sample. In Fig. 3.19(c), an ESR spectrum with a Vr scan is
shown.

Fig. 3.20 shows 'H NMR spectra (left column) and DNP enhancement (right column) curves
measured with a sample of 2% BDPA in PS having a volume of 100 x 175 x 50 um3 at 200 K, a
sample of 2% BDPA in SEBS having a volume of 90 x 90 x 30 um?® and 200 x 200 x 100 um? at
300 K. All three DNP curves are measured by sweeping the frequency of the oscillator. At each
Vr value, the 'H NMR spectra are measured with 720, 480 and 3600 averaging at 200 K, 300
Kand 100 K, respectively. While it was not possible to measure non-enhanced NMR for the
2% BDPA:PS sample, non-enhanced NMR signals for 2% BDPA:SEBS samples are shown in
green in Fig. 3.20(b) and (c). To the best of my knowledge, DNP experiments on BDPA:SEBS
samples are performed for the first time in this work. An Overhauser DNP is observed at
room temperature in Fig. 3.20(e) and Fig. 3.20(f). Overhauser and solid effect enhancements
are below two at 300 K, whereas the solid effect enhancements increase up to 20 at 200 K.
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Figure 3.19: ESR spectra of a grain of BDPA measured with the single chip DNP array
microsystem at 125, 180 and 300 K. The BDPA grain is placed on top of a polymer sample,
so there is a distance of about 30 ym from the sample to the detection coil. The oscillator
supply current I is changed from 140 to 160 puA. VD Dgsp is adjusted between 1.2 and 1.35
V as the bias current increased, resulting in /DDggg changing from 63 to 79 mA. The ESR
measurements are performed in the following conditions: Modulation frequency f;; £16 kHz,
modulation magnetic field B, £0.15 mT.
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Figure 3.20: 'H NMR spectra and DNP enhancement curves measured with the single chip
integrated DNP array microsystem. 'H NMR spectra (a) and DNP enhancement (d) curve
measured with a sample of 2% BDPA in PS having a volume of 100 x 175 x 50 um? at 200 K. The
oscillators are supplied with Ig = 180uA, VDDgsg = 1.5 Vand IDDgsg = 80 mA. Each NMR
measurement is performed in the following conditions: f,r = 287 MHz, 7, =8 us, T, =500
ms, Ty =30 us, Tgaq = 15 ms, Ngyg = 720. 'H NMR spectra (b) and DNP enhancement (e)
curve measured with a sample of 2% BDPA in SEBS having a volume of 90 x 90 x 30 um? at
300 K. The oscillators are supplied with Iz = 140 uA, VDDgsgr = 1.1 Vand IDDgsg = 60 mA.
Each NMR measurement is performed in the following conditions: f,r =280 MHz, 7,7 =18
us, Tr =18, Ty =1ms, Tyaq = 15mSs, Ngyg = 480. lH NMR spectra (c) and DNP enhancement
(f) curve measured with a sample of 2% BDPA in SEBS having a volume of 200 x 200 x 100 pm?3
at 300 K. Oscillators are supplied with Ig = 140 yA, VDDgsg = 1.1 Vand IDDgggr = 60 mA.
Each NMR measurement is performed in the following conditions: f, =281 MHz, 7,5 =8 s,
T, =100 ms, Ty, = 1 ms, Tyqq = 15 ms, Ngyg = 3600. In (a), (b) and (c) the blue curve is the
DNP enhanced NMR spectra when microwaves are applied on the left side of the ESR peak
(wos —woq), the red curve is the DNP enhanced NMR spectra when microwaves are applied
on the right side of the ESR peak (wos+woy). In (b) and (c) the green curve is the NMR spectra
when microwaves are far from the ESR peak.
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Overhauser enhancements in BDPA:PS have been reported in the literature [164].

The DNP enhancement curve shown in Fig. 3.20(f) is measured with a sample size which
is 16 times larger than the one in Fig. 3.20(e). The oscillator is biased at the same values,
whereas the pulse length 7, ¢ and the repetition time T} are longer for the curve in Fig. 3.20(e).
While Overhauser enhancements are similar for both DNP curves (about 1.2), the solid effect
enhancement is larger in Fig. 3.20(e) compared to Fig. 3.20(f) (about 1.7 and 1.05, respec-
tively). This is most probably due to the larger build up time of the solid effect compared
to the Overhauser effect (T, = 1 s compared to T, = 100 ms leads to a larger solid effect
enhancement).
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Low power HEMT oscillators for cryo-
genic single chip DNP microsystems

This chapter is a variation of the publications "A single chip electron spin resonance detector
based on a single high electron mobility transistor, A.V. Matheoud, N. Sahin, G. Boero, Journal
of Magnetic Resonance 294, 2018" [94], "A Low-Power Microwave HEMT LC Oscillator Operat-
ing Down to 1.4 K, A.V. Matheoud, N. Sahin Solmaz, G. Boero, IEEE Transactions on Microwave
Theory and Techniques 67(7), 2019" [169], and "A Low Power 35 GHz HEMT Oscillator for
Electron Spin Resonance Spectroscopy, N. Sahin Solmaz, A.V. Matheoud, G. Boero, IEEE Radio
Frequency Integrated Circuits Symposium (RFIC), 2021." [170]. I have contributed to measure-
ments, data analysis and paper writing of the first two work [94], [169]. I have contributed to
the chip design, measurements, data analysis and paper writing of the last work [170].

4.1 Introduction

Electron spin resonance (ESR) is a widely used spectroscopic tool in physics, chemistry,
material science, biology and medicine, to investigate the structure, dynamics, and spatial
distribution of paramagnetic species in a wide range of frequencies (typically from 100 MHz
to 1 THz) and temperatures (typically from 10 mK to 1000 K) [171-173]. The use of ESR
detectors in an even wider range of applications is often hindered by the low spin sensitivity
of such sensors. Several methods have been proposed to improve the limit of detection
of ESR spectrometers [24, 25,27,65, 68,70, 71]. The integration on a chip of the sensitivity-
relevant part of such detectors has been shown to be a promising approach, especially for
samples in the nanoliter and sub-nanoliter range [63, 72-74, 93]. Integration of the sensitivity-
relevant part of the ESR sensor reduces complexity and loss of the connections, improving
the spin sensitivity and allowing for future implementation in array of detectors for parallel
(simultaneous) spectroscopy of several samples in the same magnet. The matching of the
size of the detection coil to the size of the sample provides the optimization of the sensor
sensitivity. Generally speaking, operation at higher frequency and lower temperature allows
also to improve the spin sensitivity.

High electron mobility transistors (HEMT) based on two dimensional electron gases (2DEG) in
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III-V heterostructures have superior charge carrier mobility compared to silicon based CMOS
technologies. The large mobility makes them particularly attractive for a variety of low noise
and high power, radio frequency, microwave, and terahertz applications [174-177]. HEMTs are
currently widely used also for cryogenic applications, and considered as promising candidates
for the cold read-out electronics of future quantum computers [178-186]. At temperatures of
about 1 K and above, the cooling power of 4He based cooling systems can exceed 100 mW [187].
At temperatures below 1K, the effective cooling power available with 3He and 3He*He dilution
refrigerators is typically below 1 mW [115]. Hence, for applications at temperatures in the
order of 1 K and below, electronics has to be designed considering power dissipation as a
major critical constraint.

The goal of this work is to design ultra low power microwave oscillators for ESR excitation and
detection, and investigate their characteristics at different temperatures. These oscillators are
planned to be used for low power cryogenic single chip DNP microsystems that will be able
to operate down to 1 K and possibly below. Low power consumption is necessary to operate
these microsystems at such low temperatures. As a first step towards this goal, in section
4.2, HEMT transistors are characterized at different temperatures and static magnetic fields.
In the second step, in section 4.3, a low power 11 GHz oscillator is reported. The detailed
characterization of this oscillator as an ESR sensor is reported in Ref. [94] and the analytical
study on low power oscillators is reported in Ref. [169]. Lastly, in section 4.4, a low power 35
GHz oscillator is designed and characterized as an ESR sensor. A comparison table is given to
show its performance compared to the oscillators reported in the literature.

4.2 HEMT transistor modeling

In this section we investigate the behavior of a standalone HEMT transistor. In particular, we
perform its characterization in the temperature range from 1.4 to 300 K and in the magnetic
field range from 0 to 8 T. Devices were manufactured using an HEMT technology having a
minimum gate length of 70 nm (D007IH mHEMT, OMMIC, France). The transistor channel
consist of a 2DEG in Ing;Gag 3As. In [176] and [188], transistors and low noise microwave
amplifiers fabricated with the same technology are characterized in the temperature range
from 20 to 300 K. In this work we extend the temperature range and add a strong magnetic
field as a means to extract useful information about the properties of the transistors.

4.2.1 Description of the measurement set-up

Fig. 4.1(a) shows the layout of the standalone HEMT transistor, which consists of four fingers
having a width of 15 ym, a drain-source distance of 2.5 ym, and a gate length of 70 nm. The
properties of this standalone HEMT transistor as a function of the temperature (1.4 to 300
K) and of the magnetic field (0 to 8 T) are investigated in Section 4.2.2. Fig. 4.1(b) shows
the block diagram of the set-up used to characterize the standalone HEMT transistor. The
standalone transistor is connected to a semiconductor parameter analyzer in Kelvin 4-wires
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Figure 4.1: Schematic and picture of the realized HEMT structure. (a) Symbol and layout of
the standalone HEMT transistor of four fingers. The finger width W is 15 um, the source-drain
distance is 2.5 um, and the gate length is 70 nm. (b) Block diagram of the complete set-up for
the characterization of the standalone transistor: (A) Superconducting magnet with variable
temperature insert (1.4 to 300 K, 0 to 9.4 T, Cryogenic Ltd); (B) Standalone HEMT transistor;
(C) Semiconductor parameter analyzer (HP 4156A).

configuration.

4.2.2 Measurements and transistor parameters extraction

In this section, we report the characterization of the standalone HEMT transistor shown in
Fig. 4.1(a) in the temperature range from 1.4 to 300 K. A static magnetic field from 0 to 8 T is
used to measure its geometrical magnetoresistance (i.e., only due to the Lorentz force) and its
Shubnikov-de-Haas (SdH) resistance oscillations. The former is a standard approach which
allows to extract the effective drain-source mobility as an independent variable, whereas the
latter leads to the extraction of the charge carriers density as an independent parameter from
the mobility (i.e., a necessary condition to cross-check the obtained results with the mobility
and the conductivity measurements). Indeed, as we will show below, the values of these
parameters extracted from magnetoresistance measurements are in good agreement with
those obtained from the DC characterization of the transistor at zero magnetic field.

Fig. 4.2 shows the DC characterization (Ipgs- Vps curves for different Vg values) from 1.4 to 300
K of the HEMT transistor shown in Fig. 4.1(a). Vpg is swept from 0 to 1 V whereas Vs spans
from —0.4 to 0 V. For a given bias condition (Vs and Vpg), the drain current Ipg is almost
constant from 1.4 to 30 K, and increases from 30 to 300 K. The kink effect with hysteresis [189]
is visible below 10 K.

According to the level 1 Shichman-Hodges model [190-192], we extract the threshold voltage
Vi, the intrinsic B, and the channel length modulation factor A from the DC characterization
at temperatures from 1.4 to 300 K shown in Fig. 4.2. The extraction of these parameters aims
at extending the applicability of the models provided by the foundry down to deep cryogenic
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Figure 4.2: Characterization of the standalone HEMT transistor. The DC drain-source current
Ips is shown as a function of the drain-source voltage Vps for different gate-source voltages
Vis, from 1.4 to 300 K. The transistor is composed of 4 fingers (each having a width of 15 um
for a total width of 60 um), and it has a source-drain distance of 2.5 um, and a gate length of
70 nm (see Fig. 4.1(a)).
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Figure 4.3: Magnetoresistance, mobility, and Shubnikov-de-Haas oscillations of the stan-
dalone HEMT transistor. (a) Source-drain resistance Rpg as a function of the applied static
magnetic field (from 0 to 8 T, orthogonal to the 2DEG) from 1.4 to 300 K. The curves from 1.4
to 30 K overlap. The transistor is biased with V5 =0.2 Vand Vps = 50 mV. (b) Comparison
between the measured and the EDA simulated Rpg as a function of the applied static magnetic
field (see details of the EDA simulation in the text). (c) Extracted effective carrier mobility as a
function of the temperature. The magnitude of carrier mobility has no significant variation
from 1.4 to 30 K, and decreases by a factor of two from 30 to 300 K. (d) Source-drain resistance
Rps as a function of the magnetic field for Vg = 0.2 V and Vpg =4 mV (i.e., electric field
of 16x1074V/ pm). Small Shubnikov-de-Haas oscillations are visible above 5 T. (e) FFT of
d?Rps/dB? plotted as a function of 1/B. The source-drain resistance Rps is the one plotted
in (d). The main periodicity of the Shubnikov-de-Haas oscillations is at 70 T-L. (f) FFT of
d?Rps/dB? plotted as a function of 1/B. The source-drain resistance Rpg is measured at
Vps =50 mV (i.e., with an electric field of 2x1072 V/ pm). The periodicity is the same as in (e),
but with a much smaller amplitude, presumably due to the larger electric field applied.
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conditions. In order to extract V;j, we plot the Ips- Vs curves from the data shown in the Ipg-
Vps characterization, and we identify the tangent line with the maximum slope for Vpg =10
mV. The latter intercepts the Vs axis at the point which corresponds to the threshold voltage
Vin [193]. The value of § is directly extracted from the source-drain resistance Rps = Vps/Ips
when the transistor is polarized in the triode region (Vps << Vgs — Vyp), i.e., B =1/(Rps(Vgs —
Vin)). The channel length modulation factor is extracted in deep saturation (Vpgs >> Vs — Vyp)
and can be written as A = 2AIpg/(AVpsB(Vgs — Vin)?). From the experimental data, we obtain
Vi =—0.22Vat 300 Kand V;;, = —0.07 V at 1.4 K. A similar behavior has been already reported
in the literature for both CMOS and HEMT transistors at low temperature [194-196]. The
extracted value of B is 0.28 A/V? at 300 K and 0.47 A/V? at 1.4 K. A is approximately 10 V! at
300Kand2V'at1.4K

Fig. 4.3(a) shows the measured HEMT transistor source-drain resistance Rpg as a function
of the static magnetic field B applied in the direction orthogonal to the 2DEG plane. If
the magnetic field is applied parallel to the 2DEG plane, a much smaller change of Rps is
measured (about 2.5% from 0 to 8 T). This indicates that the observed resistance variation
is due to the geometrical magnetoresistance (i.e., the Hall effect). The measurement of the
geometrical magnetoresistance is widely used as a method for the extraction of the charge
carrier mobility [197-199]. In order to model the device and extract the carrier mobility, we
used the equivalent circuit described in [200]. Such model, which can be implemented in any
electronic-design-automation (EDA) simulator, consists of a network of identical magnetic
field dependent resistors and current-controlled-current-sources. The extracted mobility
value is 0.65 m?/Vs at 300 K and 1.2 m?/Vs at 1.4 K. This result is coherent with the extracted f,
which also increases by a factor of two at low temperature.

The drain-source resistance Rpg is approximately 8 Q) at zero field, regardless of the temper-
ature (Fig. 4.3(a)). Since the conductivity is defined as o = enu (where e is the elementary
charge, n is the density of carriers, and p is the mobility) and the resistance is Rps = Lsp/Wo
(where Lsp = 2.5 um and W = 60 um are the transistor source-drain distance and width,
respectively), we estimate a density of carriers of about 5x10'® m~2. In order to cross check
such a result, we measured the periodicity of the SdH oscillations [197,201]. In our case, the
SdH oscillations are the oscillations of Rpg as a function of the applied magnetic field, which
we measured at 1.4 K. As shown in Fig. 4.3(d,e,f), we observe SdH oscillations for magnetic
field values above 5 T, at 1.4 K, and for Vpg values of 50 mV (i.e., at an electric field of 2x 1072
V/um) and 4 mV (i.e., at an electric field of 16x10™* V/um). The periodicity is more evident at
the lower electric field. Performing the Fast-Fourier-Transform (FFT) of d’Rps/dB?, plotted
as a function of 1/ B, allows to extract the oscillation frequency. As shown in Figs. 4.3(e, f) there
is a main frequency component at about 70 T~!. According to [201], we compute the density
of carriers as n = Azfl—ég) = 3.5 x 1016 m~2, where h is the Planck constant and A(1/B) is the
periodicity of the SAH oscillations. This value for the density of carriers is in good agreement
with the one estimated above, obtained from measurements of the resistance (i.e., 5x10'®
m~2). The SdH oscillations reported in this work are significantly smaller than those reported

in previous publications [201-205]. This might be due to the larger electric fields applied to
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the HEMT transistor with respect to those usually reported in the literature. In [202-204], it is
shown that the SdH oscillations are reduced when the applied electric field is increased. In
our measurements, the minimum practically applicable electric field is approximately 1073
V/pm. Indeed, in our experimental set-up, at lower Vpg and, hence, at lower electric fields,
the magnetoresistance measurements are too noisy to allow for the extraction of the charge
carrier density.

4.3 Single chip 11 GHz HEMT ESR detector

HEMTs based on two dimensional electron gases in III-V heterostructures have superior
mobility compared to the transistors of silicon based CMOS technologies. The large mobility
makes them attractive not only for low noise and high power microwave applications but
also for low power applications down to deep cryogenic temperatures. In this section, we
report a low power HEMT LC Colpitts oscillator operating at 11 GHz whose minimum power
consumption is 90 yW at 300 Kand 4 yW at 1.4 K.

In the design of integrated CMOS and HEMT microwave oscillators, the main effort is usually
focused on the improvement of phase noise, output power, and tuning range [206-209].
Recently, motivated by their use in room temperature applications where power consumption
is important (such as RF identification), several low power consumption CMOS and HEMT
designs have been reported [210-219]. For example, an HEMT oscillator operating at 4.7 GHz
has achieved power consumption of 2.7 mW [219] whereas CMOS oscillators have achieved a
power consumptions of 280 uW at 40 GHz [210] and, very recently, of 130 uW at 57.4 GHz [213].
Avery limited literature exists on microwave oscillators operating at liquid helium temperature
(i.e., 4.2 K) and below [186,220-222]. The lowest reported power consumption is of about 7
mW [186]. Hence, the HEMT oscillator reported in this work achieves a room temperature
power consumption which is slightly better than the state-of-the-art, and a significantly lower
power consumption at low temperature.

Reducing the power consumption in LC oscillators is of crucial importance, e.g., for their
application as single chip ESR spectroscopy detectors [94, 223-227] and single chip DNP
microsystems at low temperatures. Exploring the behavior of microwave LC oscillators in
cryogenic conditions is also interesting for studies of the phase noise of thermal and non-
thermal origin [228, 229]. Particularly interesting would be the operation in the condition
hw > kp T, which should result in a dramatic reduction of the phase noise of thermal origin,
well beyond the linear dependence on T of the power spectral density in the condition hw <
kpT [230,231], where kg is the Boltzmann constant, T is the temperature, A is the reduced
Planck constant, and w is the oscillation angular frequency. The study of the zero-point
quantum noise [230,232-235], which in this case should be possibly present in the form of
oscillator phase noise, would be also experimentally accessible.
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Figure 4.4: Schematics, picture and phase noise of the 11 GHz ESR detector. (a) Detailed
schematic of the HEMT LC Colpitts oscillator. It consists of an inductor L with a series
resistance R, forming a resonator with the capacitors C; and Cy, a single HEMT transistor, and
a bias resistor Rg. The transistor has a gate length of 0.07 ym and a total gate width of 52 um
(four fingers, each 13 um wide). The oscillator is power supplied from a dc source (current:
Ipp, voltage: Vpp). (b) Picture of the single chip ESR detector. (c) Measured phase noise
spectral density of the HEMT LC Colpitts oscillator at 1.4 K, 100 K, and 300 K, at the minimum
bias voltage for stable oscillations. At all temperatures, the minimum noise is measured at the
minimum bias.

4.3.1 Description of the oscillator

The single chip ESR detector described in this chapter is manufactured using a high electron
mobility transistor (HEMT) technology (D007IH mHEMT, OMMIC, France). The transistor
channel consists of a two dimensional electron gas (2DEG) in Ing 7Gag 3As. The gate length is
70 nm. The ESR detector based on an 11 GHz HEMT LC Colpitts oscillator operating in the
temperature range from 300 K down to 1.4 K, at least.

Figure 4.4 shows a picture of the realized HEMT LC Colpitts oscillator and its detailed schemat-
ics. As shown in Fig. 4.4(a), the oscillator consists of a single HEMT transistor, a single turn
planar coil inductor, a resistor, and two capacitors. The realized common-drain Colpitts
topology achieves low output impedance without loading the LC resonator. The capacitors C;
and C, not only provide the positive feedback to the amplifier, but also form the resonator
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with the inductor. The inductor is connected to ground by means of metalized holes (vias)
connecting the top-side to the bottom-side of the chip. These metalized holes are useful to
avoid the use of bonding wires for ground connections, hence allowing the implementation of
non-differential topologies with low parasitics. Since the source-drain on-resistance of the
HEMT transistor and the dc resistance from gate to ground are very low, the 500 Q resistor
determines the dc operating point of the oscillator and acts as current source. The operating
frequency of the oscillator depends on the bias voltage Vpp and on the temperature, with an
overall range from 11.2 GHz to 11.7 GHz. The integrated Colpitts LC oscillator has a size of
0.8x0.5 mm? (Fig. 4.4(b)). A conductive epoxy (Epo-Tek, H20E-FC) is used to glue the chip
to a standard FR4 printed circuit board. Au wires having a diameter of 20 ym are used for
wedge-wedge bonding of the chip to the board.

In Table 4.1, the key-features of the realized system is reported. Coil inductance, resistance
and quality factor are simulated values. The HEMT LC Colpitts oscillator shows a minimum
(i.e., start-up) power consumption of 90 uW at 300 K (Vpp = 220 mV, Ipp = 400 pA) and 4 yW
below 30 K (Vpp =40 mV, Ipp = 110 pA). The aforementioned power consumption is, to the
best of my knowledge, the lowest reported to date for an LC oscillator working in the same
frequency range.

As reported above, the realized oscillator shows a lower power consumption at cryogenic
temperatures than at 300 K. This is presumably due to the following reasons. The decrease of
the threshold voltage from -0.22 to -0.07 V (see section 4.2.2) allows to reduce Vpp to obtain
the same overdrive voltage Vs — V. The decrease of the coil resistance results in a lower
transconductance (g;,) necessary for oscillations (and, hence, in a lower minimum Vpp),
whereas the increase of §f results in a larger g, (see Ref. [169] for detailed calculations).

It is worthy to note that the topology of the LC oscillator reported here (Fig. 4.4) is optimized
for low parasitics and area occupation. Only a few components are required and the bias
point of the oscillator is set through a single supply voltage Vpp (i.e., no extra pads are
required). However, this architecture can be further optimized to achieve an even lower
power consumption (see section 4.4). Indeed, the bias resistance Rp is large with respect
to Rps and R, so the majority of the power provided by the generator is dissipated across
Rp, which has the only aim to produce a suitable Vs bias. Additionally, since the threshold
voltage of the transistor varies as a function of the temperature, it would be beneficial to
optimize Vs independently (e.g., by adjusting the gate voltage) whereas in the proposed
architecture it results intrinsically defined by Vpp. As discussed in the section 4.4, a slightly
more complex topology, where Rp is replaced by an inductor L and the gate-source voltage
Vs is freely adjustable, should allow to obtain a further significant reduction of the start-up
power consumption.

In Fig. 4.4(c), we report the experimentally measured phase noise at 1.4 K, 100 K, and 300 K as
well as the noise of the measuring apparatus, which is lower than the oscillator noise (6 dB in
the worst case, i.e., at low temperature and large frequency offset from the carrier). The mea-
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Table 4.1: Key-Features of the 11 GHz HEMT ESR detector

300K 14K
Oscillation frequency [GHz] 11.2 11.3
Coil size [u m?] 400x 480 | 400 x 480
Coil inductance [nH] 1.2 -
Coil resistane [Q] 3 -
Coil quality factor 27 -
VbD,,;, (MV] 220 40
Ipp,,., [LA] 410 110
Pmin [UW] 90 4
Frequency noise [HZ/HZl/z] 17 4
@ 100 kHz
Figure of merit [dBc/Hz]" 188 217
@ 1 MHz frequency offset from the carrier
Minimum Bj, [uT] 0.4 -
Spin sensitivity [spins/Hz!/?] 8x10'0 | 2x10%”
@ 150 kHz

"The oscillator figure-of-merit (FOM) is computed as
(20log(fic! fos) — L (fos)) — 10log(Pmin)), where Z(fos)
is the phase noise (in dBc/Hz) at the frequency offset fos (in
Hz), fic is the oscillator working frequency (in Hz), and Py,;, is
the minimum power consumption (in mW) [229, 236].

" The spin sensitivity is given for 10 K. At 1.4 K, the spin sensitivity
is reduced because of proximity with the antiferromagnetic
transition of BDPA [94,237].
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sured phase noise floor (i.e., the phase noise at offset frequencies above the 1/ f noise corner
frequency, which is of about 1 MHz for our oscillator) corresponds, within a factor of two, to the
thermal phase noise originating from the coil resistance given by 10log(kTR(fic/ fosVic,0)?),
where V¢ is the oscillation amplitude (in V), R is the coil resistance at the operating fre-
quency (in Q), and fos is the frequency offset from the carrier (in Hz) [238].

The results of the measurements on BDPA, Cu:Ni(mnt),, and Mn:MgO, performed with this
oscillator are reported in Ref. [94]. These results underline the essential advantage of the
HEMT sensor proposed in this work with respect to previously reported CMOS sensors. The
previously reported CMOS sensors [72-74,93,239] had much larger B; values (in the range
from 0.1 mT to 0.8 mT), causing line broadening and signal reduction (and, therefore, a very
significant deterioration of the signal-to-noise ratio and, finally, of the spin sensitivity). The
excessive B; was severely limiting the use of those sensors to samples having a product T T»
smaller than 1071° s2 (i.e., relaxation times shorter than 30 ns for T; =7>). In this oscillator the
minimum Bj, is estimated to be 0.4 uT at room temperature according to the simulations and
measurements [94].

4.4 Single chip 35 GHz HEMT ESR detector

This section presents a low power microwave oscillator designed as sensor for electron spin
resonance (ESR) spectroscopy. Low power consumption is necessary for low temperature
operation. Additionally, lower power consumption allows for a lower microwave magnetic
field in the sensing volume, which avoids the saturation of samples having long spin relaxation
times and, consequently, the degradation of the spin sensitivity. The oscillator operates at 35
GHz, consuming 90 uW at 300 K and 15 yW at 1.4 K. This is, to the best of my knowledge, the
lowest power consumption reported to date for oscillators operating in the same frequency
range. The fully integrated oscillator is based on a single HEMT transistor having a gate length
of 70 nm and realized using a 2DEG in Ing ;Gag 3As. The chip area is about 0.3 mm?. The spin
sensitivity is 3x 108 spins/Hz!/? at 300 K and 1.2x 107 spins/Hz!/? at 10 K.

The ESR sensor based on integrated microwave oscillators, presented in section 4.3, achieved
a minimum power consumption of 90 uW at room temperature with operation at 11 GHz
[94,169]. Here, we propose a sensor operating at 35 GHz with the same power consumption
but with an improvement of the spin sensitivity by a factor 50 (which reduces the required
measurement time by a factor 2500) compared to the 11 GHz design. The sensitivity improve-
ment is obtained by the combined effect of a factor 10 for the frequency increase (from 11
GHz to 35 GHz) and of a factor of 25 because of the reduction of the coil size (from 400 x 480
um? to 140 x 160 um?), which largely compensate for the increase of the frequency noise of a
factor 4 (from 17 Hz/Hz!'/? to 80 Hz/Hz!/?).

It is important to notice that, compared to the large majority of the reported microwave
oscillators used for other applications [220,241-246] (see Table 4.3), the use of the oscillator
as detector for ESR spectroscopy demands different key-performance and, hence, a different
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Figure 4.5: Schematic and picture of 35 GHz HEMT ESR detector. (a) Schematic and (b)
picture of the 35 GHz Colpitts HEMT oscillator used as a detector for ESR spectroscopy. The
ESR sensing coil L is the one on the top left part of the picture.
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Figure 4.6: Block diagram of the complete setup for the characterization of the integrated
35 GHz HEMT oscillator as sensor for ESR spectroscopy. (A) Superconducting magnet with
variable temperature insert (1.4 to 300 K, 0 to 9.4 T, Cryogenic Ltd); (B) HEMT LC Colpitts
oscillator; (C) DC power supplies (Keithley 2400); (D) high frequency amplifier (Pasternack
PE15A3300); (E) down conversion mixer (Marki Microwave MM1-1857L); (F) RF generator
(Rohde&Schwarz SMR-20); (G) frequency multiplier (Marki Microwave ADA-2052); (H) 100
MHz high-pass filter (Crystek CHPFL-0100); (I) 300 MHz low-pass filter (Crystek CLPFL-
0300); (J) frequency divider (Valon Technology 3010); (K) home-made delay-line-discriminator
[129,240] (200 MHz central frequency, 1 MHz detection range, 5 MHz FM bandwidth); (L)
amplifier (Stanford Research Systems SR560); (M) lock-in amplifier (EG&G 7265); (N) power
amplifier (Rohrer PA508); (O) home-made modulation coil (1.9 mT/A).
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4.4 Single chip 35 GHz HEMT ESR detector

Table 4.2: Key-Features of the 35 GHz HEMT ESR detector

300K 1.4K
Oscillation frequency [GHz] 345 34.8
Coil size [um?] 140 x 160 | 140 x 160
Coil inductance [pH] 320 -
Coil resistane [Q] 2.5 -
Coil quality factor 30 -
Vpp,,;,, MV] 240 110
Ipp,,;, [HA] 380 140
Prin [UW] 90 15
Frequency noise [Hz/Hz'/?] 80 30
@ 100 kHz
Figure of merit [dBc/Hz]" 184 200
@100 kHz offset from the carrier
Minimum Bj, [uT] 1™ -
Maximum By [T] 167 -
Spin sensitivity [spins/Hz!/?]  |3x10%8  |1.2x107"

" The oscillator figure-of-merit (FOM) is computed
as (20log(fic/ fos) — £ (fos) — 1010g(Pmin)), where
%(fos) is the phase noise (in dBc/Hz) at the fre-
quency offset fos (in Hz), fic is the oscillator working
frequency (in Hz), and P,;;, is the minimum power
consumption (in mW) [229].

" The spin sensitivity is given for 10 K. At 1.4 K, the spin
sensitivity is reduced because of proximity with the
antiferromagnetic transition of BDPA [94, 237].

™" At the center of the ESR microcoil (computed from
the microwave currents in the ESR microcoil obtained
by ADS simulations).

design optimization. For example, the phase noise is of crucial importance also for the ESR
spectroscopy application, but alow power consumption and a low value for the microwave
field in the sensing volume of the oscillator coil are particularly important for our application,
which requires, in turn, a compromise with the phase noise. Additionally, since we obtain the
spectroscopic ESR information from the oscillator frequency variation as a function of the
applied magnetic field, the output microwave power is not directly relevant for our application.

4.4.1 Description of the oscillator and measurement setup

The single chip 35 GHz HEMT ESR detector is manufactured using an HEMT technology
having a minimum gate length of 70 nm (D007IH mHEMT, OMMIC, France). The transistor
channel consist of a 2DEG in Ing 7Gag sAs. Fig. 4.5(a) shows the detailed schematic of the
designed oscillator, which utilizes a common drain Colpitts topology. The current source

77



Chapter 4. Low power HEMT oscillators for cryogenic single chip DNP microsystems

N -
o o
w S

Frequency Noise [Hz/Hz“z] L
o
N

-
o
a
o
=]

10" 102 10° 10* 10° 108
Offset Frequency [Hz]
100 . . : : .

_
(=2
-

o

o o
T T
1 1

Phase Noise [dBc/Hz]
&
o

_1 OO 1 1 1 1 1
10° 10! 102 103 104 108 108
Offset Frequency [Hz]

Figure 4.7: Frequency noise (a) and phase noise (b) at 300 K. The two quantities are related
by £ (fos) = 20log(FN(fos)/ fos), where FN is the frequency noise (in Hz/Hz!/?), L(fos) is
the phase noise (in dBc/Hz) and fos is the offset frequency from the carrier (in Hz).

at the source node of the single HEMT transistor is replaced with a biasing inductor Lp as
suggested in section 4.3 to reduce the power consumption. The inductor L and capacitors C;
and C, form the resonator, while C; and C, also provide the positive feedback. Since the DC
voltage of the source node is fixed to ground, a second bias node Vj; is introduced in the new
design, which is DC decoupled from the resonator with a 1 pF capacitor. In order to block RF
signals at the bias node a large resistor Rp is placed in series to the bias node. The operating
frequency of the oscillator depends on the bias voltages Vp and Vg, and on the temperature,
with an overall range from 34.2 to 34.8 GHz. The integrated Colpitts LC oscillator has a size of
0.58 x 0.5 mm? (see Fig. 4.5(b)).

Fig. 4.6 shows the block diagram of the set-up used to characterize the HEMT LC Colpitts
oscillator as sensor for ESR spectroscopy. The signal at the output of the oscillator is down-
converted to 1 GHz and divided by 5 to match the central frequency of a homemade delay-
line-discriminator (DLD) [129, 240], which performs the frequency-to-voltage conversion.
The divide-by-512 output of the same divider is connected to a frequency counter of a digital
acquisition (DAQ) board, used to acquire the frequency of the oscillator at different bias
voltages. The amplifiers shown in the block diagram are used to match the dynamic range of
the frequency dividers and of the analog-to-digital-converters of the DAQ board. The filters are
used to improve the spectral purity of the signals. Field modulation with lock-in synchronous
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Figure 4.8: ESR spectra of a ruby sapphire (Cr**:Al,03 with a Cr®* concentration of 1%)
sphere having a diameter of 122 ym at 100K (a) and 10 K (b). Experimental conditions:
microwave magnetic field B; = 1 uT (simulated), frequency of the magnetic field modulation
vm = 96 kHz, amplitude of the modulation magnetic field B;, = 0.4 mT, equivalent noise
bandwidth of the lock-in amplifier 6 f= 2.5 Hz, time interval of the magnetic field sweep ;=2
min.

demodulation is used, as in conventional continuous-wave ESR spectroscopy.

4.4.2 Measurements

In this section, we report the results of measurements performed on the 35 GHz LC Colpitts
oscillator. In particular, we investigated the start-up condition and the frequency noise. ESR
spectra are also reported. In addition to the conventional representation of the oscillator noise
in terms of phase noise, we show also the frequency noise, because it is directly related to
the sensitivity characterization of the oscillator. The ESR signal correspond to a frequency
variation of the oscillator in Hz, so to evaluate the signal-to-noise ratio (and, finally the spin
sensitivity) the most direct representation of the noise is the frequency noise in Hz/Hz!/?.

In Table 4.2 we report the key features of the realized oscillator. The spin sensitivity (in
spins/Hz!/?) is estimated using a sample of BDPA (a, y-bisdiphenylene- 8-phenylallyl complex
with benzene, Merck 152560) and computed as N;;,;,=(3N/SNR) where N is the number of
spins in the sample and SNR is the ratio between the ESR signal (in Hz) and the frequency
noise FN (in Hz/Hz!?). From 300 K to 30 K, the spin sensitivity follows the Curie law, and
the sensitivity is inversely proportional to the temperature. Below 10 K the signal amplitude
decreases, probably due to the proximity with the antiferromagnetic transition of BDPA
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Table 4.3: Comparison with relevant state-of-the-art microwave oscillators at 300 K

Tech | fo d |Ppp,, |£(100kHz)| FN FOM | B; Noin
@100 kHz | @100 kHz
[GHz] | [um] | [mW] | [dBc/Hz] |[Hz/Hz?]|[dBc/Hz] |[uT]|[spins/Hz!'/?]

This |[pHEMT| 34.5 | 150 | 0.09 -62 80 184 1 3x108

work| 70 nm -

[94] |pHEMT| 11 | 440 | 0.09 -74 20 185 0.4 8x10'0
70 nm

[74] | CMOS | 50 | 120 | 0.95 -61 90 175 100 108
40 nm

[93] | CMOS | 27 | 95 | 200 -74 20 148 | 300 108
130 nm

[220]| SiGe | 30 - 37 -80 10 174 - -
130 nm

[241]1| CMOS | 24 | 80 | 4.8 -84 6 185 - -
65 nm

[242] | CMOS | 27.5 | 80 4 -80 10 183 - -
16 nm

[243]| CMOS | 31 | 130 9 -78 13 178 - -
40 nm

[244] | CMOS | 25 - 3.1 -81 9 184 - -
180 nm

[245]| CMOS | 48 | 80 5.5 -75 18 181 - -
130 nm

[246] | CMOS | 30 - 3 -76 16 181 - -
65 nm

[94,237]. The minimum and maximum B, at the center of the ESR microcoil are estimated
tobe 1 uT and 16 uT at room temperature according to the circuit simulations, respectively.
They are calculated as By, = o/ }’;Iff/ 4d where d is the average coil diameter and }’;I’z is the
peak-to-peak RF current in the coil. Average coil diameter is 150 ym and the minimum and the
maximum peak-to-peak RF currents are simulated as 0.5 mA and 8 mA in ADS, respectively.

In Fig. 4.7(a) and (b), we report the experimentally measured frequency and phase noise
of the oscillator. The voltage spectral density at the output of the DLD is measured and the
frequency noise is calculated using the frequency-to-voltage conversion ratio of the DLD. The
noise spectrum follows the flicker noise (1/ f) behavior up to 100 kHz. The amplifier ((L) in Fig.
4.6) in the measurement chain contains a low pass filter at 300 kHz, which can be seen in the
noise measurement. The measured frequency noise of the microwave oscillator at 100 kHz
offset from the carrier is 80 Hz/Hz!/?

by a factor of 3 at 1.4 K.

at 300 K. The frequency noise is reduced approximately
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4.4 Single chip 35 GHz HEMT ESR detector

Fig. 4.8 shows ESR spectra obtained with a Cr3*:Al,03 (Ruby G10, Saphirwerk Industrieprodukt
AG) sphere having a diameter of 122 ym at 100 K and 10 K. The concentration of Cr* ions
is about 1%. The sample is placed in the center of the excitation/detection oscillator coil L
(see Fig.4.5). The high field part of its spectrum consists of 3 lines, in agreement with previous
studies of the same sample [74].

In this section, we designed and characterized a low power 35 GHz LC Colpitts oscillator
based on a single HEMT transistor as sensor for ESR spectroscopy. In comparison to the low
power HEMT based ESR detector operating at 11 GHz reported in Section 4.3, the measured
frequency noise is increased by a factor of about 4 at room temperature and a factor of 6
at 1.4 K. However, thanks to the frequency increase to 35 GHz and the reduction of the coil
size, the spin sensitivity N,,;,, of the detector (which is proportional to f?>d®/FN, where f; is
the operating frequency, d is the coil diameter, and FN is the frequency noise in Hz/Hz!/?)
is improved by a factor of 50 compared to the 11 GHz detector [169]. The resulting spin
sensitivity of the oscillator measured with a sample of BDPA is 3x 108 spins/Hz!/? at 300 K
and 1.2x107 spins/Hz'/? at 10 K. Previously reported single chip CMOS based ESR sensors in
the same frequency range [74] have achieved a similar spin sensitivity. However, their much
higher power consumption (in the order of 1 mW) and higher microwave magnetic field (in
the order of 0.1 mT) makes them significantly less suitable for low temperature operation and
for samples having long spin relaxation times with respect to the single chip HEMT based ESR
sensor reported in this work.
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5] Conclusions and outlook

In this thesis, the integration on a single silicon chip of DNP microsytems consisting of NMR
and ESR detectors are demonstrated for the first time. In chapter 2, a single chip DNP microsys-
tem operating at 10.7 GHz(ESR)/16 MHz(NMR) and integrated in a CMOS chip is presented. In
chapter 3, a single chip DNP microsystem and a single chip DNP array microsystem operating
at 200 GHz(ESR)/300 MHz(NMR) and integrated in a SiGe:BiCMOS chip are reported. In
chapter 4, the possibility of the integration of single chip DNP microsystems in an Ing 7Gag 3As
HEMT chip is investigated and ESR detectors operating up to 35 GHz are described.

Single chip 10 GHz DNP microsystem

The first single chip DNP microsystem operates at 10.7 GHz(ESR)/16 MHz(NMR) and has a
CMOS integrated chip area of less than 2 mm?. This microsystem consists of an oscillator as
ESR detector which works at 10.7 GHz and a broadband transceiver as NMR detector which
works up to 1 GHz. Continuous wave ESR experiments, pulsed NMR experiments and DNP-
enhanced NMR experiments are performed on liquid samples as well as solid samples. Room
temperature measurements on TEMPOL/H,0 solutions show Overhauser enhancements as
large as 50 on samples having an effective volume of about 1 nL. and on BDPA doped polymers
show solid effect enhancements as large as 20 on samples having an effective volume of about
1 nL.

In the following, the foreseen improvements and extensions of the single chip 10 GHz DNP
microsystem are discussed.

1. With a redesign of the input stage of the NMR amplifier to increase its input impedance,
as discussed in chapter 2.4, it would be possible to increase of the microwave magnetic
field B;, and reach higher enhancements.

2. Preliminary measurements performed with the 10 GHz DNP microsystem proposed in
this work show that it can be operated also at temperatures down to 4 K, at least. Hence,
the single-chip DNP approach proposed here could be well suited also for the study of
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DNP processes other then the Overhauser in liquids and solid effects in polymers at
room temperature.

3. The 10 GHz DNP microsystem can be combined with a permanent magnet and create a
miniaturized bench top DNP system for the study of nanoliter samples.

4. Despite the generally lower enhancement factors observed in liquid state DNP at high
magnetic fields, a very significant improvement of the SNR (and of the spectral sepa-
ration of chemically shifted signals) can be obtained by increasing the operating fre-
quency of the NMR/ESR subsystems [100]. A moderate increase of the frequency to
the 40 GHz(ESR)/60 MHz(NMR) region could allow for low-cost DNP-enhanced NMR
spectrometers for nanoliter samples in permanent magnets.

Single chip 200 GHz DNP microsystems

The second single chip DNP microsystem is integrated in a SiGe:CMOS chip area of less than 1
mm? and operates at 200 GHz(ESR)/300 MHz(NMR). In chapter 3, we demonstrated, for the
first time, the possibility to extend the single chip approach to the realization of probes for
DNP studies of subnanoliter samples at magnetic fields up to 7 T and temperatures down to 15
K. This microsystem consists of a 200 GHz oscillator as ESR detector and a broadband receiver
as NMR detector which works up to 1 GHz. The ESR excitation and the amplitude detection
are performed on-chip without the need of external microwave signals and of microwave
connection. Measurements on 2% BDPA:PS sample show solid effect enhancements as large
as 50 and 10 on samples having an effective volume of about 2 nL and 125 pL at 15 K and
100 K, respectively. The single chip DNP array microsystem operating at 200 GHz(ESR)/300
MHz(NMR) is reported to demonstrate the possibility of arrays of such microsystems. The
array microsystem has four frequency locked 200 GHz oscilators as ESR detectors and a
broadband receiver as an NMR detector which works up to 1 GHz. It is integrated on a
SiGe:BiCMOS chip area of less than 1 mm?. Measurements on 2% BDPA:PS sample show
enhancements as large as 20 on samples having an effective volume of about 1 nL at 200 K.

In the following, the foreseen improvements and extensions of the 200 GHz DNP microsystems
are discussed.

1. The 200 GHz single chip DNP microsystem and the 200 GHz single chip DNP array
microsystem have been characterized down to 15 K and 200 K, respectively. Depending

on the available cooling power, measurements down to 10 K and possibly below might
be feasible.

2. The experiments performed with the single chip 200 GHz DNP microsystem on solid
samples having short T suffered from the presense of a large background signal. This
problem can be solved using a ceramic or polytetrafluorethylen (PTFE) PCB as a support
for the chip.
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3. The NMR excitation coil and the transmitter can be integrated on the same chip (simi-
larly to the single chip 10 GHz DNP microsystem reported in chapter 2) to drastically
reduce the NMR background signals, hence allowing for a more accurate determination
of the DNP enhancement.

4. Pseudo-pulsed DNP experiments can be performed using the frequency tunability of
the single chip 200 GHz microsystems. An experimental scheme to perform pulsed
ESR measurements with frequency tunable single chip ESR detectors is reported in
Ref. [142].

5. The microwave magnetic field B;, generated by 200 GHz oscillators can be increased
to achieve higher enhancements in room temperature solid effect experiments. High
frequency oscillators with large powers are found in the literature [84,247]. However, due
to the high power consumption of these oscillators, the operation at lower temperatures
might be limited by the available cooling power.

6. The use of state-of-the-art submicrometer integrated circuit technologies should allow
the extension of the single-chip DNP microsystem approach proposed here up to the
THz(ESR)/GHz(NMR) region [175,229,248], corresponding the strongest static magnetic
fields currently available, while keeping a broad temperature range from 300 K down to
afew K.

Single chip DNP microsystems

In the following the foreseen improvements that are applicable to all single chip DNP mi-
crosystems proposed in this thesis are discussed.

1. An interesting opportunity offered by the single-chip approach is the possibility to create
dense arrays of such sensors for parallel DNP-enhanced NMR spectroscopy of a large
number of nanoliter and subnanoliter different samples (or a bigger volume of the same
sample). Integrated arrays of NMR detectors [44,48] as well as ESR detectors [96-99]
have been previously reported. A single chip DNP array microsystem consisting of four
frequency locked 200 GHz oscillators is reported in section 3.6 of this thesis. Recently,
an array of 32 frequency locked oscillators operating at 263 GHz was reported [96].

2. DNP experiments on solid samples are often performed with magic angle spinning
(MAS) to improve the spectral resolution. There are two possible solutions to add
MAS in our single chip DNP microsystem approach. One of them is the spinning
of the chip together with the sample. This would require inductive coupling for all
necessary connections such as bias voltages, input signals and output signal. The
second solution is the optical MAS of small samples. This study is being carried out
by Marti et al. at ETH Zurich [249]. The goal of the optical MAS is to exceed the
maximum frequency limit of the current MAS techniques by an order of magnitude
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using optically trapped microspheres. First model samples are polyethylene, gamma-
irradiated alanine and silica spheres of approximately 20-40 micrometers diameter
[249]. Successful trapping of the samples has been performed in close proximity to
the single chip microsystems reported in this thesis and ESR measurements of gamma-
irradiated alanine have been performed with our ESR detectors. The next step will be
the combination of these experiments to show optical MAS DNP experiments using
single chip DNP microsystems.

3. NMR experiments on subnanoliter biological samples using a single chip NMR detector
have been recently reported [250-253]. An interesting extension would be the use of
the single chip DNP microsystems realized in this thesis for such experiments with the
addition of suitable biocompatible polarizing agents. The samples could be confined
into microfluidic reservoirs at a distance of about 10 ym from the chip surface. This
microfluidic reservoir size would allow to perform ESR excitation/detection and NMR
excitation/detection of the same volumes.

Single chip HEMT microsystems

The goal of the work presented in chapter 4 was to design ultra low power microwave oscil-
lators for ESR excitation and detection, and to investigate their characteristics at different
temperatures for the future application of low power single chip DNP microsystems that will
be able to operate around and below 1 K.

Firstly, the low power HEMT LC Colpitts oscillator operating at 11 GHz is reported. In particular,
the minimum power consumption to sustain stable oscillations and the phase noise in the
temperature range from 1.4 to 300 K are investigated. Secondly, a 35 GHz low power microwave
LC Colpitts oscillator based on a single HEMT transistor as an ESR detector is designed and
characterized. The realized 11 and 35 GHz oscillators show the lowest power consumption
reported in the literature for LC oscillators working in their frequency range. The 11 GHz
oscillator consumes 90 yW and 4 yW, where as the 35 GHz oscillator consumes 90 yW and 15
UW at 300 K and 1.4 K, respectively. In comparison to the 11 GHz counterpart, the measured
frequency noise of the 35 GHz low power HEMT based ESR detector is 4 times higher at room
temperature as well as at 1.4 K. However, thanks to the increased frequency and the reduction
of the coil size, the spin sensitivity N,,;, of the 35 GHz detector is improved by a factor of
50 compared to the 11 GHz detector. The resulting spin sensitivity of the 35 GHz oscillator
measured with a sample of BDPA is 3x 108 spins/Hz!/? at 300 K and 1.2x 107 spins/Hz!/? at 10
K. Previously reported single chip CMOS based ESR sensors in the same frequency range [74]
have achieved a similar spin sensitivity. However, their much higher power consumption (in
the order of 1 mW) and higher microwave magnetic field (in the order of 0.1 mT) makes them
significantly less suitable for low temperature operation and for samples having long spin
relaxation times with respect to the single chip HEMT based ESR sensor reported in this thesis.

To sum up the key points, it was possible to achieve low power consumption in the single chip
HEMT ESR detectors reported in this thesis thanks to (1) the high mobility of the HEMT transis-
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tor (with respect to standard CMOS), (2) to the reduced threshold voltage at low temperature,
and (3) to a design optimization aimed at this specific goal. A reduced power consumption
is of crucial importance for measurements at low temperatures. At temperatures below 1 K,
the limited effective cooling power of >He and 3He*He dilution refrigerator systems demands
for devices operating with power in the yW range and below, especially if the power has to
be dissipated in a very small volume, such as the channel of an HEMT transistor suitable to
operate at microwave frequencies above 10 GHz.

In the following, we discuss the foreseen improvements and extensions of ESR detectors based
on HEMT technnology.

1. Ttis certainly interesting to study the oscillator behavior in the condition hw > kT, where
we expect to observe a significant reduction of the thermal noise and, possibly, also
an observable quantum behavior related to the oscillator energy quantization coupled
with the non linear behavior of the transistor. LC resonators operating in the condi-
tion Aiw > kp T are, in principle, possible candidates to show a macroscopic quantum
behavior however, due to their linear behavior, the energy (frequency) quantization is
not observable [254].The LC oscillators described in this work show a relatively strong
dependence of the oscillator frequency on the applied bias voltage, which make these
oscillators highly anharmonic. This condition might be sufficient to observe interest-
ing unexplored phenomena, which might include their behavior as artificial atoms,
as reported before for superconducting quantum circuits (SQC) based on Josephson
junctions [254,255]. The 11 GHz and 35 GHz HEMT oscillators realized in this thesis are,
most probably, able to operate at temperatures below 1 K and, hence, in the condition
hw > kpT (i.e. f >20 GHz/K).

2. The 11 GHz and 35 GHz HEMT detectors can be combined with an NMR detector to
realize a single chip DNP microsystem that can operate at 1 K and, possibly, below.

Comments on integrated circuit technologies

In this thesis, the single chip integrated magnetic resonance detectors are realized in CMOS,
SiGe:BiCMOS and Ing 7Gag 3As HEMT integrated circuit technologies. Each of these technolo-
gies have certain advantages and disadvantages compared to the others. Generally, CMOS
technologies have the lowest cost, moderate power consumption, and the highest integra-
tion level. However their high frequency performance is lower compared to SiGe:BiCMOS
and HEMT technologies and their cost is increasing for higher performance nodes. HEMT
technologies are the optimum for very high frequency and low power consumption circuitry,
but there are less metal layers available in the technology and the quality of these metal lay-
ers and connections between them are much lower compared to CMOS and SiGe:BiCMOS
technologies which result in lower integration levels. SiGe:BiCMOS technology provides, most
probably, the best compromise between high frequency, high microwave magnetic field B,
and the high integration level with the availability of CMOS transistors and high performance
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SiGe HBT transistors. The drawback of this technology is the need of high power consumption
for the high microwave magnetic field B; ., which limits the operation at low temperatures. At
temperatures below 1 K, the use of HEMT technologies are most probably a better approach
because of their higher electron mobility.
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