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Résumé en francais

L'infrarouge a ondes courtes (SWIR) désigne généralement les photons dans la plage de
longueurs d'onde allant de 1 a 3 microns. Les applications dans cette fenétre de longueur
d'onde exploitent divers avantages tels que la grande longueur de pénétration dans le tissu
biologique, la couverture spectrale pour la vision nocturne atmosphérique et I'énergie
d'excitation caracteristique de certains modes de vibration moléculaire. Les photodétecteurs
SWIR sont donc les composants technologiques essentiels pour la communication optique, la
détection de gaz dans I’environnement, le biodiagnostic et la vision nocturne passive. Les
technologies SWIR actuelles reposent principalement sur des semi-conducteurs composes a
faible bande interdite tels que InGaAs, InSh, PbS et HgCdTe. Alors que les photodétecteurs
SWIR classiques présentent une excellente détectivité, ils sont colteux (en raison de la
croissance requise par I'épitaxie) et / ou présentent un risque environnemental car impliquant
des éléments hautement toxiques. Par conséquent, des efforts continus de recherche et de
développement concernant des systemes de matériaux alternatifs et des méthodes de
fabrication permettant d'élargir le champ d'application de la photodétection SWIR, notamment
le phosphore noir (black phosphorus), le graphéne, le MoS,, les nanocristaux de PbS colloidal

et les nanostructures plasmoniques.

Les matériaux bidimensionnel, parfois appelés matériaux monocouche, sont des matériaux
cristallins constitués d'une seule couche d'atomes. Ces matériaux peuvent trouver des
applications dans le domaine du photovoltaique, les photodétecteurs, les électrodes et la
purification de I'eau. Par exemple, le phosphore noir, le graphene et le MoS; ont demontré un
potentiel énorme pour les applications optoélectroniques. Le graphene, en tant que matériau a
deux dimensions le plus étudié, a été largement utilisé dans la photodétection a large bande et

dans de nombreuses autres applications optoélectroniques.

Les nanocristaux semi-conducteurs colloidaux tels que le PbS constituent également un
excellent choix de matériaux pour la photodétection SWIR a faible co(t en raison de leurs
avantages en termes de capacité de traitement en solution, d'absorption spectrale ajustable en

taille et de compatibilité de substrat flexible. Les dispositifs hybrides, tirant parti a la fois de



la grande mobilité des matériaux bidimensionnels et de la grande section efficace d'absorption

des nanocristaux colloidaux, sont également trés prometteurs.

Outre les matériaux semi-conducteurs susmentionnés, les nanostructures plasmoniques a base
de métal noble représentent une autre classe de nouveaux matériaux permettant la
photodétection SWIR. Les photodétecteurs plasmoniques actuels reposent sur I'extraction de
"porteurs chauds™ (c'est-a-dire des porteurs hautement énergétiques qui ne sont pas en
équilibre thermique avec les atomes de métal) produits lors de la désexcitation des plasmons
de surface localisés d'une nanostructure métallique. Sur la base de ce principe, divers
photodétecteurs a porteurs chauds ont été fabriqués a I'aide de nanostructures definies par
lithographie, présentant une photorésistance allant de quelques nA / W a quelques dizaines de
mA / W.

Ces matériaux sont tres prometteurs pour le fonctionnement a des fréquences de modulation
élevées ou une sensibilité éleveée. Cependant, certains inconvénients les éloignent toujours
d’une éventuelle commercialisation: processus de production rigoureux (reproductibilité
médiocre), non-adaptabilité a la fabrication a I’échelle, préoccupations de sécurité de 1’usine
(en raison de I'utilisation d’éléments en métaux lourds hautement toxiques). Alternativement,
les nanoparticules colloidales obtenues en solution, telles que les nanobatonnets d’or colloidal
(Au nanorods) et les nanoparticules onctionnant par up-conversion (UCNP), présentent des
caractéristiques intéressantes permettant de surmonter ces inconvénients: capacité de synthése
a l’intensification, capacité de fabrication a faible cout en solution, haute stabilité, faible
toxicité biologique et bonne absorption optique des photons SWIR. Cette these a pour objectif
d'appliquer ces nanoparticules colloidales a la fabrication de photodétecteurs SWIR et de

vérifier leurs possibilités concrétes dans ce domaine.

Ce manuscrit de these est organisé en quatre chapitres. Le premier chapitre est consacre a une
introduction générale dans le domaine des technologies de photodétection SWIR, et présente
I'état de l'art et la perspective technologique des photodétecteurs SWIR. Deux chapitres sont
ensuite consacrés a la présentation des principaux resultats de nos stratégies de photodétection
SWIR. Le deuxiéme chapitre comprend les travaux de synthése des nanobatonnets d’Au
colloidaux avec des dimensions ajustables (et notamment le rapport longueur/largeur), de
I’effet photothermique obtenu sur ces nanobatonnets, ainsi que la fabrication et la

caractérisation des photodétecteurs a base de thermistors couplés a des nanobatonnets. Le



troisiéme chapitre décrit les résultats de la synthése de nanocristaux de NaYF4: Er**
colloidaux en solution de taille ajustable, 1’architecture de dispositif hybride choisie et la
photoréponse de photodétecteurs composés de ces UCNP et de composés organiques hybrides.

Le quatrieme chapitre est une conclusion de la thése et décrit quelques perspectives.

Tout d’abord, une série de nanocristaux colloidaux de taille homogene a été¢ synthétisé au
début de mon projet.

1) Au NR: Nous avons synthétisé une série de nanorods d'or colloidaux de taille homogéene
et de différents rapports d'aspect (AR) ayant une résonance plasmon longitudinale (LSPR en
anglais) ajustable de 900 nm a 1,3 um. La fabricationa été realisée en contrdlant la quantité
relative de quatre paramétres: nitrate d'argent (AgNOs3), grain d’Au, acide chlorhydrique
(HCI), oléate de sodium (NaOL). Le processus de préparation détaillé est décrit dans la
section expérimentale du chapitre 2.2. Alors que la plupart des NR Au colloidauxI fabriqués
et décrits dans la littérature présentent une LSPR longitudinale (L-LSPR) dans la gamme de
longueur d'onde inférieure a 1200 nm, nous avons réussi, en augmentant le rapport
longueur/largeur des NR Au jusqu'a 10,96, a observer un pic d'absorption L-LSPR atteignant
1300 nm.

2) UCNPs: Une série de cristaux de NaYF, colloidaux de taille homogéne et contenant 15%
d’Er®* (UCNPs) ont été synthétisé pour la premiére fois par une voie hydrothermale améliorée.
Pour ajuster la taille de ces nanoparticules, différentes quantités molaires de citrate de sodium
tribasique dihydraté ont été utilisées pour réagir avec une quantité fixe de Ln** (contenant
85% de Y3 et 15% de Er**) et de NaF. Le processus de préparation détaillé est décrit dans la
section expérimentale du chapitre 3.2. Le reste des paramétres de la synthese étant identiques,
la quantité de citrate de sodium tribasique déshydraté a permis d’ajuster la dimension des

particules UCNP de 150 nm a 1000 nm.

De par leur résonance plasmon de surface (SPR), les NR Au ont un effet photothermique
important, qui peut étre appliqué a la détection optique et au domaine biomédical. Ainsi, de
nombreuses recherches sur les propriétés photothermiques et optoélectroniques de
nanostructures d’Au ont été réalisées ces dernicres années. Cependant, il y a encore peu
d'expériences sur l'analyse quantitative de la capacité de nano-chauffage d'un seul NR, en
particulier sur les NR a rapport d'aspect élevé, méme s'il a déja été établi que ce type de NR
posséde des propriétés photothermiques intéressantes. Ainsi, dans ce travail, une étude de

I’augmentation de la température des Au NR excités a 1,537 um est présentée pour prouver



que D’effet photothermique des Au NR est trés efficace. Nous montrerons que quelques NR
peuvent produire une augmentation de température locale de plusieurs dizaines de degrés, ce
qui en fait des nanostructures chauffantes trés efficaces dans cette plage de longueurs d'onde.
L'élévation de la température est mesurée en utilisant un nanocristal (NC) de NaYF, dopé par
Er®* fluorescent unique comme nanothermométre. Un aspect intéressant de cette configuration
est que le laser proche infrarouge (NIR) utilisé pour chauffer les NR d’Au est le méme que
celui qui excite la fluorescence des ions Er®*. Ce mode de fonctionnement trés simple fait de
la combinaison Au-NRs / NaYF,: Er** NC un dispositif de chauffage / capteur de température
tres puissant et polyvalent. Une simulation numérique de I'élévation de la température par
l'effet photothermique de Au NR a été réalisée. Il confirme I'existence d'une élévation de
température et prédit néanmoins un effet plus important que ce qui est mesuré. Ceci est du au
fait que nous ne connaissons pas vraiment la section efficace d’absorption des nanorods
déposés sur une surface, notamment lorsqu’ils peuvent étre en intéraction comme c’est le cas
de nitre étude. Des calculs plus rigoureux prenant en compte les effets de couplages devraient

étre pris en compte, mais ce type de calcul dépasse les limites de cette étude.

L'effet photothermique des Au NR étant efficace, un dispositif hybride, composée de
nanobatonnets d’Au déposés a la surface d'un thermistor NTC, a été proposé¢ comme approche
alternative a faible colt pour la détection dans le spectre SWIR. Sous une illumination
monochromatique d'intensité relativement faible (< 1 mW / cm?), les dispositifs hybrides
Au-NRs / thermistances présentent une photoréponse tres nette sous la forme d'une chute de
résistance photo-induite dans la fenétre de longueur d'onde de 1,0 um a 1,8 um. Cela
contraste avec le dispositif de contréle (thermistance seule sans Au NR), dont la photoréponse
est négligeable dans les mémes conditions d'éclairage. La photosensibilité du dispositif
hybride atteint une valeur maximale de 2,06x10" Q / W & 1,3 pm, longueur d'onde conforme
au maximum L-LSPR des NR Au appliqués. Pour des intensités d'éclairements supérieures
(de 6,7 mW / cm? & 4464,3 mW / cm?) obtenues par un laser (A = 1,5 pm) focalisé sur le
dispositif, en raison de la photoréponse chauffante induite par le laser, tant dans le dispositif
témoin que dans le dispositif hybride. Néanmoins, dans ce cas, les dispositifs hybrides ont
présenté une amélioration de la photoréactivité plus de 5 fois supérieure a celle du dispositif
de contrdle. Ainsi, ces résultats suggérent que 1'effet photothermique induit par 1’absorption
de Au NRs (i) active la capacité de détection dans une structure hybride Au-NRs /
thermistance sous un éclairement relativement faible et (ii) amplifie la photo-réponse du

dispositif hybride lorsque l'intensité d'éclairementest élevée. Le temps de réponse du

v



dispositif hybride Au-NRs / thermistance est aussi court que 2 secondes, et est limité par le
temps de réponse du thermistor lui-méme. La détection optique dans le spectre SWIR est une
tache ardue. L’approche actuelle qui exploite 1’effet photothermique des Au NR colloidaux

obtenus en solution représente donc une nouvelle voie vers la détection SWIR a faible codt.

Pour ameliorer la vitesse de réponse de ces photodétecteurs SWIR a base de Au-NRs, nous
avons ensuite proposé une nouvelle structure de photodétecteur SWIR hybride basée sur le
couplage entre un micro-fil résistif en platine (Pt) et des Au NR plasmoniques colloidaux. Le
but est de réduire le temps de réponse photoélectrique aux quatre ordres de grandeur par
rapport a nos travaux antérieurs sur les thermistors. Le Pt a été choisi ici en raison de la forte
dépendence en température de sa reésistivité (coefficient thermique élevé), de sa plage de
température de fonctionnement étendue, de sa stabilité élevée et de sa répétabilité. La
combinaison de ces caractéristiques a conduit aux nombreuses applications du Pt en tant que
détecteur résistif de température (RTD). Ici, une série de micro-fils de Pt de différentes
dimensions a été fabriquée et utilisée pour mesurer 1’effet photothermique de nanobatonnets
d’Au dans un dispositif hybride Au-NRs / Pt. Dans un photodétecteur Au-NRs / Pt optimisg,
nous avons mesuré un temps de réponse de 97 ps sous I’éclairement d’un laser A = 1,5 pym
avec son ON / OFF modulé a 120 Hz. Nous avons aussi observé que, méme a une fréquence
de modulation de 50 kHz, de tels photodétecteurs Au-NRs / Pt sont toujours capables de
générer une commutation de photorérésistive claire. Ces photodétecteurs hybrides Au-NRs /
Pt, capables de convertir rapidement les photons SWIR, la chaleur et la résistance a une
fréquence pouvant atteindre plusieurs dizaines de kHz, constituent donc une stratégie
totalement nouvelle pour les alternatives de photodétection SWIR, répondant aux besoins des
technologies émergentes, ces applications exigeant un codt de fabrication réduit et une vitesse

de fonctionnement élevée.

Une autre stratégie possible pour la photodétection SWIR consiste a utiliserle phénomene
d’upconversion, phénomene permettant de convertir les photons a basse énergie en des
photons a haute énergie. Divers systéemes de nanoparticules colloidales possédant des
propriétés d’up-conversion (NP) ont été synthétisés, principalement basés sur le dopage de
cations de lanthanides trivalents dans des hotes a faible énergie de phonons et fonctionnant
par up-conversion par un mécanisme a deux ou plusieurs photons. Depuis lors, ils ont été
appliqués dans de nombreuses applications, notamment I'ingénierie biomédicale, la détection
thermique, la récupération d'énergie solaire et la photodétection. En fait, la plupart de ces
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applications utilisat 1’up-conversion de photons est basée sur des systémes co-dopés Yb*" et
Er®* capables de convertir vers le haut la lumiére proche infrarouge avec une longueur d'onde
maximale de 1,0 um (par exemple en excitant a 808 nm ou 975 nm et en émettant des photons
visibles a 540 nm). Les systéemes capables de convertir en amont les photons SWIR restent
rares. Dans ce travail, par une architecture de photodiodes, nous proposons des
photodétecteurs flexibles hautes performances, exempts de métaux lourds et sensibles aux
photons A = 1,5 um, basés sur la formation d'un hybride organique / inorganique et composé
de polymére conjugué / petite molécule avec des nanoparticules dopées au Er®* (UCNP).
Une série de nanocrsitaux de NaYF, inorganiques colloidaux de taille homogéne, dopés Er**
et de différentes dimensions ont été synthétisées par des voies hydrothermales, permettant une
conversion efficace de photons A = 1,5 um en photons visibles. Un hdte organique contenant
un mélange de copolymére a base de dicétopyrrolopyrrole (DPP) et d'ester méthylique d'acide
[6,6]-phényl-C71-butyrique (PC;BM) a été utilise. Cet héte organique présente une forte
absorption optique couvrant les spectres visibles et proches infrarouges jusqu'a A = 1 um et est
ainsi capable de récolter efficacement la plupart des photons visibles convertis en amont par
les nanoparticules. Sous éclairement par des photons SWIR A = 1,5 um, les photodétecteurs
hybrides BHJ / UCNP présentent une photoréactivité de 0,73 mA /W et 0,44 mA / W pour les
dispositifs élaborés sur des substrats en verre et sur des substrats souples en polyéthyléne
téréphtalate (PET), respectivement. De maniére remarquable, une vitesse de fonctionnement
rapide caractérisée par un temps de montée du photocourant égal a 80 s a été observée sous
I'illumination de photons A = 1,5 um, ce qui est plus rapide de plus d'un ordre de grandeur par
rapport aux précédentes études sur des photodétecteurs utilisant des systémes a dopage Er**.
Cette valeur est aussi et de deux a quatre ordres meilleures que la plupart des autres
photodétecteurs a semi-conducteur non-avalanche a des longueurs d'onde SWIR. Présentant
des avantages tels que 1’adaptabilité aux substrats flexibles, la capacité de fabrication en
solution, 1’absence de métaux lourds toxiques et des performances supérieures, les
photodétecteurs hybrides organique / inorganique développés dans ce travail peuvent
constituer un concurrent sérieux pour la prochaine génération a faible colt et a haute

performance photodétecteurs SWIR.

En résumé, dans cette thése, nous avons présenté deux approches alternatives pour les
capteurs SWIR, toutes deux reposant sur les nanocristaux colloidaux fabriques en solution.
Quelques photodétecteurs SWIR (Au-NRs / Thermistance, photodétecteur Au-NRs / Pt et
photodétecteur UCNPs / organique) ont été développés dans mon travail, montrant une

\



sensibilité élevée. De plus, la préparation est un processus peu colteux et évolutif permettant
une fabrication en série a la fois au niveau de la synthése des matériaux et de la fabrication

des dispositifs eux-mémes.

Mots clés: infrarouge & ondes courtes, nanocristaux colloidaux, nanoparticules plasmoniques,

effet photothermique, photodétecteurs a base des materiaux hybrides
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English abstract

Short-wave infrared (SWIR) typically refers to the photons in the wavelength range from 1 to
3 microns. Applications in this wavelength window exploit various advantages such as long
penetration length in biological tissue, spectral coverage of the atmospheric nightglow, and
the characteristic excitation energy of certain molecular vibration modes. SWIR
photodetectors are thus the key technological components to achieve optical communication,
environmental gas sensing, biodiagnostics and passive night vision. Current SWIR
technologies mainly rely on low-bandgap compound semiconductors such as InGaAs, InSb,
PbS and HgCdTe. While classical SWIR photodetectors exhibit excellent detectivity, they are
costly (due to epitaxial growth requirement) and/or environment unfriendly involving highly
toxic heavy metal elements. There are therefore continuous research and development efforts
for alternative material systems and fabrication methods to expand the scope of applications
of SWIR photodetection, including black phosphorus, graphene, MoS,, colloidal PbS

nanocrystals and plasmonic nanostructures.

2-dimensional materials, sometimes referred to as single layer materials, are crystalline
materials consisting of a single layer of atoms. These materials can find applications in
photovoltaics, photodetectors, electrodes and water purification. For example, black
Phosphorus, graphene and MoS,, have been demonstrated tremendous potential for
optoelectronic applications. Graphene, as a most extensively investigated two-dimensional
material, has been widely used in broadband photodetection and many other optoelectronic

applications.

Colloidal semiconducting nanocrystals such as PbS are also excellent material choices
towards low-cost SWIR photodetection owing to their advantages in solution-processability,
size-tunable spectral absorption and flexible substrate compatibility. Hybrid devices, taking
advantage of both the high carrier mobility of two-dimensional materials and the large

absorption cross-section of colloidal nanocrystals, are also highly promising.

Vil



Besides the above-mentioned semiconducting materials, plasmonic nanostructures based on
noble metal represent another class of new materials to enable SWIR photodetection. Current
plasmonic photodetectors rely on the extraction of “hot carriers” (i.e. highly energetic carriers
not in thermal equilibrium with the metal atoms) produced during the decay of the localized
surface plasmons from a metal nanostructure. Based on this principle various hot-carrier
photodetectors were fabricated by lithographically defined nanostructures exhibiting

photoresponsivity ranging from a few nA/W to a few tens of mA/W.

These materials show great promise in terms of operation at high modulation frequencies or
high sensitivity. But some disadvantages still keep them away from the market: rigorous
production process (poor reproducibility), non-adaptability to scale-up fabrication,
manufactory safety and security concerns (due to the use of highly toxic heavy metal
elements). Alternatively, solution-processed colloidal nanoparticles, such as colloidal gold
nanorods (Au NRs) and upconversion nanoparticles (UCNPs), exhibit interesting
characteristics possible to overcome these disadvantages: capability of scaling-up synthesis,
solution-processability adaptable to low-cost fabrication, high stability, low biological
toxicity, and good optical absorption for SWIR photons. This PhD thesis aims to apply these
colloidal nanoparticles to fabricate SWIR photodetectors and verifies their possibilities for

new generation of photodetection.

The organization of this thesis is as follows: In total four chapters will be presented in this
thesis. The first chapter focused on a general introduction in the field of SWIR photodetection
technologies, and the state-of-the-art and the technological prospect of SWIR photodetectors.
Afterwards, two chapters are dedicated to present the main results from our strategies of
SWIR photodetection. The second chapter includes the synthesis work of aspect-ratio-tunable
colloidal Au NRs, and photothermal effect of Au NRs, and the fabrication and measurement
of Au NRs/NTC-thermistor photodetector and Au-NRs/Pt photodetectors. The third chapter
includes results from the synthesis of size-tunable solution-processed colloidal NaYF4:Er**
nanocrystals, the hybrid device architecture chosen and the photoresponse of hybrid
UCNPs/organic photodetectors. The fourth chapter is the conclusion and perspectives of my

thesis.

First of all, a series of monodisperse colloidal nanocrystals were synthesized at the beginning

of my project.



1) Au NRs: We synthesized a series of monodisperse colloidal gold nanorods of different
aspect-ratios (ARs) with their longitudinal LSPR maximum tunable from 900 nm to 1.3 pm.
The synthetic tuning was achieved by controlling the amount of four parameters: silver nitrate
(AgNO3), Au seeds, hydrochloric acid (HCI), sodium oleate (NaOL). Detailed preparation
process is described in the experimental section of chapter 2.2. While most reported colloidal
Au NRs exhibit a longitudinal LSPR (L-LSPR) in the wavelength range shorter than 1200 nm,
we successfully extend the aspect-ratio (AR) of Au NRs up to 10.96 with their L-LSPR
absorption peak reaching 1300 nm.

2) UCNPs: A series of monodisperse colloidal NaYF4:15%Er** UCNPs were first synthesized
by an improved hydrothermal route. To adjust the size of the upconversion nanoparticles,
different molar amounts of sodium citrate tribasic dihydrate were used to react with a fixed
amount of Ln** (containing 85% Y** and 15% Er**) and NaF. Detailed preparation process is
described in the experimental section of chapter 3.2. With the rest of the synthetic parameters
being identical, the amount of sodium citrate tribasic dehydrate allowed a tuning the UCNP

particle dimension from 150 nm to 1000 nm.

Benefiting by their surface plasmon resonance (SPR), Au NRs have a significant
photothermal effect, which can be applied into optical sensing and biomedical field. For this
reason, the researches on the Au NRs’ photothermal and optoelectronic properties have been
popping up in recent years. However, there are still few experiments on the quantitative
analysis of a single Au NR’s nano-heating capacity, especially on the high aspect-ratio Au
NRs, even though Au NRs have been determined to have good surface plasmon resonance
(SPR) and photothermal properties. Thus, in this work, a study of the temperature increase of
Au NRs excited at 1.537 um is presented to prove that the photothermal effect from Au NRs
is high-efficiency. We will show that a few NRs can produce a local temperature increase of
several tens of degrees, making them very efficient heaters in this wavelength range. The
temperature elevation is measured via using a single fluorescent Er**-doped NaYF,
nanocrystal (NC) as a nanothermometer. An interesting aspect of this configuration is that the
SWIR laser used for heating the Au NRs is the same than the one that excites the fluorescence
of Er** ions. This very simple mode of operation makes the combination Au-NRs/NaYF,:Er**
NC a very powerful and versatile heater/temperature sensor. Numerical simulation of
temperature elevation by the photothermal effect of Au NRs was performed. It confirms the
existence of temperature elevation but predicts a larger effect than what is measured, possibly

duo to the fact that these models do not account for near- field coupling effects.



Since the photothermal effect of Au NRs is efficient, a hybrid device structure, composing of
Au NRs on the surface of a NTC-thermistor, was proposed as an alternative low-cost
approach for sensing in the SWIR spectrum. Under a monochromatic illumination of
relatively low intensity (< 1 mW/cm?), hybrid Au-NRs/thermistor devices exhibit a clear
photoresponse in the form of photo-induced resistance drop in the wavelength window from
1.0 um to 1.8 um. This is in contrast to the control device (thermistor alone without Au NRs),
the photoresponse of which is negligible under the same illumination condition. The
photo-responsivity of the hybrid device reaches a maximum value of 2.06x10" /W at 1.3 pum,
a wavelength in agreement with the L-LSPR maximum of the Au NRs applied. At higher
illumination intensities (from 6.7 mW/cm? to 4464.3 mW/cm?) achieved by a laser (A = 1.5
pum) focused onto device, due to the laser-induced heating photoresponse was observed in
both the control and the hybrid device. Nevertheless, in this case hybrid devices exhibited
more than 5-fold enhancement of photoresponsivity by comparison to the control device.
Thus, these results suggest that the plasmonic-induced photothermal effect of Au NRs (i)
enables the photo-sensing capability in a hybrid Au-NRs/thermistor device structure under
relatively weak illumination and (ii) boost the photo-response of the hybrid device when
illumination intensity is high. The response speed of the current Au-NRs/thermistor hybrid
device is as short as 2 seconds, limited by the response speed of the thermistor itself. Optical
sensing in the SWIR spectrum is a challenging task, the current approach harvesting the
photothermal effect of solution-processed colloidal Au NRs thus represents a new path

towards alternative and low-cost SWIR sensing.

To improve the response speed of these Au-NRs-based SWIR photodetectors, we propose a
new hybrid SWIR photodetector structure based on the coupling between a resistive platinum
(Pt) microwire and colloidal plasmonic Au NRs which is capable to reduce the photoresponse
time of more than four orders of magnitudes compared to our previous work. Pt was chosen
here due to its large temperature coefficient of resistance, wide operation temperature range,
and high stability. The combination of these characteristics has led to the extensive
applications of Pt as a resistance temperature detector (RTD). Here a series of Pt microwires
of various dimensions were fabricated and applied to harvest the photothermal effect of Au
NRs in an Au-NRs/Pt hybrid device structure. In an optimized Au-NRs/Pt photodetector, we

measured a response time of 97 us under the illumination of a A=1.5 um laser with its
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ON/OFF modulated at 120 Hz. In particular, even at an illumination modulation frequency of
50 kHz, such Au-NRs/Pt photodetectors are still capable to generate clear photoresponse
switching. These hybrid Au-NRs/Pt photodetectors, able to provide a fast conversion between
SWIR photons, heat, and resistance change at a frequency up to tens of kHz, thus represent a
brand-new strategy for SWIR photodetection alternatives, meeting the needs of emerging

applications demanding reduced fabrication cost and high operation speed.

One other possible strategy for SWIR photodetection is to apply photon upconversion, a
phenomenon to convert low energy photons into high energy ones. Various upconversion
systems in the form of solution-processed nanoparticles (NPs) have been synthesized, mostly
based on the doping of trivalent lanthanide cations in a low phonon energy hosts and
performing upconversion through a two- or multi-photon mechanism. Since then they have
been applied into many applications including biomedical engineering, thermal sensing, solar
energy harvest, and photodetection. Indeed, most of these photon upconversion applications
are based on Yb®*" and Er** co-doped systems capable to upconvert near-infrared light with a
wavelength maximum no larger than 1.0 um (e.g. upconversion from 808 nm or 975 nm to
visible photons). Material systems able to upconvert SWIR photons remain rare. In this work,
by a photodiode device architecture, we propose high-performance heavy-metal-free flexible
photodetectors sensitive to A = 1.5 pum photons based on the formation of a solution-processed
organic/inorganic  hybrid  composing of conjugated polymer/small  molecule
bulk-heterojunctions (BHJs, host) together with Er®*-doped upconversion nanoparticles
(UCNPs, guest). A series of monodisperse colloidal inorganic NaYF.:Er** UCNPs of various
dimensions were synthesized by hydrothermal routes, providing effective upconversion of A
= 1.5 um photons to visible ones. An organic host was applied containing a donor-accepter
BHJ blend of diketopyrrolopyrrole (DPP)-based copolymer and [6,6]-phenyl-C;-butyric acid
methyl ester (PC7oBM). Such organic host exhibits strong optical absorption covering the
visible and near-infrared spectrum up to A ~ 1 um and is thus capable to efficiently harvest
most visible photons upconverted by the guest nanoparticles. Under the illumination of A =
1.5 um SWIR photons, optimized hybrid BHJ/UCNP photodetectors exhibit a clear
photoresponsivity of 0.73 mA/W and 0.44 mA/W for devices built on rigid glass substrates
and flexible polyethylene terephthalate (PET) substrates, respectively. Remarkably, a fast
operation speed characterized by a short photocurrent rise time down to 80 us was observed

under the illumination of A = 1.5 um photons, which is faster by more than one order of
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magnitude than previous photodetector studies applying Er**-doped upconversion systems,
and by two to four orders than most other nonavalanche semiconductor photodetectors at
SWIR wavelengths. Exhibiting advantages such as adaptability to flexible substrates,
processability in solution, absence of highly toxic heavy metals, and superior performance,
the hybrid organic/inorganic photodetectors developed in this work can be a bright contender

for next-generation low-cost and high-performance SWIR photodetectors.

In a brief summary, in this thesis we reported two alternative approaches for SWIR sensors
both of which rely on the solution-processed colloidal nanocrystals. A few SWIR
photodetectors  (Au-NRs/Thermistor, Au-NRs/Pt photodetector and UCNPs/organic
photodetector) were developed in my work, showing high responsivity and sensitivity. In
addition, the preparation of these devices is a low-cost and scalable up to mass production
process both in the material synthesis and device fabrication. These results along with their
characters of solution-process and absence of toxic heavy metal elements make these hybrid
photodetectors promising candidates for new strategies towards a low-cost and wearable

SWIR photodetection without the use of highly toxic heavy metal elements.

Keywords: short-wave infrared, colloidal nanocrystals, plasmonic nanoparticles, photothermal

effect, hybrid photodetectors
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1. Introduction

Short-wave infrared (SWIR) typically refers to the photons in the wavelength range from 1 to
3 microns. Applications in this wavelength window exploit various advantages such as long
penetration length in biological tissue, spectral coverage of the atmospheric nightglow, and
the characteristic excitation energy of certain molecular vibration modes.'® SWIR
photodetector are thus the key technological component to achieve optical communication,

environmental gas sensing, biodiagnostics and passive night vision.*
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Figure 1.1 List of materials used to detect the ultraviolet-visible-infrared light (UV-Vis-IR).
[Ref. 5]

Current SWIR technologies mainly rely on low-bandgap compound semiconductors such as
Indium Gallium Arsenide (InGaAs), Indium antimonide (InSb), and Mercury Cadmium
Telluride (HgCdTe). Here, a summary of the materials used to detect the
ultraviolet-visible-infrared light (UV-Vis-IR), is shown in Figure 1.1.> From this picture, we
can see that all these detectors can cover mostly the entire spectrum from 0.1 um to 100 pm.

But only silicon (Si) photodetector is cheap one, the detectors beyond the visible spectrum are



costly due to epitaxial growth requirement and/or environment unfriendly involving highly
toxic heavy metal elements. For instance, InGaAs is an expensive material because of its
epitaxial growth requirement. Therefore making an InGaAs photodetector costs an exorbitant
amount of money and is limited only to niche low-volume, high-value applications. Owing to
these practical reasons, great efforts are being made continuously to search for suitable
materials to replace these expensive materials and toxic metal elements. Many new materials

6-11

have sprung up in recent years, such as two-dimensional (2D) materials,” ~~ colloidal lead

sulfide (PbS) ***3 and plasmonic nanostructures.'*

2D Materials, sometimes referred to as single layer materials, are crystalline materials
consisting of a single layer of atoms. They can provide very high carrier mobilities, nearly
atomic thin profiles and a broadband spectral coverage from visible to infrared wavelength
range. These advantages make 2D materials an alternative candidate to form high
performance optoelectronic devices with additional features of ultra-low-weight and
flexibility. The applications can be in photovoltaics, photodetectors, electrodes and water
purification.® For example, black Phosphorus, graphene and Molybdenum disulfide (MoS,),
have been demonstrated tremendous potential for optoelectronic applications. Graphene, as a
most extensively investigated two-dimensional material, has been widely used in broadband
photodetection and many other optoelectronic applications.’®” Here, some important
characteristics for photodetection applications using different 2D materials are summerized in
Figure 1.2.2 These 2D material-based photodetectors show ample competitiveness over
commercial silicon and InGaAs photodiodes (PD). Graphene and black Phosphorus, in
particular, are very competitive on both responsivity and response time when compared to
Silicon PD and InGaAs PD (as shown in Figure 1.2A). They can be sensitive from
near-infrared (NIR) to far-infrared (FIR) (Figure 1.2B). Both of these two characteristics
make them alternative materials for applications on SWIR photodetection. But, regarding the
preparation process and device fabrication, 2D materials are facing some problems: most of
them need manual exfoliation process, which is difficult for large-scale fabrication. In the
other hand, chemical vapor deposition (CVD) provides a new strategy to acquire monolayer
materials, but the quality of these products still needs to be improved. Thus, the
reproducibility issue and rigorous fabrication requirement make 2D material-based devices

remain a laboratory-level demonstration.
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Figure 1.2 Summarization of important characteristics for detection application using
different 2D materials. (A) Responsivity versus the response time for detectors based on 2D
material and comparison with commercial silicon and InGaAs photodiodes (black squares).
(B) Bandgap of the different layered semiconductors and the covered electromagnetic
spectrum. The exact bandgap value depends on the number of layers, strain level and
chemical doping. The asterisk indicates that the material’s fundamental bandgap is indirect.
[Ref. 18]

Colloidal PbS also shows interesting performance owing to their advantages in
solution-processability, size-tunable spectral absorption and flexible substrate compatibility.*?
Figure 1.3" shows the PbS nanocrystals’ tunable optical properties, spectral range,
responsivity and detectivity comparison of conventional state-of-the-art photodetectors. As
shown in Figure 1.3a, PbS nanocrystals have a broadband spectral coverage from 200 nm to

2400 nm owing to their size-tunablility from 4.3 nm to 8.4 nm (Figure 1.3b). These PbS

3



nanocrystals can be formed into different photodetectors, including photoconductor,
phototransistor and photodiode. Very high responsivity (R) and detectivity (D*) are obtained
from these devices. These superior performances make colloidal PbS nanocrystals promising
candidates for the next-generation photodetectors. However, PbS nanocrystals have several
shortcomings: air stability and the mobility of charge carriers in the nanocrystal films, that
still need to be improved. In addition, when these materials are exposed to large-scale
fabrication and our everyday life, the highly toxic lead in colloidal PbS is problematic to

biology and environment, as well as the safety and security of fabrication/recycle process.
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Figure 1.3 Tunable optical properties of PbS nanocrystals. a, Spectral range, responsivity
and detectivity comparison of conventional photodetectors (GaP, Si, InGaAs, Ge photodiodes,
and bulk PbS and PbSe photoconductors) with PbS NC-based photodetectors. b,
Size-dependent optical absorption spectra for PbS NCs. [Ref. 12]

Besides the above-mentioned materials, plasmonic nanostructures based on noble metal
represent another class of new materials to enable SWIR photodetection.'* Current plasmonic
photodetectors rely on the extraction of “hot carriers” (i.e., highly energetic carriers not in
thermal equilibrium with the metal atoms) produced during the decay of the localized surface
plasmons from a metal nanostructure. Based on this principle, various hot-carrier
photodetectors were fabricated by lithographically defined nanostructures, exhibiting

photoresponsivity ranging from a few nA W to a few tens of mA W 1."*% Figure 1.4*



shows us a hot electron photodetection based on Au nanostructured arrays with a strongly
resonant and broadband photocurrent response in the SWIR. Figure 1.4a and 1.4b show the
device structure and the Au nanostructured arrays, which are periodic nanostructures. It is
worth mentioning that their strong resonant absorption is tunable, which is determined by the
nanostructure periodicity (as shown in Figure 1.4c and 1.4d). On a typical metamaterial
perfect absorber (MPA) photodetector (D6), the nanostructure periodicity is L = 195 nm and
P = 360 nm, respectively. Its responsivity is around 2.0 mA/W and covers the spectrum from
1200 nm to 1500 nm (Figure 1.4e). However, complex nanostructured arrays are difficult to
achieve in large-scale mass production. The preparation by electron beam lithography (EBL)
IS not scalable and low-consumption process. Furthermore, so far, there is no detailed data to
prove that these photodetectors based on lithographically defined nanostructures can be
functional well under optical excitation with high modulation frequency, which is an

important parameter for data communication applications.
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Figure 1.4 (a) Schematic of the polarization-independent MPA photodetectors. Dimensions of
MPA photodetectors D4, D5, and D6 are L = 185, 195, and 195 nm and P = 340, 340, and
360 nm, respectively. The etching depth, H, for the three devices was 135 nm. (b) Scanning
Electron Microscopy (SEM) image of a fabricated device. (c) Experimentally measured (solid
lines) and simulated (dashed lines) absorption spectra of D4, D5, and D6 (red, green, and
blue lines, respectively). (d) Finite-difference time-domain (FDTD) simulation of the

angularly dependent optical absorption for p- (left) and s-polarized light (right). (e)



Experimentally measured (circles) and calculated (lines) photoresponsivity spectra of D4, D5,
and D6 (red, green, and blue, respectively). [Ref. 21]

These materials or systems show great superiority in high modulation frequencies and/or high
sensitivity as candidates for the next-generation photodetectors, but they still have some
disadvantages, such as epitaxial growth requirement, difficult to mass production and
environment unfriendly involving highly toxic elements.?>** Here, we summarized the three
candidates (2D materials, colloidal PbS and plasmonic nanostructures) in their terms of
marketization, considering these two indices: Preparation process and Toxic heavy elements,

as shown in Table 1.1.

Table 1.1 Summary of three candidates (2D materials, colloidal PbS and plasmonic
nanostructures) in their terms of marketization, considering these two indices: Preparation

process and Toxic heavy elements.

) Preparation process Toxic heavy elements
Candidates ) ) )
(production cost) (environmentally friendly)
2D materials Manual exfoliation process No
Colloidal PbS Solution process Lead
Plasmonic nanostructures Electron beam lithography No

On the path to the market, these drawbacks are becoming the main reasons to their remained
unmarketable for consumers and industry: rigorous production process, costly manufacturing,
only small-scale and low-volume, uncertain in the health, safety and security. These facts
mean that finding alternatives with a cost- and performance- competitive over current 111-V
InGaAs or HgCdTe systems is still going on. To the point, the new generation SWIR
photodetector needs a simultaneously cost- and performance- competitive production process,
which should take both preparation process and toxic heavy elements into account (as we
summarized in Table 1.1). This is why two-dimensional materials still haven't been able to be

industrialized and marketed, although they have been very popular in recent years® due to

6



their excellent photoelectric performance. Currently main research can only obtains
small-scale and low-volume experimental samples by manual mechanical exfoliation or harsh
deposition techniques. Given these facts, colloidal nanocrystals with superior optical property
and simple solution process show some outstanding features to overcome the unmarketable
problem: low-cost and mass production. By comparison to the colloidal PbS QDs, some
environmentally friendly and physically-chemically stable nanocrystals are more adapt to the
current trend of green energy and durable development. Thus, in my doctoral project, I
focused on seeking solution-processed nanoparticles with suitable optical properties and
absence of toxic heavy elements for SWIR photodetection. Two candidates were confirmed in
my project: Metallic nanoparticles (gold nanorods) and Upconversion nanocrystals
(NaYF4Er").

Metallic nanoparticles ( mainly Ag and Au) possess the capability of scale-synthesis, high
physical & chemical stability and low biological toxicity, large optical absorption
cross-section.?®>° Thus, these nanoparticles have been applied in many fields, such as

3132 3334 optical switching,® 36-39

catalysis, solar energy harvest, cancer therapy, and drug
delivery.”® The photoexcitation and relaxation mechanism of metallic nanoparticles reveals
that hot carriers generation (on a time scale ranging from 1 to 100 fs) and transfer (on a time
scale ranging from 100 ps to 10 ns) are ultra-fast and efficient processes. This suggests that
the plasmonic induced colloidal nanoparticles create a feasible condition for ultra-fast and
high sensitivity photodetection.*** In these metallic nanoparticles, gold nanorods (Au NRs)
reveal outstanding tunable optical properties by changing the aspect ratios (Figure 1.5A, ref.
43). As shown in Figure 1.5B and 1.5C, when the aspect ratio is larger (from 2.4 to 6.6), the
gradient feature of the color from these Au NRs is observed, the optical absorption peak can
be more red shift (from 650 nm to 1050 nm). This means that Au NRs with a larger aspect
ratio will be sensitive to SWIR light. Therefore, owing to their ultra-fast
photoexcitation/relaxation process and SWIR light- sensitivity, it is possible to apply the high

aspect ratio Au NRs to SWIR photodetection.
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Figure 1.5 Tunable optical properties of gold nanorods by changing the aspect ratios. Gold
nanorods of different aspect ratios exhibit different dimensions as seen by TEM (A), in
different color (B) and different SPR wavelength (C). [Ref. 43]

Upconversion nanocrystals (UCNPs), which are luminescent nanomaterials that convert a
near-infrared excitation into several visible emissions through lanthanide doping,*** display
very distinctive optical characteristics. Owing to their large anti-Stokes shifts (up to 500 nm)
that separate discrete emission peaks from the infrared excitation, and the high photochemical
stability & sharp emission bandwidths, upconversion nanocrystals are used in a diversity of
applications. Here, selective milestones in multifunctionalization of upconversion
nanoparticles for emerging applications in recent years are listed in Figure 1.6.*° These
applications are widespread in many fields, including multimodal imaging, cancer therapy,
volumetric displays and photonics.”® In particular, owing to their ability of upconversion,
UCNPs can convert unutilized sub-bandgap NIR photons into visible photons for photovoltaic
devices, like Dye-sensitized solar cells (DSSCs), as shown in Figure 1.7.* The rare-earth
elements in these UCNPs, Nd**, Yb*, Ho®* and Er®*, contribute to the upconversion from the
infrared band of 800 nm, 1000 nm, 1200 nm and 1500 nm, respectively (Figure 1.7a). This
suggests that these rare-earth elements are sensitive to certain infrared light. It inspires us that
Er®* is sensitive to 1500 nm, meaning that Er** doped UCNPs (such as NaYF4:Er**) can be a
candidate for SWIR photodetection. In addition, UCNPs can be hybrid with DSSCs by
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different structures (structure 1, structure 2 and structure 3 in Figure 1.7b), revealing the
feasibility of using UCNPs for SWIR photodetectors.
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Figure 1.6 Selective milestones in multifunctionalization of upconversion nanoparticles for
emerging applications. a, Confocal imaging of NaYF:Yb,Er nanoparticles at the
single-particle level. The colour scale represents photon counts. b, Rewritable optical storage
enabled by patterned NIR-light-responsive nanoparticles. Scanning electron microscope
image (top) and luminescence mapping image (bottom) of patterned substrates consisting of
NaYF4:Yb,Er nanoparticles. The colour scale represents the photoluminescence intensity. c,
Lasing and waveguide amplifier using the nanoparticles as gain media. Top: Photographs of
the NaYF4:Yb,Er@NaYF,-containing microcavity before (left) and after (right) pulsed laser
excitation at 980 nm. Bottom: Scanning electron microscope image of the waveguide device
modified with BaYFs:Yb,Er@BaYFs nanoparticles. d, Latent fingerprinting through the use of
NaYF4:Yb,Er nanoparticles. e, Red—green-blue (RGB) printing involving nanoparticle inks.
Top: Schematic design for creating secondary colours (left) and the corresponding image of
the experimental result (right). Bottom: Multicolour barcode printing using NaYF4:Yb,Er(Tm)
nanoparticles. f, Demonstration of document security printing, made possible by three sets of
lifetime encoded NaYF4:Yb,Tm nanoparticles. The overlaid patterns (top) printed with
nanocrystals having three distinct lifetimes can be decoded (bottom) by a time-resolved

confocal fluorescence microscope equipped with a 980 nm laser. g, In vivo whole-body 3D



imaging involving single-photon emission computed tomography (SPECT) through the use of
153Sm-radioactivated NaLuF4:Yb,Tm nanoparticles. h, Self-assembly of fluoride-based
nanoplates. Top: Electron microscope image of a 2D superlattice of DyFs; rhombohedral
nanoplates. Bottom: Small-angle (left) and wide-angle (right) electron diffraction patterns of
the superlattice. i, Multicolour barcoding through single particles. Top: Optical micrograph
of dual-colour-banded single-crystalline microrods. Bottom: Luminescence image of
multicolour-banded rod-shaped particles fabricated by microfluidic devices. j, Full-colour

volumetric 3D display using pulse-duration-sensitive nanoparticles. [Ref. 46]
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Fig. 1.7 (a) Scheme illustrating the harvesting of infrared sunlight (700-2500 nm) by
upconversion to visible light (400-700 nm) to which a typical DSSC structure can respond to
(inset). (b) Three structures of DSSCs with rare-earth upconversion in varying host lattices in
literature. [Ref. 47]
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Due to the interesting optical performance of these colloidal nanocrystals (Au NRs and
NaYF4:Er®"), we used them in a hybrid structure to form the innovative SWIR photodetectors
in my project. We provided a solution-based fabrication process for both synthesis and
devices, showing cost- and performance- competitive advantages for next-generation of
SWIR photodetectors.

Firstly, a series of monodisperse colloidal nanocrystals were synthesized at the beginning of
my project.

1) Au NRs: We synthesized a series of monodisperse colloidal gold nanorods of different
aspect-ratios (ARs) with their longitudinal LSPR maximum tunable from 900 nm to 1.3 pm.
The synthetic tuning was achieved by controlling the amount of four parameters: silver nitrate
(AgNO3), Au seeds, hydrochloric acid (HCI), sodium oleate (NaOL). Detailed preparation
process is described in the experimental section of chapter 2.2. While most reported colloidal
Au NRs exhibit a longitudinal LSPR (L-LSPR) in the wavelength range shorter than 1200 nm,
we successfully extend the aspect-ratio (AR) of Au NRs up to 10.96 with their L-LSPR
absorption peak reaching 1300 nm.

2) NaYF4Er*": A series of monodisperse colloidal NaYF,:15%Er** UCNPs were first
synthesized by an improved hydrothermal route. To adjust the size of the upconversion
nanoparticles, different molar amounts of sodium citrate tribasic dihydrate were used to react
with a fixed amount of Ln®* (containing 85% Y>* and 15% Er**) and NaF. Detailed
preparation process is described in the experimental section of chapter 3.2. With the rest of
the synthetic parameters being identical, the amount of sodium citrate tribasic dehydrate
allowed a tuning the UCNP particle dimension from 150 nm to 1000 nm.

Benefiting by their surface plasmon resonance (SPR), Au NRs have a significant
photothermal effect, which can be applied into optical sensing and biomedical field. Thus, in
this work, a study of the temperature increase of Au NRs excited at 1.537 um is presented to
prove that the photothermal effect from Au NRs is high-efficiency. We will show that a few
NRs can produce a local temperature increase of several tens of degrees, making them very
efficient heaters in this wavelength range. Since the photothermal effect of Au NRs is
efficient, a hybrid device structure, composing of Au NRs on the surface of a NTC-thermistor,

was proposed as an alternative low-cost approach for sensing in the SWIR spectrum. Under a
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monochromatic illumination of relatively low intensity (< 1 mW/cm?), hybrid
Au-NRs/thermistor devices exhibit a clear photoresponse in the form of photo-induced
resistance drop in the wavelength window from 1.0 um to 1.8 um. This is in contrast to the
control device (thermistor alone without Au NRs), the photoresponse of which is negligible
under the same illumination condition. The photo-responsivity of the hybrid device reaches a
maximum value of 2.06x10” /W at 1.3 pm, a wavelength in agreement with the L-LSPR
maximum of the Au NRs applied. At higher illumination intensities (from 6.7 mW/cm? to
4464.3 mW/cm?) achieved by a laser (. = 1.5 pum) focused onto device, due to the
laser-induced heating photoresponse was observed in both the control and the hybrid device.
Nevertheless, in this case hybrid devices exhibited more than 5-fold enhancement of
photoresponsivity by comparison to the control device. Thus, these results suggest that the
plasmonic-induced photothermal effect of Au NRs (i) enables the photo-sensing capability in
a hybrid Au-NRs/thermistor device structure under relatively weak illumination and (ii) boost
the photo-response of the hybrid device when illumination intensity is high. The response
speed of the current Au-NRs/thermistor hybrid device is as short as 2 seconds, limited by the
response speed of the thermistor itself. To improve the response speed of these Au-NRs-based
SWIR photodetectors, we propose a new hybrid SWIR photodetector structure based on the
coupling between a resistive platinum (Pt) microwire and colloidal plasmonic Au NRs which
is capable to reduce the photoresponse time of more than four orders of magnitudes compared
to our previous work. Pt was chosen here due to its large temperature coefficient of resistance,
wide operation temperature range and high stability. The combination of these characteristics
has led to the extensive applications of Pt as a resistance temperature detector (RTD). Here a
series of Pt microwires of various dimensions were fabricated and applied to harvest the
photothermal effect of Au NRs in an Au-NRs/Pt hybrid device structure. In an optimized
Au-NRs/Pt photodetector, we measured a response time of 97 ps under the illumination of a
A=1.5 pm laser with its ON/OFF modulated at 120 Hz. In particular, even at an illumination
modulation frequency of 50 kHz, such Au-NRs/Pt photodetectors are still capable to generate
clear photoresponse switching. These hybrid Au-NRs/Pt photodetectors, able to provide a fast
conversion between SWIR photons, heat, and resistance change at a frequency up to tens of
kHz, thus represent a brand-new strategy for SWIR photodetection alternatives, meeting the
needs of emerging applications demanding reduced fabrication cost and high operation speed.
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One other possible strategy for SWIR photodetection is to apply photon upconversion, a
phenomenon to convert low energy photons into high energy ones. Various upconversion
systems in the form of solution-processed nanoparticles (NPs) have been synthesized, mostly
based on the doping of trivalent lanthanide cations in a low phonon energy hosts and
performing upconversion through a two- or multi-photon mechanism. Since then they have
been applied into many applications including biomedical engineering, thermal sensing, solar
energy harvest, and photodetection. Indeed, most of these photon upconversion applications
are based on Yb®*" and Er** co-doped systems capable to upconvert near-infrared light with a
wavelength maximum no larger than 1.0 um (e.g. upconversion from 808 nm or 975 nm to
visible photons). Material systems able to upconvert SWIR photons remain rare. In this work,
by a photodiode device architecture, we propose high-performance heavy-metal-free flexible
photodetectors sensitive to A = 1.5 pum photons based on the formation of a solution-processed
organic/inorganic ~ hybrid  composing of conjugated polymer/small  molecule
bulk-heterojunctions (BHJs, host) together with Er®*-doped upconversion nanoparticles
(UCNPs, guest). A series of monodisperse colloidal inorganic NaYF,:Er** UCNPs of various
dimensions were synthesized by hydrothermal routes, providing effective upconversion of A
= 1.5 um photons to visible ones. An organic host was applied containing a donor-accepter
BHJ blend of diketopyrrolopyrrole (DPP)-based copolymer and [6,6]-phenyl-C+;-butyric acid
methyl ester (PC7,0BM). Such organic host exhibits strong optical absorption covering the
visible and near-infrared spectrum up to A ~ 1 um and is thus capable to efficiently harvest
most visible photons upconverted by the guest nanoparticles. Under the illumination of A =
1.5 pum SWIR photons, optimized hybrid BHJ/UCNP photodetectors exhibit a clear
photoresponsivity of 0.73 mA/W and 0.44 mA/W for devices built on rigid glass substrates
and flexible polyethylene terephthalate (PET) substrates, respectively. Remarkably, a fast
operation speed characterized by a short photocurrent rise time down to 80 ps was observed
under the illumination of A ~ 1.5 pm photons, which is faster by more than one order of
magnitude than previous photodetector studies applying Er®*- doped upconversion systems,
and by two to four orders than most other nonavalanche semiconductor photodetectors at
SWIR wavelengths. Exhibiting advantages such as adaptability to flexible substrates,
processability in solution, absence of highly toxic heavy metals, and superior performance,
the hybrid organic/inorganic photodetectors developed in this work can be a bright contender

for next-generation low-cost and high-performance SWIR photodetectors.
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2. Au NRs for SWIR photodetectors

In this chapter, we aim to achieve SWIR photodetection by colloidal Au NRs with an optical
absorption cross-section covering SWIR spectrum. It is realized by obtaining suitable Au NRs
with their absorption tunable in the visible-SWIR spectrum by the tunability of their
aspect-ratio. In order to harvest the remarkable photothermal effect from these Au NRs, we
combined them with thermistors and resistance temperature detectors (RTD) to form hybrid
photodetectors. Introduction of the characteristics and feasibility of using Au NRs for SWIR
photodetection is performed in chapter 2.1. Experimental details of synthesis, device
fabrication and measurement are performed in chapter 2.2. Then, we present the results and

discussion in chapter 2.3.

2.1 Introduction of Au NRs

In recent decades, gold nanoparticles, especially gold nanorods (Au NRs), have aroused
extensive concern in the application of biomedical field, optical sensing and optoelectronic
devices owing to their extremely attractive properties: (i) surface plasmon resonance (SPR)
dominant optical properties, (ii) tunability of the rod aspect-ratio (AR) and therefore optical
spectra in the visible-SWIR region, (iii) high physical & chemical stability and low biological

toxicity.?*° Due to these fascinating properties, a great deal of research and literature has

48-50 51-53 54-56

emerged about Au NRs synthesis, self-assembling,

57,58

coupling modes
59-62

and optical

applications, such as light scattering, photothermal therapy, photoluminescence,®®

nanothermometers® and pressure sensor®”.

Owing to the tunability of the aspect-ratio (AR), Au NRs can give optical spectra in the
visible-NIR-SWIR region,®® meaning that they have potential detectivity to form broadband
photodetectors, especially for SWIR (1000 nm - 3000 nm) photodetection, which mainly
relies on InGaAs,”"®® InSb,®® PbS,” and HgCdTe.”* To our best knowledge, vast amounts of

photo-sensing applications of Au NRs appeared, mainly in biomedical field, in vivo
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727 and photothermal cancer therapy.”"® But most of current research focus on the

imaging
optical region < 1000 nm (AR < 6): Aquiles Carattino et al used gold nanoparticles as
absolute nano-thermometers (AR = 2),°* Edakkattuparambil Sidharth Shibu et al applied
small gold nanorods for photothermal microscopy in cells (AR = 2 ~3),”® Hui Hou et al
fine-tuned the localized surface plasmon resonance (LSPR) of Au NRs with high
photothermal efficiency for cancer cell ablation (AR = 3 ~4),” Takuro Niidome et al
modified Au NRs for in vivo applications (AR = 6)¥... Nevertheless, for high aspect-ratio Au
NRs (AR > 10, LSPR covering of SWIR region), the discussion and application are still rare.
Applying Au NRs for SWIR photodetection has not been presented or implemented, to our

best knowledge.

Plasmon excitation Landau damping Carrier relaxation Thermal dissipation
t=0s t=1-100 fs t=100fsto1ps t=100 psto10 ns
E
__________ E F
Population Population Population

Figure 2.1 Photoexcitation and relaxation of metallic nanoparticles. a—d, Photoexcitation
and subsequent relaxation processes following the illumination of a metal nanoparticle with a
laser pulse, and characteristic timescales. a, First, the excitation of a localized surface
plasmon redirects the flow of light (Poynting vector) towards and into the nanoparticle. b—d,
Schematic representations of the population of the electronic states (grey) following plasmon
excitation: hot electrons are represented by the red areas above the Fermi energy Er and hot
hole distributions are represented by the blue area below Eg. b, In the first 1-100 fs following

Landau damping, the thermal distribution of electron-hole pairs decays either through
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re-emission of photons or through carrier multiplication caused by electron—electron
interactions. During this very short time interval 7, the hot carrier distribution is highly
non-thermal. c, the hot carriers will redistribute their energy by electron—electron scattering
processes on a timescale 1 ranging from 100 fs to 1 ps. d, Finally, heat is transferred to the
surroundings of the metallic structure on a longer timescale tp, ranging from 100 ps to 10 ns,

via thermal conduction. [Ref. 41]

Meanwhile, the hot carriers generation and transfer in plasmonic materials create a feasible
condition for fast response photodetection.®***#% Generation and transfer processes of hot
carriers are shown in Figure 2.1.** After photon absorption and subsequent LSPR excitation
in Au NRs, hot carriers are generated via Landau damping on a time scale ranging from 1 to
100 fs, then quickly redistribute their energy toward lower energy electrons via
electron-electron scattering followed by thermalization with the lattice and heat dissipated to
the surroundings on a time scale ranging from 100 ps to 10 ns. Subsequent heat transfer is
related to the restriction from the nanoparticle size, the material and the thermal conduction

properties of the surroundings.***

This ultrafast process of hot carriers generation and transfer in plasmonic materials reveals
that metallic nanoparticles (e.g. Au NRs) have effective photosensitive property. Considering

2630 colloidal

their large optical absorption cross-section and tunability of their optical spectra
Au NRs can be an alternative material for photodetectors. Therefore, in this project, a series
of monodisperse colloidal nanocrystals were synthesized in Experimental section 2.2.1 by
modifying the silver-assisted seed-mediated growth method applying binary surfactants
reported previously.”® NaYF, :Er** fluorescent nanocrystal were synthesized (Experimental
section 2.2.2) to prove that the photothermal effect from Au NRs is high-efficiency, then two
hybrid device structures, composing of Au NRs on the surface of a NTC-thermistor and
Platinum wire, were fabricated and measured in Experimental section 2.2.3 and
Experimental section 2.2.4, respectively. These hybrid devices show an alternative low-cost

approach for sensing in the SWIR spectrum (results and discussion in chapter 2.3).
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2.2 Experimental section

2.2.1 Synthesis of colloidal Au NRs

Au nanoparticle seed solution: After mixing 5 ml of 0.5 mM HAuCI, solution with 5 ml of
0.2 M CTAB solution, 1 ml of 0.006 M NaBH, solution was added followed by vigorously

stirring for 2 minutes. This solution was then left un-stirred for aging during 30 minutes.

Au NR growth solution: 9 g of CTAB was evenly mixed with different amounts of NaOL
(listed in Table 2.1). They are then dissolved in 250 ml of de-ionized water under stirring at
50 °C. After the solution was cooled down to 30 °C, different amounts of 4.15 mM AgNO;
solution were added and the whole solution was kept at 30 °C for 15 minutes. This is followed
by the addition of 250 ml of 1 mM HAuUCI, solution under stirring for about 90 minutes (until
the solution turned colourless). At this stage, different amounts of a 12.1 M HCI solution were
added under stirring for 15 minutes. 1.25 ml of 0.064 M ascorbic acid solution was then
added under vigorous stirring for 30 s. Finally, different amounts of seed solution were added
first under rigorous stirring for 30 s then the whole solution was kept un-stirred for 12 hours
at 30 °C for NR growth. After 12 hours of growth the final product was isolated by
centrifugation (6k rpm for 30 minutes) and subsequent decantation of mother liquid.
De-ionized water was then added to re-dissolve the Au NRs. The centrifugation/decantation
process was repeated for 3 times and the final Au NR products were dissolved in de-ionized

water.

2.2.2 Synthesis of NaYF,:Er®* fluorescent nanocrystals

To demonstrate the photothermal effect of these Au NRs, a nanothermometer, NaYF,
nanocrystal (NC) doped with Er** ions were synthesized by modifying the typical
hydrothermal method described in ref 83. The relative composition was 85% of Y and 15% of

Er. The nanocrystal had a hexagonal phase and their diameter was around 230 nm.
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In a typical preparation of NaYF,;: 15 mol % Er** NC, a 5 mL aqueous solution of
Ln(NO3)s -6H,0 (0.2 mol/L, lanthanide ion molar ratio, Y: Er = 85:15) was mixed with a 5
mL aqueous solution of sodium citrate tribasic dihydrate (1.8 mol/L) under vigorous stirring.
A white precipitate of lanthanide citrate was observed. A 5 mL aqueous solution of NaF (2.4
mol/L) was then added slowly into the mixture. After being stirred for 1 h, the resulting
precursor solution was transferred to a 70-mL-volumn autoclave. The autoclave was then
placed in a digital type temperature controlled oven and heated at 120 °C for 2 hours. The
autoclave was then allowed to cool down to room temperature naturally (typically overnight).
The precipitate in the autoclave (NaYF,: Er** NCs) was then separated from the reaction
media by centrifugation (6000 rpm, 30 min), decantation, and dispersion in DI water. This
purification process was repeated three times. The final synthetic product was first dried in a

vacuum oven at 60 °C for 24 h before being annealed in air at 300 °C for 2 hours.

2.2.3 Fabrication and measurement of Au-NRs/Thermistor

To harvest the photothermal from the Au NRs, a temperature- sensitive thermal device, a
negative temperature coefficient (NTC) thermistor, was introduced to fabricate a hybrid
Au-NRs/Thermistor device. This NTC thermistor with a room-temperature (25 °C) resistance
of 10 kQ (Series B57540G1 from TDK EPCOS) was obtained from RS components (no.
769-1892, ~ 3 €/each). It is then fixed on a glass microscopy slide. To fabricate the hybrid
Au-NRs/thermistor device, a drop (~ 3 pL) of Au NR water solution (sample h of table 2.1,
with a concentration ranging from 0.6 g/L to 7.2 g/L) was casted directly to coat the surface
of the thermistor. After the Au NR solution was dried on the thermistor, Scanning Electron
Microscopy (SEM) characterizations were performed directly onto the hybrid device (FEI
Magellan 400 system, field emission gun source). The hybrid device was measured under
monochromatic illumination generated by a quartz halogen lamp and a computer-controlled
Oriel Cornerstone monochromator (and appropriate order sorting filters). The intensity of the
monochromatic illumination was calibrated by a NIST-calibrated germanium photodiode. The
monochromatic illumination was modulated by a shutter while we measured the resistance of
the hybrid and control device by a computer-controlled Keithley 2634B source measurement
unit (SMU). Concerning measurements under laser, the output of a fiber-coupled laser diode
(A = 1.5 um) was focused onto the hybrid or control device. Neutral density filters were used

to adjust the laser power while the laser power was calibrated by a laser power meter. The
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laser illumination was modulated by a shutter while we measured the device resistance by a
Keithley 2634B SMU.

2.2.4 Fabrication and measurement of Au-NRs/Pt device

To harvest the photothermal from the Au NRs, a platinum (Pt) microwire was introduced to
fabricate a hybrid Au-NRs/Pt device. The Pt microwire resistance temperature detector (RTD)
devices with a series of width were prepared by laser direct writing lithography (Heidelberg
Ins. Laser writer WPG 101). Quartz coated glass substrates were cleaned by ultrasonication in
a bath of de-ionized (DI) water, acetone and 2-propanol followed by O, plasma etching. A
layer of adherence promoter (TI from microchemicals) and a layer of photosensitive resin
(AZ5214, microchemicals) were spin-coated one after the other on these glass substrates. Pt
microwires of various dimensions were then defined by direct laser writing lithography
(Heidelberg Ins. laserwriter uPG101). Substrates were then developed by dipping the sample
in a bath of developer (AZ726 MIF, microchemicals) for 30 s with subsequent DI water rising
and air-drying. A Ti (5 nm)/Pt (40 nm) layer was then evaporated onto the sample by an
e-beam evaporator (Plassys MEB550S). Finally, the sample was lifted-off by immersing

samples into a bath of acetone.

To fabricate the Au-NRs/Pt hybrid device, a drop (~ 1 puL) of Au NRs water solution (with a
concentration of 1 g/L - 6 g/L) was casted directly to coat the surface of Pt microwire. After
the Au NR solution was dried on the surface, SEM characterizations were performed directly
onto the hybrid device (FEI Magellan 400 system, field emission gun source). The hybrid
device was measured under monochromatic illumination generated by a quartz halogen lamp
and a computer-controlled Oriel Cornerstone monochromator (and appropriate order sorting
filters). The intensity of the monochromatic illumination was calibrated by a NIST-calibrated
germanium photodiode. The monochromatic illumination was modulated by a shutter while
we measured the resistance of the hybrid and control device by a computer-controlled
Keithley 2634B source measurement unit (SMU). Concerning measurements under laser, the
output of a fiber-coupled laser diode (4 = 1.5 um) was focused onto the hybrid or control
device. Neutral density filters were used to adjust the laser power while the laser power was
calibrated by a laser power meter. The laser illumination was modulated by a shutter while we

measured the device resistance by a Keithley 2634B SMU.
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2.2.5 Characterization for materials

Agilent Cary 5E UV-Visible-NIR spectrometer was used for Au NRs’ UV-Visible absorption
spectra measurements, as shown in the following figures:

Figure 2.2 Absorbance spectrums of Au NRs in water.

Figure 2.5 Absorbance of Au NRs spin-coated on a SiO; substrate.

Figure 2.19 (b) Optical absorbance spectrum of a film of Au NRs on a glass substrate

JEOL 2010 microscope operated at 200 kV was used for TEM characterizations of Au NRs’
morphology, as shown in the following figures:

Figure 2.4 (a-h) TEM images of Au NRs with different aspect-ratio (AR) and L-LSPR
absorbance maximum.

Figure 2.5 Inset: TEM picture of the NRs.

Figure 2.19 (b) the lower inset shows a TEM image of these Au NRs.

FEI Magellan 400 system with a standard field emission gun source was used for SEM
characterizations of Au NRs’ morphology, as shown in the following figures:

Figure 2.8 a) SEM picture of Au NRs deposited on SiO2 substrate, b) SEM picture of the
same zone after the deposition of two luminescent NaYF4: Er3+ NCs on the surface. NanoA
is on the NRs and NanoB is 5 pm away from them.

Figure 2.9 ¢) SEM picture of the scanned zone. The scale bar is 2 pm.

Figure 2.15 (d) SEM image of the Au NRs-coated thermistor exhibiting mostly Au NRs on
the surface of the hybrid device.

Figure 2.19 (c) SEM image of a Au-NRs/Pt device with a 10 pm by 2 pm Pt microwire. (d)
Zoom-in SEM image of the device permitting the visualisation of Au NRs on the Pt

microwire.

Finite difference time domain (FDTD) was used to check the spectral position of the L-LSPR

on Au NRs, as shown in the following figure:
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Figure 2.6 FDTD calculation of the absorption cross-section of isolated Au NRs on a SiO,
substrate as a function of their AR. Their diameter was fixed to 8 nm, and their length is

varied between 80 and 110 nm.

2.3 Results and discussion

2.3.1 Aspect-ratio tunability of colloidal Au NRs

Here, by a careful synthetic tuning, we synthesized a series of monodisperse colloidal gold
nanorods of different aspect-ratios (ARs) with their longitudinal LSPR maximum tunable
from 900 nm to 1.3 um. These gold nanorods (Au NRs) with different ARs were synthesized
by modifying the silver-assisted seed-mediated growth method applying binary surfactants
reported previously.**(Synthesis detail is shown in Experimental section 2.2.1) While most
reported colloidal Au NRs exhibit a longitudinal LSPR (L-LSPR) in the wavelength range
shorter than 1200 nm,2*® we successfully extend the aspect-ratio (AR) of Au NRs up to
10.96 with their L-LSPR absorption peak reaching 1300 nm. Such a synthesis involved first
the formation of gold nanoparticle seeds by reducing gold (I11) chloride (HAuUCI,) by sodium
borohydride (NaBH,) in the presence of hexadecyltrimethylammonium bromide (CTAB) as
surfactant. Different amounts of Au seeds were further placed into a growth solution where
Au(l) is slowly reduced to Au(l) by a combination of ascorbic acid (AA) and sodium oleate
(NaOL) in the presence of hydrochloric acid (HCI), CTAB and silver nitrate (AgNO3). In
such a multi-parameter synthesis, we have specifically experimented various amounts of Au
seeds, AgNOs, surfactant NaOL, and the acidity of the growth solution (amounts of HCI)

(summarized in Table 2.1).
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Table 2.1 Synthetic parameters experimented in this work and the resulting dimension,
aspect-ratio, and L-LSPR maximum wavelength of Au NRs. Error bars are calculated from 50
Au NRs measured by TEM images. Aspect-ratios are figured out from specific value of NR
average length and NR average diameter. 4u NRs’ L-LSPR maximum is extracted from the

Absorbance spectrums of Au NRs in water, as shown in Figure 2.2.

Sample 4mM Au 121 M NaOL NRaverage NRaverage Aspect L-LSPR

AgNO; seed HCI (9) length (nm) diameter ratio maximum
(mb)  (mbL)  (mL) (nm) (hm)

a 24 0.3 2.1 1234  107.247.9 24.0£2.2 4.5 903

b 36 0.2 2.1 1234  103.149.0 22.2+1.9 4.7 943

c 24 0.2 2.1 1234  103.346.5 19.9+1.1 5.2 966

d 24 0.3 2.1 1234  95.9+16.2 17.5£3.7 5.5 980

e 24 0.4 2.1 1.234 81.745.7 14.1+1.6 5.8 1050

f 24 0.8 4.2 1.234 86.1+7.7 12.8+1.8 6.7 1143

9 24 0.8 4.2 0.925 132.3+16.9 17.5+2.0 7.6 1193

h 24 0.8 5.4 0.925 93.5+13.8 8.6t1.4 11 1300

Comparing the results of sample ¢ and sample e (Table 2.1), we observed an increased
average length and diameter of Au NRs associated with the decreased amount of Au seeds,
which is possibly due to more growth material available per seed. Sample e exhibited a larger
AR compared to sample ¢ due to their smaller NR width (diameter). The role of Ag®" in such
a synthesis has been reported as crucial as it interacts with CTAB to form elongated templates
and hinders the growth of certain crystallographic facets of Au NRs.?*®° Increasing the
amount of Ag®* from the optimum value however led to a decrease of AR due to the
thickened NR width (comparing sample b and c, Table 2.1). Concerning the amount of
surfactant NaOL, we observed longer and thicker Au NRs with larger AR when the amount of
NaOL decreases from 1.234 g to 0.925 g (sample f and g, Table 2.1). The use of NaOL here
together with CTAB in the growth solution represents a binary surfactant strategy. NaOL

serves here both as a reduction agent and likely also as a surface binding mediator between

22



CTAB and certain facet of Au to allow NR morphological tuning. Concerning HCI, one

modifies the NR growth by controlling the acidity of the growth solution. A larger amount of

HCI here led to a reduction of pH favoring larger AR by reducing more significantly the

width of NRs (sample g and h, Table 2.1). By controlling these four parameters we were able
to tune the AR of NRs from 4.47 to 10.96. As the L-LSPR of Au NRs are highly sensitive to

their AR, this series of samples thus exhibits distinctive optical property with a strong and

well-defined L-LSPR progressively red-shifted towards 1300 nm as AR increases (Figure

2.2).
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Figure 2.2 Absorbance spectrums of Au NRs in water. The absorbance feature at 1400 nm

originates from the absorption of water.
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Figure 2.3 The evolution of the L-LSPR maximum over the AR of Au NRs. Aspect-ratios are

figured out from specific value of NR average length and NR average diameter, as listed in

Table 2.1.
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The evolution of the L-LSPR maximum over the AR of NRs roughly follows a linear relation
(Figure 2.3). The asymmetric shape of the L-LSPR absorbance of samples g and h (Table 2.1,
and the green and red curves of Figure 2.2) are due to the artifact originated from water
absorption. The small contribution of the transverse-LSPR lies in the wavelength range
between 650 to 700 nm, which is relatively less sensitive to the change of AR compared to
L-LSPR. The absorption contribution at about 525 nm originates from the existence of
semi-spherical Au nanoparticles, which are impurities in the Au NR synthesis. While the
proportion of these impurities over Au NRs slightly increased in a NR synthesis for high AR,
the majority of the synthetic products of the whole series of samples remained to be NRs of
high uniformity as shown in transmission electron microscopy (TEM) characterization
(Figure 2.4).
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Figure 2.4 (a-h) TEM images of Au NRs with different aspect-ratio (AR) and L-LSPR
absorbance maximum (Absorbance peak = AP). Correspond to the samples a-h of table 2.1
respectively. AR is figured out from specific value of NR average length and NR average
diameter. AP is extracted from the absorbance spectrums of Au NRs in water, as shown in
Figure 2.2.
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2.3.2 Photothermal effect of Au NRs

Benefiting by their surface plasmon resonance (SPR), Au NRs have a significant
photothermal effect, which can be applied into optical sensing and biomedical field.>**°*" For
this reason, the researches on the Au NRs’ photothermal and optoelectronic properties have
been popping up in recent years.®>""799093989 However, there are still few experiments on
the quantitative analysis of a single Au NR’s local heating capacity, especially on the high
aspect-ratio Au NRs, even though Au NRs have been determined to have good surface

plasmon resonance (SPR) and photothermal properties.®*'*

Here, a study of the temperature increase of Au NRs excited at 1.537 um is presented to prove
that the photothermal effect from Au NRs is high-efficiency. In order to observe the
temperature changes as a function of the 1.537 pm laser power, an optical- thermal nanoprobe,
lanthanide (Ln) doped upconverting nanoparticles (UCNPs), was used in our experiment as a
nanothermometer. These luminescent nanothermometers (NTs) have been proved to have a
good temperature-detection performance. Their ability of temperature- detection is based on
ratio- metric temperature sensing, which involves taking the ratio between the integrated
signals of two well-defined emission bands.’**% Therefore, in this part, a UCNP (a single
fluorescent Er**-doped NaYF, nanocrystal, synthesis detail is shown in Experimental section
2.2.2) is put on the surface of our Au NRs to measure the temperature variation. We show that
a few NRs can produce a local temperature increase of several tens of degrees, making them
very efficient heaters in this wavelength range. Numerical simulation of temperature elevation
by the photothermal effect of Au NRs is also performed. It confirms the existence of
temperature elevation and predicts a larger effect than what is measured. Finally, a summary
about using some temperature measurements recently performed on various Au
nanostructures is given to compare different thermometers measuring on different gold

particles.

2.3.2.1 Optical property of Au NRs on glass substrate
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We show in Figure 2.5 the absorption spectrum of gold NRs deposited (drop-coating) on a

glass (SiO,) substrate. As shown in the transmission electron microscope (TEM) image in the

inset, they have a diameter d = 8.5 £ 1.2 nm and a length D = 94.1 + 9.8 nm which gives an

AR between 10 and 13. The absorption spectrum exhibits a broad peak between 1100 and

1600 nm which corresponds to the L-LSPR of the rods whereas the smaller peak below A =

600 nm corresponds to their T-LSPR. The broadness of the L-LSPR peak is likely due to the

inhomogeneous size distribution of the NRs, some of them being longer than others, and their

AR varies between 10 and 13. This enlarges the global resonance on a 500 nm wide spectral

window. The position of the L-LSPR peak is also in good agreement with other

measurements recently performed on NRs with similar large AR.%
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Figure 2.5 Absorbance of Au NRs drop-coated on a SiO, substrate. Inset: TEM picture of the

NRs. They have an AR of ~10-13, and a L-LSPR peak between 1100 and 1600 nm.
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Figure 2.6 FDTD calculation of the absorption cross-section of isolated Au NRs on a SiO,

substrate as a function of their AR. Their diameter (d) was fixed to 8 nm, and their length (D)

is varied between 80 and 110 nm.
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To check the spectral position of the L-LSPR, we calculated by finite difference time domain
(FDTD) the absorbance of Au NRs of different AR deposited on a SiO; substrate. The
simulations were performed using Lumerical commercial software.'®” For the calculation, the
Au NRs are placed on a SiO; substrate and are supposed to be isolated from each other. We
consider that the incident source is a polychromatic plane wave, from 500 nm to 1700 nm,
and polarized along the long axis of the Au NR. For the simulation region, the space-mesh
size we applied is 1 nm in order to balance our calculation time and geometry description of
these nanostructures. As shown in Figure 2.6 the peak position is found to be in the same
wavelength range than in the experiments, i.e. between 1300 and 1700 nm for an AR between
10 and 13. Note that if NRs are separated by only a few nanometers or even if they are in
mechanical contact with each other, near-field coupling effects may appear and could shift the
resonance furthermore toward the SWIR.'® This means that NRs of smaller AR could have
their resonance in the same wavelength range, and thus also contribute to the wide
experimental absorbance spectrum of Figure 2.5.

2.3.2.2 Thermal and fluorescence experimental setup

To demonstrate the photothermal effect from our high AR Au NRs, we built an experimental
set-up to measure the temperature changing by using a nanothermometer (Er**- doped NaYF,
NC). This set-up for measuring the luminescence of Er**- doped NaYF; NC is shown in
Figure 2.7(a). Excitation was performed with a continuous-wave infrared laser diode (A =
1537 nm) focused on the surface in a transmission mode on a 2 pum wide spot. After
absorption by up-conversion, the laser radiation is emitted by luminescence in the visible
range. The sample was set on a piezo-electric scanning stage (PI) for scanning. The
fluorescence was collected by a large numerical aperture objective (Olympus, x100, N.A. =
0.8) and sent to a spectrometer (Jobin-Yvon, Triax) connected to a nitrogen-cooled CCD
camera (Jobin-Yvon, Symphony). During a scan, a luminescence spectrum was measured at
every position of the laser on the surface. The acquisition time was set to ~1 s per point. And
the sample scanning and spectrum measurements were synchronized and driven with a

homemade Labview program.
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Figure 2.7 a) Experimental set-up for fluorescence measurements, b) energy band diagram
and simplified energy transfers in Er** ions excited at 1537 nm, c) luminescence spectra of
NaYF,: Er** NC at 25°C, 49.5°C and 79.2°C. The inset shows the evolution of In(l1/1,) as a

function of the inverse temperature.

2.3.2.3 Temperature dependence of luminescence and calibration

The band diagram describing the energy transfers'® and a room temperature (RT)
luminescence spectrum of the NaYF:Er** NCs excited at A = 1537 nm are shown in Figure
2.7 (b) and (c) respectively. In our case, we are interested in two particular emission lines,

located between 510 nm and 532 nm (green), and between 532 nm and 560 nm
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(yellowish-green). The green line, further referred as 1;, comes from the transition from the

2H™2 state to the *I3s)2 State. The yellowish-green line, ~5 times more intense at room

excited
temperature than the green one, and further referred as 1, comes from the de-excitation from
level “Ss, to the ground state. The infrared excitation is non-linear and involves the
absorption of several photons. However, the emitted luminescence intensity does not exactly
scale as P" where n is the number of photons (n = 3 in the case of green emission) but rather
as ~ P1. This behavior has been studied recently and is explained by the relative difference
between the decay rates of the intermediate and final energy levels during the up-conversion
process."'*™! It also depends on the power used for the excitation. Here, we are mostly
concerned with the temperature dependence of the NC luminescence. Peaks I; and I, are
linked to two transitions whose excited energy levels are in thermal equilibrium.*>**" When
the temperature increases, “Ss, depopulates in favor of ?Hiip, and this causes a relative

decrease of I, with regard to l;. The ratio I1/l, is linked to temperature by the following

relation; 121
4 = Ae BT
I (2.1)

Where A and B are constants, T is the temperature in K, and I, and I, are the intensities
integrated in the ranges [510-532] and [532-565]. From the intensity ratio of these peaks, and
after a proper calibration, it is possible to retrieve the absolute temperature of the NCs. The
evolution of the luminescence as a function of T is shown in Figure 2.7(c). For this calibration,
the NCs were spin-coated on a Si substrate placed on a Peltier stage whose temperature was
regulated and measured using a Pt100 thermoresistor. In that case, the laser excitation was
achieved in the reflection mode at oblique incidence (not represented here). The evolution of
In(11/1;) as a function of 1000/T is given in the inset of Figure 2.7(c). We fitted the
experimental data with eq. (2.1) and determined the value of parameters A and B. A is a
constant that depends on the environment near the NC and also on the excitation power. It
requires to be slightly adjusted every time the sample or the power is changed. More
information about the influence of the excitation power is given in chapter 2.3.2.5. B is the
important parameter which rules the temperature dependence of luminescence. It is linked to
the energy separation between the two peaks. From the fit shown in the inset of Figure 2.7 (c),
we found A = 10.1 and B = 1170 + 100 K, in agreement with previous studies with similar
Er**-doped NCs.*"18
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2.3.2.4 Photothermal properties and heating capabilities of Au NRs

In order to study the photothermal properties of these high aspect ratio Au NRs and their
heating capabilities at this excitation wavelength, we fabricated a sample made of only some
tens of NRs concentrated in a small region on the SiO, substrate. To measure their
temperature elevation following an external laser illumination, we used a single NaYF,:Er**
NC as a nanothermometer deposited on their surface. A scanning electron microscope (SEM)
image of the rods prior to the NC deposition is shown in Figure 2.8(a). The NRs are grouped
in a 200 nm wide line. They are not oriented in the same direction although some of them are
parallel and in contact with each other’s. In Figure 2.8(b), we show the same NRs after the
deposition of two NCs, deposited with a nanomanipulation system.** One NC (furthered
referred as NanoA) was directly placed on the NRs and the other (further referred as NanoB)
was positioned ~5 pum away on the SiO; surface. The role of NanoB is to act as a reference

thermometer, insensitive to plasmonic heating.

Figure 2.8 a) SEM picture of Au NRs deposited on SiO, substrate, b) SEM picture of the same
zone after the deposition of two luminescent NaYF4: Er** NCs on the surface. NanoA is on the

NRs and NanoB is 5 um away from them.

The surface was excited with the configuration shown in Figure 2.7. By moving the sample,
we first scanned an area of 6 x 10 pm? that includes NanoA and NanoB. We show in Figure

2.9(a) and (b) the measured luminescence maps for an excitation power density of ~2 mW /

30



um?. The maps exhibit two bright spots corresponding to NanoA and NanoB [see the SEM
picture in Figure 2.9 (c)]. Their size is limited by the diameter of the incident laser spot on the
surface. Cross-sections extracted from the images are shown in Figure 2.9 (d). Luminescence
was separated and integrated into two spectral zones, corresponding to I, and I,. The intensity
of 11 is around 5 times smaller than I,. From these images, we can see that Nano A and Nano
B have roughly the same intensity in the I; spectral range. On the other hand, the intensity of
NanoA in the I, spectral range is reduced compared to NanoB [see the red arrow in Figure 2.9
(d)]. This different behavior is an evidence of the heating induced by NRs located under
NanoA. After absorption of light, the NRs transfer their heat to NanoA and this induces a
relative decrease of I, compared to ;. By dividing the image of Figure 2.9 (a) by the one of
Figure 2.9 (b), we can map the ratio I;/l, and convert it to a temperature scale using eq (2.1).
The resulting temperature map and cross-sections are shown in Figure 2.10 (a) and (b). For
clarity, the zones in which there were no luminescence (outside NanoA and NanoB) were
eliminated. The temperature of NanoA is found to be around 322 K whereas it remains near

room temperature (RT) for NanoB.

4000

3000

2000

1000

Figure 2.9 a) luminescence map around NanoA and NanoB in the I; spectral region, b)
luminescence map of the same zone in the I, spectral region, ¢) SEM picture of the scanned
zone, d) cross-sections extracted from a) and b). The excitation power density was 2 mW/pm?.

The scale bar is 2 pm.
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We also measured the temperature elevation of NanoA as a function of the laser power
density without moving the sample [see Figure 2.10 (c)]. For a power density close to 3
mW/um?, we observed that T increases up to 332 K, i.e. AT = 34 K with respect to RT. More

detailed calculation and calibration on these temperature data will be detailedly explained in
chapter 2.3.2.5.
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Figure 2.10 (a) Temperature map around NanoA and NanoB for an excitation power density
of 2 mW/pm?. (b) Cross-section extracted from a) showing the temperature increase of NanoA.
(c) evolution of the temperature of NanoA as a function of the power density.

2.3.2.5 Temperature determination in our measurement

To determinate the reliability of this nanothermometer and get an accurate temperature, we
more detailedly describe here the influence of the temperature and the excitation power on the
luminescence spectra of NaYF,: Er** NCs. When NCs are excited at 1537 nm, visible
luminescence occurs after the absorption of three photons. We are interested in the green

luminescence lines, located between 510 and 532 nm (I;) and between 532 and 560 nm (1I5).
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The two levels are in thermal equilibrium [(see Figure 2.11 (a)]. When temperature is
increased, the low energy level () depopulates toward the high energy one (I,) [see the
spectra shown in Figure 2.11 (b)]. The intensity ratio between these two lines 11/l depends on

temperature with the simple relation:

I (2.2)

For a given excitation power, A is a constant than depends on the local environment like for

instance on the optical properties of the surface it is located on. B is another constant that

depends on the Boltzmann constant and on the energy separation AE between the two levels.
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Figure 2.11 a) simplified energy level of Er®* ions, b) evolution of the luminescence spectra

of NaYF,: Er** NCs as a function of temperature.

We show in Figure 2.12 the evolution of the intensity ratio 11/, and its logarithm In(l:/1,) as a
function of T and 1000/T respectively. The intensities are the integrated intensities in the
ranges 510 - 532 nm and 532 - 560 nm. At room temperature I, 5 times larger than I;. A linear
fit with eq. (2.2) allows to extract In(A) = 2.3 (A = 10.1) and B = 1170 K. At room

temperature I, is ~5 times larger than I.
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Figure 2.12 a) evolution of 1i/1, as a function of T, b) evolution of In(l1/l,) as a function of

1000/T. The line is a fit with equation 2.2.

The incident power density may also change the intensity ratio 1;/l,. Indeed, it may influence
the different energy transfers inside the NC and change the band filling. We observed this
effect by measuring 11/l when the laser is focused on NanoB which is situated on the glass

substrate (see Figure 2.8). The results are shown in Figure 2.13 (a) together with the ones for

NanoA.
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Figure 2.13 a) influence of the power density on the luminescence intensity ratio (11/1,) of

NanoA and NanoB, b) evolution of the temperature of NanoA as a function of the power

density.
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When the NC is situated on the glass substrate, the intensity ratio 11/l, diminishes a little bit
when increasing the excitation power. This tendency is the opposite of that of the temperature
which induces an increase of the ratio 1;/l,. We had to take into account this effect in the
determination of the temperature of NanoA. For that, we modified eq. (2.1) and eq. (2.2) by
the following:

ho_ ~B/T
12 A(P)e 23)

Where the constant A depends now on the incident power P. The determination of A(P) was
made by fitting the evolution of 1;/I, made on NanoB as a function of P with a simple linear
function. The results of the normalization are shown in Figure 2.13(b) [and labeled Figure
2.10(c) in the previous part]. This procedure allowed us to take into account the effect of the

power density on I/l into the determination of the temperature of the Au NRs.

2.3.2.6 Temperature elevation by numerical simulation

For a power density close to 3 mW/pm?, we observed that the T of the nanoA increases up to
332 K, i.e. AT = 34 K with respect to RT. Knowing the pump power density, we tried to
determine the temperature of the NRs from numerical simulations. Here, two models were

tried to get some temperature values:
Model 1 Temperature elevation from a single NR

We used a simple model described in ref 120. For a single NR excited by a laser beam, the

NR temperature elevation AT can be estimated from the following equation:

AT — Tabsl
4TTKR o ff 2.4)

Where oaps, |, and x are the absorption cross-section of the NRs, the power density, and the

thermal conductivity of the surrounding medium, respectively. Req and S are parameters that
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depend on the NR geometry.*®***! For a NR with a respective length and width of 100 nm and
8 nm, we estimated by FDTD that ous = 0.01 pm? at 4 = 1.537 pm (see Figure 2.6). This
value is an average value which takes into account the fact that the resonance of some of the
heated NRs may be slightly shifted from the excitation wavelength. Since the transverse
orientation does not absorb much, we divided ouys by 2 and used 0.005 um?. From ref. 120
and 121, we calculated § = 1.62 and Req= 1.05x10"® m. More difficult is an estimate of the
thermal conductivity of the surrounding medium. The NRs are sandwiched between the glass
substrate (Aglass ~ 1 W.m™.K™) and the NaYF, NC for which no exact value of « is available.
Regarding the thermal conductivity of the surrounding medium, we used an effective thermal

122 which takes into account the one of the substrate (igjass ~ 1 W.m™.K™) and the

conductivity
one of the air (xair ~ 0.024 W.m™.K™). We neglected the presence of the nanocrystal which is

of finite size and isolated in air above the NRs and used x = (kglass + &air)/2.

For a power density (1) of 3 mW/um?, we calculated with eq. (2.4) a temperature elevation AT
= 137 K, which is 4 times larger than our experimental value (AT = 34 K). The difference is
not surprising and can be explained by several reasons. As mentioned before, the value of xis
the prevailing source of error since AT is inversely proportional to it. However, it cannot fully
explain the difference. Another important reason is that what we measure is the average
temperature of the NC. Since its size is ~ 230 nm (confirmed from the SEM image as shown
in Figure 2.8), T may not be homogeneous inside, with a negative gradient between its lower
part directly in contact with the NRs and its top part that extends in free space. Finally, T may
also be different between the NC and the NRs simply by considering the nature of the heat
transfer channels involved in the thermalization process. Two heating paths are possible here
(Figure 2.14), one by direct contact, and the other one by conduction through the air gap in
the interstices or laterally by the sides. The relative importance of such channels depends on
the size of the interstices between the NRs and the NC, and on the roughness of the interfaces.
The presence of an interfacial thermal resistance between the two bodies can also alter the
efficiency of the heat transfer by direct contact. These issues are well known in nanothermics
and in scanning thermal microscopy where the measured temperature is the one of the probe,

not that of the sample.'?®
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Figure 2.14 Illustration of the different heat transfer channels between the NRs and the

fluorescent nanocrystal.
Model 2 Temperature elevation from an array of NRs

Since we are dealing with several NRs, we also tried to use a model which takes into account
the presence of several NRs close to each other and that all of them contribute to the
heating.'** Here, an estimation of the collective temperature increase of an infinite array of

NRs for a Gaussian illumination beam is given by the expression:***

AText  JabsP [In2 1
0
K 4 HA (2.5)

Where P is the laser power, H is the full width at half maximum of the beam, A is the area of
a unit cell of the NR lattice and oy, and « stand for the absorption cross section of the NRs
and the thermal conductivity of the surrounding media respectively. In our case, the NRs do

not form an infinite array, so we take H = 200 nm which corresponds to the width of the NRs
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line (see the SEM image in Figure 2.8) and A = 10™*> m? which corresponds to an area of 200
x 200 nm? divided by the number of NRs (~40). Here, as we did in model 1, we used 0.005
um? as the ows. Regarding the thermal conductivity of the surrounding medium, we used an

122 je = (Kglass + Kai)/2. Using P = | - 1t (H/2)?, where | is the

effective thermal conductivity
power density (I = 3 mW/um?), we find AT = 1079 K which is more than one order of
magnitude larger than what we measure and is above the melting temperature of the NRs.
This discrepancy can be explained by two main reasons. First, the absorption cross section we
calculated concerns an isolated NR. Here, since several NRs are close to each other, near-field
effects can occur and modify it significantly. A decrease of the absorption cross section would
decrease the temperature. Second, as we explained in model 1, there is possibly a difference
between the NRs temperature and the NC one, which makes a thermal resistance between the

two bodies can also alter the efficiency of the heat transfer by direct contact.

By the simulations above, we can see that either the simple model for an isolated nanorod or a
more complex model which takes into account several rods are not adapted to describe our
experiment. For determining the real temperature of the NRs, more complex simulations,
made by a fine element method, are necessary, but is not the scope of my work. Here, the
simple analytical simulation confirmed us that the temperature elevation occurred and is
probably larger than what is measured, showing the efficient photothermal effect of high AR

NRs at this excitation wavelength.

2.3.2.7 Comparison with other measurements
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Table 2.2 Comparison of previous temperature measurements performed on Au

nanostructures. A: Heating wavelength; AT : Temperature elevation.

Au Thermometer Surrounding  Laser AMnm) AT  Ref

nanoparticle power (K)

Au Simulation Water 1 mW/pm? 530 50 &

nanosphere

Au Refractive index of ~ Water/glass 1 mW/pm? 488 60 *

nanosphere surrounding medium

Au Ice phase Water 4x10* 520 6 126

nanosphere transformations W/cm?

Au nanorod Perylene Polymer 8 mwW/cm? 800 60 ¥

Au NaGdF,: Yb*: Er¥*  Water 198.3mW 980 20 #

nanosphere

Au nanorod NaYF, Yb**:Er¥* Liquid / 980 ~9 1

Au nanorod Fluorescein Air/glass 20 mwW ~770 ~3 ¥

Au nanorod NaYF,Er® Air/glass 3mwW/um?* 1537 34  This
work

Here, we also compare our Au NRs with other Au nanoparticles, such as Au

120125126128 and other Au NRs with different aspect ratio™?"*?**°, We summarize

nanosphere
them in Table 2.2. Although they are measured under different surroundings and laser-
excitation conditions by different thermometers, efficient photothermal effect (Temperature
elevation: AT), from a few to tens of degrees, is obvious in these Au nanoparticles. Compared

to some complex systems'?>*%

, luminescent nanothermometers (NTSs), particularly the
lanthanide (Ln) doped UCNPs have a wider application in different surroundings, such as
NaGdF,: Yb**: Er** (Ref. 128), NaYF,: Yb*":Er®" (Ref. 129) and NaYF,:Er®" in this work. It is
worth mentioning that, to our knowledge, nano-heating measurements have been performed
only in the visible and NIR range (< 1000 nm). For SWIR range (> 1000 nm) and high aspect
ratio Au NRs, the quantitative analysis of their nano-heating capacity is still rare. In addition,

the temperature elevation in this work is measured via using a single NaYFsEr** NC as a
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nanothermometer. An interesting aspect of this configuration is that the 1.537 pm laser used
for heating the Au NRs is the same than the one that excites the fluorescence of Er®* ions.
This very simple mode of operation makes the combination Au-NRs/NaYF4:Er** NC a very

powerful and versatile heater/temperature sensor.

2.3.2.8 Summary of photothermal properties

We investigated the photothermal properties of high aspect-ratio Au NRs (AR >10). They
possess a L-SPR in the SWIR region near 1.5 um, and can be easily excited with an
inexpensive SWIR laser diode. We measured the temperature elevation of a few NRs by
depositing a single Er** doped NaYF, NC on their surface. At a moderate power of 3
mW/um?, we measured a temperature elevation of 34 K on this nanothermometer. This
temperature is smaller than the one we calculated by a simple analytical model but it shows
the good capabilities of such nanostructures for achieving a local heating at this excitation
wavelength. Applications can be found in the domain of photothermal therapy in the third
biological window, or for designing cheap near-infrared detectors that use photothermal effect.
The association nanorod/nanocrystal constitutes also a very efficient heater/temperature
sensor. In order to gain in sensitivity and temperature accuracy, it would be interesting to use
smaller luminescent nanocrystals directly chemically attached to nanorods for ensuring a

good thermal transfer.

2.3.3 Au NRs/NTC-thermistor photodetector

Since we have shown that the photothermal effect of Au NRs is efficient, what we need to do
is detecting and measuring the energy, here formed as heat. About the heat from
plasmonic-induced Au nanoparticles, an important application is photothermal therapy (PTT)
as we mentioned in chapter 1. This approach is an extension of photodynamic therapy, in
which a photosensitizer is excited with specific band light. This activation brings the
sensitizer to an excited state where it then releases vibrational energy (heat), which is what
kills the targeted cells.™*' However, in our case, we want to detect the heat, then to realize the

photodetection. Like what we did in chapter 2.3.2, UCNP succeeded in detecting the change
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of temperature from the photothermal effect of Au NR, but the Au NRs + UCNP is a
complicated system, which cannot be a photodetector. At this point, we came up with some
thermistors, which have been in widely using in our daily life and industrial manufacturing
for many years due to their simple structure, low price, high reliability and convenient
maintenance. Thus, we next describe how we tried to combine the Au NRs and the thermistor

as a hybrid device to form an innovative SWIR photodetector.

2.3.3.1 Au-NR/NTC-thermistor hybrid device architecture
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Figure 2.15 (a) Au NRs in water (sample h of Table 2.1). (b) Image showing a NTC
thermistor fixed on a glass slide. Au NR water solution was drop-casted onto the thermistor.
(c) The dimension of the thermistor applied in this work. (d) SEM image of the Au NRs-coated
thermistor exhibiting mostly Au NRs on the surface of the hybrid device. (¢) A schematic
describing the hybrid Au-NRs/thermistor device structure to harvest the photothermal effect
of Au NRs for SWIR sensing.

Firstly, to demonstrate the remarkable photothermal effect of Au NR, as a proof-of-concept,
we used a low-cost negative temperature coefficient (NTC) thermistor with a

room-temperature (25 °C) resistance of 10 kQ (Series B57540G1 from TDK EPCOS).
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As-synthesized Au NRs in water (with a concentration ranging from 0.6 to 7.2 g L™!) was
drop-casted directly to coat the thermistor surface leading to the formation of a hybrid
Au-NRs/thermistor device (Figure 2.15). The optimization experiments on Au NRs solution
concentration, different thermal devices and different size of Au NRs are listed in Chapter
5.1 Annex I.

In order to perform sensing in the SWIR spectrum, we selected the sample h of Table 2.1 with
a L-LSPR maximum at 1300 nm to fabricate such Au-NRs/thermistor hybrid devices.
Scanning electron microscopy (SEM) characterization, carried out directly on the Au
NRs-coated thermistor, confirmed the thermistor surface coating to be dominated by Au NRs
(Figure 2.15d). In such a hybrid configuration, Au NRs serve as the photon absorption agent
and generate heat as a result of the decay of LSPR excitation. This leads to a drop of the
resistance of the NTC thermistor which is in contact with Au NRs and the variation of
resistance can be probed by simple electrical measurements (Figure 2.15e).

2.3.3.2 Photoresponse under monochromatic illumination

We then applied a series of monochromatic illuminations ranging from 1.0 pm to 1.8 pum and
we studied the photoresponse of the hybrid Au-NRs/thermistor (Figure 2.16). This series of
monochromatic illumination were generated by a quartz halogen lamp, a monochromator and
relevant filters. (Experiment set-up is shown in Chapter 5.1 Annex 1) The density of
illumination, determined by the lamp and the grating of the monochromator, was calibrated to
be from 0.16 mW/cm® (at 1800 nm) to 0.35 mW/cm? (at 1300 nm). Under each
monochromatic illumination, a “control device” containing only the thermistor (without Au
NRs) was equally experimented and we observed limited photoresponse at the whole
wavelength range (grey curves of Figure 2.16a). In these experiments, the illumination
applied is of relatively low intensity and therefore negligible photo-induced heating effect was
observed on the control device. By comparison, under the same illumination condition, hybrid
Au-NRs/thermistor exhibit a clear photoresponse revealed by a photo-induced resistance drop
(Figure 2.16a). Here the existence of Au NRs on the surface of the thermistor and their
photothermal effect enable a measurable photoresponse in the hybrid device in a form of

resistance variation. The response time of the hybrid device can be characterized by the rise
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and decay time, respectively defined here as the time used by the resistance to drop from its
room-temperature value to 70% of the saturation level (when illumination is on) and the time
used by the resistance to increase back to 70% of its room-temperature value (when
illumination is off). As shown in Figure 2.16b, both the rise and decay time of the hybrid
device are less than a few seconds. After normalizing the photo-induced resistance drop by
the intensity of the illumination, we obtained the responsivity (in /W) of the hybrid device
over the whole wavelength window tested. From the datasheet of the thermistor we obtained
the corresponding responsivity in °C/W. As shown in Figure 2.16c¢, in the wavelength window
experimented, the maximum photoresponsivity of hybrid Au-NR/thermistor devices shifted
slightly from A = 1.3 um to 1.4 pum when a more concentrated Au NR solution was applied.
For devices fabricated by relatively diluted Au NR solutions (e.g., 0.6 g/L and 1.2 g/L), the
responsivity peak wavelength is in good agreement with the L-LSPR maximum of the Au
NRs applied. For devices fabricated by a more concentrated Au NR solution (4.8 g/L), the
dense packing of Au NRs may lead to the observed redshift of the responsivity maximum.
Besides the slight redshifting of the responsivity maximum, the responsivity magnitude of the
hybrid devices increased as the Au NR solution concentration increased from 0.6 g/L to 4.8
g/L. This is coherent with the fact that more Au NRs are available on the thermistor surface to
exercise their nanoheater function when a more concentration Au NR solution was applied.
With a further increased concentration (> 4.8 g/L), however, we started to observe a decrease
of hybrid device performance, likely due to the increased limitation of heat transfer from very
dense Au NRs clusters to the thermistor. The most optimized hybrid device, fabricated by 4.8
g/L Au NR solution, exhibited a maximum photoresponsivity of 4.44 x 10" Q/W at A = 1.4
um (0.28 mW cm ).
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Figure 2.16 (a) Photoresponse characteristics over time of a hybrid Au-NRs/thermistor
device (fabricated by 4.8 g/L Au NRs solution) in the form of photoinduced resistance drop
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2.3.3.3 Photoresponse under 1.5 um Laser
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Figure 2.17 (a) Photoresponse characteristics over time of both the control device
(thermistor without Au NRs) and the hybrid Au-NR/thermistor device (fabricated by 4.8 g/L
Au NR solution) under the illumination of a laser (A = 1.5 um) focused on device. The
photoresponse is presented in the form of photo-induced resistance drop (W, right Y axis) or
in photo-induced change of measured current under a DC bias of 1V (Amperes, left Y axis). (b)
Normalized of photoresponse characteristics (in measured current) comparing the control
and the hybrid device under the illumination of a laser (4 = 1.5 pum, 0.5 mW, focused on
device). Current was measured under a DC bias of 1V.The response time was measured from
0% to 80% and from 100% to 20% for rise time and decay time, respectively. (c) The
evolution of the photoresponsivity (in °C/W) under the illumination of a laser (1 = 1.5 um) of
the control and the hybrid device over different laser powers experimented. (d) The
enhancement ratios calculated from the photoresponsivity (shown in c¢) of the hybrid device

over the control device (without Au NRs) at different laser powers.

In order to understand the process which limits the response speed of these types of hybrid
Au-NRs/thermistors, on the most optimized hybrid device fabricated by 4.8 g/L Au NR
solution, we further studied their photoresponse characteristics under larger illumination

intensities (by a laser diode illumination at A = 1.5 um). In these experiments a laser spot was
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focused onto the surface of the hybrid device. Various laser powers ranging from 75 pW to 50
mW were experimented (which corresponds to a power densities ranging from 6.7 mW/cm? to
4464.3 mW/cm?). In this case, as the illumination intensity is relatively high, on a control
device (thermistor without Au NRs) we can already observe a response due to the

laser-induced heating detected by the thermistor (Figure 2.17a).

By comparison, the existence of Au NRs on the surface of hybrid Au-NRs/thermistor devices
enables a clear enhancement of photoresponse (curves with solid symbols in Figure 2.17a).
After normalizing the response characteristics of the control device and the hybrid device,
near-identical rise and fall time, on the scale of 2 s, were observed on both devices (Figure
2.17b). This suggests that the limitation of response speed of the hybrid device does not
originate from the photothermal effect of Au NRs or from the heat-transfer processes between
the Au NRs and the thermistor. Instead, the limitation of response speed comes from the
response speed of the thermistor itself. This suggests that the hybrid Au-NRs/thermistor
device can potentially exhibit a shorter response time if a more performing thermistor is
applied in the hybrid device structure. The photoresponsivity (in °C/W) of both the control
and the hybrid device at each experimented laser intensity was shown in Figure 2.17c. In
particular, the hybrid device exhibited a remarkable responsivity enhancement compared to
the control device for up to 5.19-fold enhancement at 0.5 mW laser illumination. For both
control and hybrid devices, the photoresponsivity decreases as the laser power increases.

From previous studies, 2!

we do not expect the absorption of Au NRs saturates at the
current laser intensity window. After extracting the enhancement ratio from the responsivity
of the hybrid over the control device, one observed that the enhancement ratios are roughly of
the same order of magnitude over the whole laser power window experimented (Figure 2.17d).
This suggests that the decrease of responsivity along with increasing laser power originates
again from the thermistor itself. Au NRs here in the hybrid device serve as a sensitizing agent
either enabling SWIR photodetection when the illumination intensity is low (<X0.35 mW cm?,
the case of Figure 2.16) or boost the photoresponsivity when the illumination intensity is high
(the case of Figure 2.17). From the data sheet of the thermistor it is possible to obtain the
magnitude of photo-induced temperature change corresponding to the resistance change under
each laser power experimented (Figure 2.18). By subtracting the temperature change
observed in the control device from that of the hybrid device, we estimated that the

laser-induced temperature increase contributed from the Au NRs can be as high as 66 °C at a
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laser power of 50 mW (A = 1.5 um). (Relationship between resistance and temperature is

shown in Chapter 5.1 Annex I)
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Figure 2.18 Evolution of the photoinduced temperature change over laser power of the
control (black curve) and the optimized hybrid Au-NRs/thermistor device fabricated by 4.8
g/L Au NRs solution (blue curve) under the illumination of a laser (2 = 1.5 um) that was

focused on device. Red curve shows the contribution from Au NRs.

2.3.3.4 Summary of Au-NRs/thermistor photodetectors

Started from colloidal synthesis, we prepared a series of uniform solution-processed Au NRs
of various ARs (aspect-ratios) exhibiting a strong and well-defined L-LSPR maximum from
900 to 1.3 um. A hybrid device structure, composing of Au NRs on the surface of a
NTC-thermistor, was proposed as an alternative low-cost approach for sensing in the SWIR
spectrum. Under a monochromatic illumination of relatively low intensity (< 1 mwW/cm?),
hybrid Au-NRs/thermistor devices exhibit a clear photoresponse in the form of photo-induced
resistance drop in the wavelength window from 1.0 um to 1.8 um. This is in contrast to the
control device (thermistor alone without Au NRs), the photoresponse of which is negligible

under the same illumination condition. The photo-responsivity of the hybrid device reaches a
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maximum value of 4.44x10" /W at 1.4 pm, a wavelength in agreement with the L-LSPR
maximum of the Au NRs applied. At higher illumination intensities (from 6.7 mW/cm? to
4464.3 mW/cm?) achieved by a laser (. = 1.5 pum) focused onto device, due to the
laser-induced heating photoresponse was observed in both the control and the hybrid device.
Nevertheless, in this case hybrid devices exhibited more than 5-fold enhancement of

photoresponsivity by comparison to the control device.

In summary, the plasmonic-induced photothermal effect of Au NRs (i) enables the
photo-sensing capability in a hybrid Au-NRs/thermistor device structure under relatively
weak illumination and (ii) boost the photo-response of the hybrid device when illumination
intensity is high. The response speed of the current Au-NRs/thermistor hybrid device is as
short as 2 seconds, limited by the response speed of the thermistor itself. Optical sensing in
the SWIR spectrum is a challenging task, the current approach harvesting the photothermal
effect of solution-processed colloidal Au NRs thus represent a new path towards alternative

and low-cost SWIR sensing.

2.3.4 Au-NRs/Pt photodetector

In our previous work, for the first time, we proposed a hybrid device structure coupling
colloidal plasmonic Au NRs with a commercially available thermistor to achieve low-cost
SWIR photon sensing.™** These Au-NRs/thermistor devices exhibited clear photo-response in
the wavelength window between 1.0 to 1.8 um. Yet, their response speed remains slow
(rise/decay time = ~ 2 s) which was limited by the response time of the thermistor itself. A
temperature sensor with a much faster response speed would be necessary to access the full

potential of the photo-thermal effect of Au NRs.

In this part, we propose a new hybrid SWIR photodetector structure based on the coupling
between a resistive platinum (Pt) microwire and colloidal plasmonic Au NRs which is capable
to reduce the photoresponse time of more than four orders of magnitudes compared to our
previous work. Pt was chosen here due to its large temperature coefficient of resistance, wide
operation temperature range and high stability. The combination of these characteristics has

led to the extensive applications of Pt as a resistance temperature detector (RTD).****% Here
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a series of Pt microwires of various dimensions were fabricated and applied to harvest the
photothermal effect of Au NRs in an Au-NRs/Pt hybrid device structure. We anticipate that
these hybrid Au-NRs/Pt photodetectors would be able to provide a fast conversion between
SWIR photons, heat, and resistance change. This device structure maybe represent a
brand-new strategy for SWIR photodetection alternatives, meeting the needs of emerging
applications demanding reduced fabrication cost and high operation speed.

2.3.4.1 Pt micro-wire RTD and Au-NR/Pt device architecture

To fabricate resistance temperature detectors, a series of Pt microwires with different lengths
(from 1.5 mm to 10 pm) and widths (from 200 pum to 2 um) were defined by photolithography
on quartz coated glass substrates. Colloidal Au NRs dispersed in water with an optimized
concentration (4.8 g/L) were deposited onto the surface of a Pt RTD. The preparation process
is described in Figure 2.19a and Figure 2.20.
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Figure 2.19 Device fabrication, optical characteristics of colloidal Au NRs and the

morphology of Au-NRs/Pt device. (a) Schematic of the deposition process of a drop of Au NRs
solution onto the surface of a Pt microwire RTD device. (b) Optical absorbance spectrum of a

film of Au NRs on a glass substrate (the upper inset shows a schematic of the longitudinal
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surface plasmon resonance (LSPR) of Au NRs; the lower inset shows a TEM image of these
Au NRs). (c) SEM image of an Au-NRs/Pt device with a 10 pum by 2 um Pt microwire. (d)

Zoom-in SEM image of the device permitting the visualisation of Au NRs on the Pt microwire.

The optical absorbance of Au NRs deposited on a glass substrate reveals strong absorption in
the wavelength range between 1200 nm and 1600 nm (Figure 2.19b) which originates from
the longitudinal surface plasmon resonance (LSPR) of these high aspect-ratio Au NRs. As
observed in transmission electron microscopy (TEM) characterizations (insert of Figure
2.19Db), these Au NRs are relatively monodisperse with an average rod length of 94 + 13 nm,
an average rod diameter of 8.5 + 1.5 nm, and an aspect-ratio of ~ 11. Scanning electron
microscope (SEM) characterizations were carried out on a typical Au-NRs/Pt device (Figure
2.19c and d). A dense layer of Au NRs was observed on the Pt microwire RTD (Figure
2.19d).
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Figure 2.20 Detailed fabrication process for the platinum (Pt) microwire resistance
temperature detector (RTD) devices. (a) spin-coating a layer of adherence promoter (T1 from
microchemicals) and a layer of photosensitive resin (AZ5214, microchemicals). (b), patterns
with various dimensions were then defined by direct laser writing lithography (Heidelberg Ins.
laserwriter uPG101). (c), substrates were then developed by dipping the sample in a bath of
developer (AZ726 MIF, microchemicals) with subsequent DI water rising and air-drying. (d),
a Ti (5 nm)/Pt (40 nm) layer was evaporated onto the sample by an e-beam evaporator
(Plassys MEB550S). (e), the sample was lifted-off by immersing samples into a bath of

acetone. (f), Pt RTD device was formed after acetone-washing and air-drying.
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2.3.4.2 Optimizing the Au-NR/Pt hybrid devices

We fabricated and characterized various Pt microwires with different widths and lengths and
we studied the impact of them on the time-dependent photoresponse characteristics of
Au-NRs/Pt devices. Indeed, the size of the microwire is supposed to strongly influence the
heat dissipation in similar structures: Joule heating in metallic nanowires, in which, the decay
time is linearly dependent on the temperature coefficient and both increase to saturation
values with the increasing wire width.**® In order to verify the infection of Pt wire’s size on
response time, we first fabricated a series of microwires with a fixed length (1500 um) but a
variable width (from 200 um to 2 um) as large size Pt RTD devices. Au NRs were

drop-coated on these Pt wires to form Au-NRs/Pt hybrid devices, a A=1.5 pum laser (laser
spot: 1000 pum) was focused on these devices to measure their response time. The rise time
and the decay time were measured from 0% to 80% and from 100% to 20%,

respectively. A faster response was observed when the width is smaller (as shown in Figure
2.21a and Table 2.3 left). This means that smaller devices are more sensitive to the
temperature variation from Au NRs. Therefore, we fabricated and characterized much shorter
devices (width = 2 um) where we varied the length from 150 pum to 10 um (small size Pt RTD
devices). As we did on large size devices, Au NRs were drop-coated on these Pt wires to form

Au-NRs/Pt hybrid devices, a A=1.5 um laser (laser spot: 10 um) was focused on these devices

to measure their response time. We observed a similar result: The response becomes faster
when the length is smaller (Figure 2.21b and Table 2.3 right). As summarized in Table 2.3,
the narrower of the width (from 200 um to 2 um) and the shorter of the length (from 150 um
to 10 um) in these Au-NRs/Pt hybrid devices lead to a faster photoresponse. This optimizing
process means that the size of the Pt wires determines the optical response speed under

existing conditions, and it shows us an optimized device size: length = 10 um and width = 2

um.
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Figure 2.21 Summary of the response time of a series of Au-NRs/Pt devices with different

lengths and widths. (a), response time of Au-NRs/Pt hybrid devices on large size Pt RTD
devices with a fixed length (1500 um) but a variable width (from 200 pm to 2 um), a A=1.5

pum laser (laser spot: 1000 pum) was focused on these devices. (b), response time of Au-NRs/Pt
hybrid devices on small size Pt RTD devices with a fixed width (2 um) but a variable length

(from 150 pm to 10 um), a A=1.5 um laser (laser spot: 10 um) was focused on these devices.

Table 2.3 Summary of the response time (rise time and decay time) from a series of
Au-NRs/Pt devices on large size Pt RTD devices with a fixed length (1500 um) but a variable
width (from 200 pm to 2 pum) and small size Pt RTD devices with a fixed width (2 um) but a
variable length (from 150 pm to 10 pm). The response time was measure from these
Au-NRs/Pt devices under the illumination of A=1.5 um laser while it’s ON/OFF modulated at
120 Hz.

Au-NRs/Pt device (large size) Au-NRs/Pt device (small size)
Length = 1500 um, different widths Width = 2 um, different lengths
Width Rise time  Decay time Length Rise time  Decay time

[um] [s] [s] [um] [us] [us]

2 0.65 0.95 10 97 131

10 1.12 1.96 30 172 226

20 2.28 3.23 50 282 358

200 3.63 4.54 150 470 632
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2.3.4.3 Performance of the 10 um Au-NR/Pt device

To explore the interaction between SWIR photons and the hybrid Au-NRs/Pt devices, a

140141 \was applied where an Au-NRs/Pt device was illuminated by a

homebuilt microscope
A=1.5 um laser spot (diameter of ~ 10 um) while the device position was controlled by a
piezoelectric stage during a scanning experiment. As a function of the laser position on the
device surface (corresponding to each pixel of a scanning image), the resistance of the device
was analysed by measuring the voltage fell on the device under a circuit shown in Figure
2.22a with an external applied voltage of 0.1 V. The experimental set-up and schematic

diagram of device operation are shown in Figure 2.22a and b respectively.

a b
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Laser beam
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Figure 2.22 Experimental set-up of 10-um devices under a 10-pm-spot continuous laser
illumination (4. = 1.5 um) while the sample position was controlled by a piezoelectric stage.
(@) Schematic of the experimental set-up and the circuit used for device measurement; an
external voltage of 0.1 V was applied and a current-limiting resistance (207 Q) was placed in
series with the device under test; (b) Schematic of the device where the change of voltage (DV)

was measured. It is proportional to DR.

Under identical experimental conditions, such scanning experiments were performed under a
continuous laser illumination with a power density of 80 uW/um? respectively on a control
device (Pt microwire RTD without Au NRs) and an Au-NRs/Pt device (Pt microwire RTD
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covered by Au NRs). Both devices are based on a Pt microwire with a dimension of 10 um by
2 um (below termed as “10-um devices”, Figure 2.19c). The resistance mapping obtained in
such scan experiments (Figure 2.23a and c) exhibits a clear profile identical to the

morphology characterization of the Pt microwire by SEM shown in Figure 2.19c.
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Figure 2.23 Resistance mapping of 10-um devices under a 10-pm-spot continuous laser
illumination (A = 1.5 um) while the sample position was controlled by a piezoelectric stage.
(a) and (c) Resistance mappings of the control device (a) and the Au-NRs/Pt device (c) under
a 10-pm-spot continuous laser illumination. (b) and (d) The cross-sectional profiles extracted
from the mapping images shown in (a) and (c) and the resultant device response in terms of
AR or AR/R of the control device (b) and the Au-NRs/Pt device (d).

By comparison with the control device, a more pronounced resistance contrast was observed
in the Au-NRs/Pt device, indicating a drastic increase of resistance in the Au-NRs/Pt device
under laser illumination due to the plasmonic-induced photothermal effect of Au NRs: Upon
absorption of the laser illumination, Au NRs generate heat and transfer it to the Pt microwire

whose resistance is highly sensitive to any temperature change. By comparison, even though
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there is heat generated on the control device under the same laser illumination, such amount
of heat is much smaller leading to only a limited change of resistance of the device. To
quantify the difference between the Au-NRs/Pt device and the control device, the resistance
line profiles across a device obtain from the mapping experiments are compared (Figure 2.23b
and d): Here, the change of resistance due to laser illumination normalized by the device
resistance in dark (AR/R= (Riaser- Raark)/Raark) represents the relative responsivity of this type
of photodetectors. Note that there was a slight difference in the absolute value of the dark
resistance of the two devices, which is likely due to the existence of colloidal Au NRs coating
on the Au-NRs/Pt device and any possible (resistive) surfactant residue from the synthesis.
Remarkably, the AR/R observed in the Au-NRS/Pt device (AR/R=4.7%) is more than
four-fold larger than that observed in the control device (AR/R=1.1%). Clearly, such
responsivity enhancement originates from the existence of Au NRs and their photothermal

effect.

Not only being able to provide a clear photoresponse in the form of resistance change under
the A=1.5 pum laser illumination, these Au-NRs/Pt hybrid devices exhibit also fast-switching
sensing capabilities at high illumination modulation frequency. The time-dependent
photoresponse of a typical 10-um Au-NRs/Pt device under a modulated laser illumination at
various frequencies is shown in Figure 2.24. At low laser (A=1.5 pum) modulation frequency
(Figure 2.24a-c), nearly instantaneous rise/fall of the device resistance was observed at
different laser powers (from 200 pW to 1.6 mW, corresponding to a power density ranging
from 10 pW/um? to 80 pW/um?, Figure 2.24a). In particular, even under a very low laser
power (200 uW, corresponding to 10 uW/um?), the Au-NRs/Pt device is still capable to
generate a clear change of resistance under laser light (Figure 2.24a, dark curve) while only
negligible resistance change was observed in the control device under the same condition. The
photoresponsivities of both the Au-NRs/Pt device and the control device are shown in Figure
2.24b, represented by the change of resistance normalized by the laser power (AR/P in the
unit of Q/W or (AR/R)/P in the unit of %/W). By comparison to the control device, about
four-fold responsivity enhancement was observed in the Au-NRs/Pt device under different
applied laser powers, except for the case of the lowest laser power (200 pW) where the
control device exhibited no photoresponse under the same measurement condition. The
response time of this Au-NRs/Pt device can be extracted from Figure 2.24c that exhibits a

zoom-in view of the rise/decay time following a square ON/OFF laser illumination operated
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at 120 Hz. Defined as the time used by the resistance to increase from null to 80% of the
saturation level, the response time of this device is measured as 97 ps, which is more than

four orders of magnitudes smaller than the response time measured in a previous work.™*
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Figure 2.24 (a) Time-dependent photoresponse characteristics of a 10-um Au-NRs/Pt device
as a function of laser power (200 uW, 0.7 mW and 1.6 mW, corresponding to a power density
of 10 uW/um?, 35 uW/um® and 80 uW/um?, A = 1.5 um). (b) The photoresponsivity (in terms of
R/P (QIW) or (ARIR)IP (%/W), P = laser power) of the Au-NRs/Pt device at different laser
powers. () Zoom-in time-dependant photoresponse characteristics permitting the extraction
of the device response speed (rise/decay profile) under a 4 = 1.5 um laser illumination
modulated at 120 Hz. (d) Comparison of the photoresponse characteristics from the
Au-NRs/Pt and the control device under a 4 = 1.5 um laser illumination modulated at
different frequencies: 0.1 kHz, 1 kHz and 20 kHz. (e) Evolution of the photoresponse as a
function of laser modulation frequency from 200 Hz to 150 kHz for both the control and
Au-NRs/Pt device.
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Such rapid photoresponse originates from both the efficient heat transfer between Au NRs
and the Pt microwire and the optimized geometry of the Pt microwire. Indeed, as the
dimension of the laser spot applied in this work is about 10 pum, a 10-pum-long Pt microwire
can be fully illuminated by the laser spot without the laser spot shining onto the large contact
pads. If a shorter Pt microwire is used with the laser spot covering the contact pads, a large
amount of heat can be generated and thus a much longer time will be needed for the device to
cool down (when the illumination is off) leading to difficulties in switching off the device.
Beyond this optimized Pt microwire dimension, increasing either the length or the width of
the Pt microwire led also to an increased device response time (Figure 2.21 and Table 2.3). In
the devices based on either a longer or wider Pt microwire, only a part of the microwire was
illuminated by the laser and heat up by the Au NRs. A longer time is thus needed for these Pt
microwires to reach a thermal equilibrium, leading to a longer rise time. This observation is in
agreement with numerical simulations on Joule-heated nanowires** which show a longer

response time along with an increased nanowire dimension.

The fast-response time of the optimized Au-NRs/Pt device thus allows their operation at a
higher laser modulation frequency. The time-dependent photoresponse in terms of resistance
change (AR) of the Au-NRs/Pt device under a laser illumination (A=1.5 pm) with ON/OFF
modulated at 0.1 kHz, 1 kHz and 20 kHz is shown in Figure 2.24d. At all measured
frequencies, a clear enhancement of photoresponse can be observed in the Au-NRs/Pt device
compared to the control device. As modulation frequency increases, the time-dependant
resistance change (AR) starts to deviate from the rectangular form of the laser modulation.
Nevertheless, even at 20 kHz, in contrast to the control device, the Au-NRs/Pt device is still
capable to provide a clear photoresponse switching. By a lock-in amplifier, the peak-to-peak
voltage AV (V) measured on the Au-NRs/Pt device and the control device (which is
proportional to AR) as a function of the modulation frequency of the laser beam in a
continuous spectral frequency range (from 200 Hz to 150 kHz) is exhibited in Figure 2.24e.
Even at 50 kHz, the Au-NRs/Pt device still exhibited a response amplitude of 40 pV, which is
more than 10% of that measured under low frequency situation (AV = 370 uV at 200Hz).
Compared to the control device, the Au-NRs/Pt device exhibited a response more than four
times larger than that of the bare Pt control device on the whole frequency range, which is
coherent as the observations shown in Figure 2.23 b and d.
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2.3.4.4 Mapping of Au-NRs/Pt device under modulated illumination

As shown in Figure 2.23c, the observed resistance change under a continuous laser
illumination occurs mainly at the Pt microwire, where the resistance is large, but not at the
large contact pads. In order to visualize how the laser modulation frequency affects the
location of the resistance change, we next performed mapping experiments on the AR of the
device with a modulated laser. During such mapping experiments, the device position was
controlled by a piezoelectric stage. In contrast to the mapping experiments shown in Figure
2.23 under a continuous laser illumination, here, several frequencies (220 Hz, 50 kHz and 100
kHz) were applied to modulate the laser (A=1.5 um) illumination. At each frequency, the
(peak-to-peak) voltage change on the 10-um Au-NRs/Pt or control device (which is
proportional to the AR) was measured as a function of the position of the laser beam on the

device by a lock-in amplifier with a gain of 2000.

These mapping experiments thus give a direct proof of device functioning under various laser
modulation frequencies. Results obtained on the control and the Au-NRs/Pt devices are
shown in Figure 2.25a-c and d-f, respectively. For both devices, as the frequency increases,
the device responsivity decreases, this is coherent with the observation shown in Figure 2.24d.
For the control device, the light modulation induces a resistance change that extends to the
contact pads at low frequency (Figure 2.25a). As the frequency increases, the zone that
corresponds to the resistance change shrinks down to within the microwire (Figure 2.25b).
This behaviour can be explained by the fact that, at low frequency, the device has the time to
heat up and cool down to a larger area within a modulation cycle. This is no more the case at
higher frequency where the temperature stabilizes at an average value and only the microwire
region is small enough to follow the heating and cooling sequence. The same behaviour is
observed on the Au-NRs/Pt device, with a smaller device zone that corresponds to the
resistance change as the frequency increases (Figure 2.25d, e and f). By comparison to the
control device, at a given frequency, the Au-NRs/Pt device exhibits a more than four-fold
stronger response, which is coherent with observations in Figure 2.23 and 2.24. In addition, at
a given frequency, the zone that corresponds to the resistance change in the Au-NRs/Pt device
is more localized than that in the control device. This is likely due to the non-uniform
distribution (clustering) of the Au NRs on the Pt microwire contributing to a smaller heating

zone. (About the relationship between the resistances (AR) and the voltage changes (AV) we
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measured in Figure 2.25, we give the calculation process and the formulas in Chapter 5.2

Annex 11.)
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Figure 2.25 Mappings of the voltage changes measured on the control device (a-c) and the
Au-NRs/Pt device (d-f) in the circuit described in Figure 2.22 under a 10-um-spot of 2 = 1.5
pum laser modulated at 220 Hz (a, d), 50 kHz (b, e) and 100 kHz (c, f). Note that the measured
DV is proportional to DR. (g-i) The cross-sectional profiles extracted from the mapping
images with the illumination modulated at 220 Hz (g), 50 kHz (h) and 100 kHz (i).

These above results suggest that the Au-NRs/Pt device is a highly responsive photodetector

able to operate at up to a few tens of kilohertz. Surprisingly, compared to the numerous

142,143

applications in photocatalysis and cancer therapy>® 2 on photodetection the

photothermal effect of plasmonic nanoparticles has been rarely applied.** Instead, many
reported photodetectors applied colloidal plasmonic nanoparticles in the device either to

98,144,145

harvest the hot electrons generated (“hot-electron” devices) or to achieve a
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plasmonic-enhanced absorption in the absorber of the device."****® The characteristics in
terms of operation wavelengths and response speed of some representative studies applying
colloidal plasmonic metallic nanoparticles for the purpose of photodetection are summarized
in Table 2.4 together with the results from this work. Remarkably, the response speed of the
current Au-NRs/Pt device is hundreds of times to even thousands of times faster than previous
studies. In addition, compared to previous studies, the current Au-NRs/Pt device operates at

the wavelength of 1.5 um, on which low-cost Si photodetectors do not have sensitivity.

Table 2.4 Summary of the response time of the photodetectors that use colloidal plasmonic

metallic nanoparticles.

Device structure Wavelength Response time Ref.
Au NPs/TiO, 400-900 nm 15s 145
Au NRs/ZnO Nanowire 650-850 nm 0.25s %

Au NPs/Graphene 532 nm 15s 147
Au NRs/NTC thermistor 1.0-1.8 um 25s 134
Au NRs/Pt 1.5um 97 ps this work

2.3.4.5 Summary of Au-NRs/Pt photodetectors

We proposed a new hybrid device structure composed of colloidal plasmonic Au NRs to
achieve low-cost SWIR photon detection by coupling these NRs with a
morphology-optimized resistive Pt microwire. These Au-NRs/Pt photodetectors are able to
response with a rise time of 97 us under the illumination of a A=1.5 um laser. Even at an
illumination modulation frequency of 50 kHz, such Au-NRs/Pt photodetectors are still able to
generate clear photoresponse switching. A series of mapping experiments were performed
permitting a direct visualisation of the device zone where a laser illumination modulated at
different frequencies can provoke a resistance change of the device. These hybrid Au-NRs/Pt
hybrid photodetectors, exhibiting a fast response at a frequency up to tens of kHz, thus open a
new pathway for low-cost SWIR photodetection technology.
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2.4 Summary

Starting with material synthesis, solution-processed colloidal gold nanorods with high
aspect-ratio were applied to my project, showing strong plasmonic-induced photothermal
effect in the range of SWIR. In order to reveal and detect the photothermal effect from the Au
NRs, we measured the temperature elevation of a few Au NRs by depositing a single Er**
doped NaYF, nanoparticle on their surface as a nano thermometer. This experiment shows
that Au NRs have good capability for achieving a local heating under SWIR excitation.
Afterwards, a NTC thermistor and a Pt microwire were combined with the Au NRs, forming
the hybrid Au-NRs/thermistor and Au-NRs/Pt photodetectors, respectively. An effective
responsivity was observed on these hybrid devices. In particular, after continuous
optimization, the hybrid Au-NRs/Pt device showed a fast response time (97 us) under the

illumination of a A=1.5 um laser.
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3. NaYF,:Er’* for flexible SWIR photodetectors

In the previous chapter (2.3.2 Photothermal effect of Au NRs), Au NRs’ temperature
elevation is measured via using a single fluorescent Er**-doped NaYF,4 nanocrystal (NC) as a
nanothermometer. We mentioned “this very simple mode of operation makes the combination
Au-NRs/NaYF:Er** NC a very powerful and versatile heater/temperature sensor”. We also
noticed that, in this configuration, the SWIR laser (1.5 pum) used for heating the Au NRs is the
same than the one that excites the fluorescence of Er** ions (NaYF,4:Er** NC). It inspired us
that upconversion nanoparticles (e.g. NaYF4Er®* NC) can be effective sensitizers to SWIR
light. NaYF4:Er** upconversion nanoparticles (UCNPS) can be one possible strategy to
implement 1.5- um- wavelength photodetection, which plays an important role in applications
such as optical communication, environmental gas sensing, medical diagnostics, night vision,
and light detection and ranging (LIDAR).*** In particular, at the wavelength of 1.5 pm, two
advantages are offered: the optical loss of a typical silica fiber at this wavelength reaches its
minimal value™ and lasers (< 1 J/cm?) operating at this wavelength are eye-safe.’>! 1.5 pm is
therefore considered as the “magic” wavelength widely applied in optical communications.
Therefore, in this chapter, we will present that how we try to apply NaYF,:Er** UCNPs for
1.5- um- wavelength photodetection. Introduction of upconversion nanoparticle is performed
in chapter 3.1. Nanoparticles synthesis, device fabrication and measurement are performed in
chapter 3.2 Experimental section. Results and discussion of materials and device

performance are performed in chapter 3.3.
3.1 Introduction of upconversion nanoparticle

Photon upconversion refers to a phenomenon to convert low energy photons into high energy
ones. It can be carried out by various upconversion nanoparticles, which are mainly
synthesized by a low-cost solution process and absent of toxic heavy metal elements, which
meets our requirements as we summarized in our introduction of chapter 1 (Table 1.1).

Therefore, various upconversion systems in the form of solution-processed nanoparticles
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(NPs) have been synthesized,* > *>*

mostly based on the doping of trivalent lanthanide
cations in a low phonon energy hosts and performing upconversion through a two- or
multi-photon mechanism.** Since then they have been applied into many applications

155-157 158,159 160-162 and

including biomedical engineering, thermal sensing, solar energy harvest,
photodetection.'®**®" Indeed, most of these photon upconversion applications are based on
Yb* and Er** co-doped systems capable to upconvert near-infrared light with a wavelength
maximum no larger than 1.0 um (e.g. upconversion from 808 nm or 975 nm to visible
photons). Material systems able to upconvert SWIR photons remain rare. Recently, Zhang et
al. fabricated novel erbium silicate nanosheets to upconvert A = 1.5 pum photons to visible
ones.’® By combining these nanosheets with organo-lead halide perovskites, they achieved
photoconductors sensitive to A = 1.5 um with a modest photoresponsivity of 0.1 mA/W (at 1
V driving voltage) and a promising response speed (rise time ~ 900 ps). While these
perovskite-erbium silicate photodetectors are important demonstrations, they can be built only
on rigid substrates (not suitable for flexible applications) and they involve the use of lead. In
addition, the photodetector response speed is still to be improved as it is a major
figure-of-merit directly determining the application range of the devices. Equally by a
photoconductor device structure, Zhao et al. demonstrated flexible photodetectors based on a
conjugated polymer/Er®*-doped nanoparticle hybrid sensitive to the wavelength of 1.5 pm.*®
While these polymer/Er®*-doped nanoparticle hybrid photoconductors are highly interesting,
their response speed was not characterized and they suffered from high dark currents (>
mA/cm? level) likely related to the photoconductor device architecture applied. There is
therefore still room to improve towards high-performance flexible photodetectors sensitive to

SWIR photons without the use of highly toxic heavy metal elements.

In this work, by a photodiode device architecture, we propose high-performance
heavy-metal-free flexible photodetectors sensitive to A = 1.5 pum photons based on the
formation of a solution-processed organic/inorganic hybrid composing of conjugated
polymer/small molecule bulk-heterojunctions (BHJs, host) together with Er**-doped
upconversion nanoparticles (UCNPs, guest). A series of monodisperse colloidal inorganic
NaYF4Er¥* UCNPs of various dimensions were synthesized by hydrothermal routes
(Synthesis detail is shown in Experimental section 3.2.1), providing effective upconversion
of A = 15 um photons to visible ones. An organic host was applied containing a

donor-accepter BHJ blend of diketopyrrolopyrrole (DPP)-based copolymer and
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[6,6]-phenyl-C7;-butyric acid methyl ester (PC,BM). Such organic host exhibits strong
optical absorption covering the whole visible and near-infrared spectrum up to A ~ 1 um and
is thus capable to efficiently harvest most visible photons upconverted by the guest
nanoparticles. Under the illumination of A = 1.5 pm SWIR photons, optimized hybrid
BHJ/UCNP photodetectors exhibit a clear photoresponsivity of 0.73 mA/W and 0.44 mA/W
for devices built on rigid glass substrates and flexible polyethylene terephthalate (PET)
substrates, respectively. Remarkably, a fast operation speed characterized by a short
photocurrent rise time down to 80 ps was observed under the illumination of A ~ 1.5 pm
photons, which is faster by more than one order of magnitude than previous photodetector

studies applying Er®*- doped upconversion systems, %1%

, and by two to four orders than most
other nonavalanche semiconductor photodetectors at SWIR wavelengths.**!%°*"2 Exhibiting
advantages such as adaptability to flexible substrates, processability in solution, absence of
highly toxic heavy-metals, and superior performance, the hybrid organic/inorganic
photodetectors developed in this work can be a bright contender for next-generation low-cost

and high-performance SWIR photodetectors.

3.2 Experimental section

3.2.1 Synthesis of NaYF4:Er** UCNPs with tunable sizes

UCNPs were synthesized by an improved hydrothermal route.®® To adjust the dimension of
UCNPs, different concentrations of sodium citrate tribasic dihydrate (1 to 18 mmol) in 5 mL
deionized (DI) water were used to react with 1 mmol of Ln®* (e.g. 85% Y** and 15% Er®*") in
5 mL DI water and 12 mmol of NaF in 5 mL DI water. In a typical synthesis for 300-nm
NaYF,:15%Er®* UCNPs 15 mol % Er** UCNPs: a 5 mL aqueous solution of Ln(NOs)s-6H,0
(0.2 mol/L, Y**: Er** molar ratio = 85:15) was mixed with a 5 mL aqueous solution of sodium
citrate tribasic dihydrate (1.2 mol/L) under vigorous stirring until the formation of a white
precipitate of lanthanide citrate. A 5 mL aqueous solution of NaF (2.4 mol/L) was then added
slowly into the above mixture. After being stirred for 1 h, the resulting precursor solution was
transferred to a 75-mL-volumn autoclave. The autoclave was sealed and then placed into an

oven heated at 120 °C for 2 hours. After 2 hours, the autoclave was allowed to cool down to
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room temperature naturally. Subsequently, the NaYF4:15%Er** UCNPs in the autoclave were
separated from the reaction media by centrifugation (6000 rpm, 30 min) and then washed
several times with deionized (DI) water. The obtained UCNPs were then dried in vacuum at
60 °C for 24 h followed by a 300 °C annealing process for 2 hours. UCNPs of other
dimensions or with other Er®** concentrations were prepared by the same procedure.

3.2.2 Synthesis of ZnO nanoparticles

To fabricate the hybrid organic/inorganic photodetectors, ZnO nanoparticles (NP) was chose

as an electron transfer layer in this work. Here, we give the details of the synthesis:

In two separated containers, we dissolved tetramethylammonium hydroxide (TMAH) in 30
mL of ethanol (0.55 M) and zinc acetate dihydrate into 90 mL of dimethyl sulfoxide (DMSO)
(0.1 M). The TMAH solution was then added dropwise (about 2 mL/min) into the zinc acetate
DMSO solution at room temperature under stirring. This solution was further stirred at room
temperature for 1 hour and then storage in a refrigerator (4 °C) until use. At the moment of
use, 4 mL of the above-mentioned mixture was taken into a centrifuge tube. Ethyl acetate was
added into the centrifuge tube followed by centrifugation at 6000 rpm for 10 min. After
centrifugation, the mother liquid was decanted and the precipitate was collected and dispersed
into 2.5 mL of ethanol. Such centrifugation process repeated one more time. As an electron
transfer layer in photovoltaic devices, the ZnO NP solution dispersed in ethanol was then
deposited onto the substrate by spin-coating at 2000 rpm for 60 s following by a mild
annealing at 80 °C for 15 minutes.

3.2.3 Device preparation and characterization

The synthetic procedure of the polymer DPPTT-T was described in a previous work.}”® To
fabricate the hybrid photodetectors of this study, a layer of poly (3,
4-ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT: PSS, Baytron P VP Al4083), as
hole transport layer, was spin-coated onto a cleaned and pre-patterned indium tin oxide (ITO)

glass substrate or an ITO-PET flexible substrate. The photoactive layer was deposited by spin
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coating on top. To formulate the photoactive solution, a certain concentration of UCNPs (2 to
8 mg/mL) was first dispersed in a solution containing a mixture of 80% of chloroform and
20% of 1, 2-Dichlorobenzene (DCB). This UCNP solution was then used to dissolve a
mixture of DPPTT-T (6 mg/mL) and PC,BM (12 mg/mL). For devices without UCNPs, a
solvent mixture containing 80% of chloroform and 20% of DCB was used. The photoactive
solution was then spin-casted at 3000 RPM onto the PEDOT: PSS-coated substrate followed
by annealing at 130 °C for 30 minutes. The ZnO NP layer, as an electron transfer layer, was
then deposited by spin-coating the above-described ZnO NP solution dispersed in ethanol
(2000 rpm, for 60s). Finally, 100 nm of gold (Au) top electrode was deposited by thermal
evaporation with a vacuum level at 10° mbar. The active area of the cells was 4 mm?
Photodiode J-V characteristics were measured inside an Ar-filled glovebox by a
computer-controlled Keithley 2612B System SourceMeter® instrument. Devices were then
encapsulated by an UV-curing resin and an encapsulation glass before being transferred
outside the glovebox for EQE and photoresponse measurements (except for those devices
undergoing bending tests). For EQE measurements, monochromatic light was obtained from a
50 W tungsten halogen lamp in combination with a monochromator (Oriel Cornerstone 130)
and it was modulated by mechanical chopper. Under each monochromatic wavelength, the
device short-circuit current Ic was measured in air by a Stanford Research systems SR570
low-noise current preamplifier and a SR810 DSP lock-in amplifier. A NIST-calibrated Si and
Ge cells were used as reference. For visible and SWIR device photoresponse, devices were
under the illumination of a modulated laser either with a wavelength of 517 nm or 1.5 pm.
The photo-induced current was measured by a SR570 low-noise current preamplifier together
with a digital phosphor oscilloscope (DP0O2024B). Bending tests of the flexible devices were

carried out by a home-built adjustable mechanical stretcher set-up.

3.2.4 Structural and optical characterizations

SEM characterizations of UCNPs and device films were performed by a FEI Magellan 400
system with a standard field emission gun source, as shown in the following fugures:

Figure 3.1 (a-d) SEM images of NaYF415%Er®* UCNPs of different dimensions and
NaF/citrate/Ln** molar ratios applied in the synthesis. (a-d) correspond respectively to the
sample 1, 3, 4, and 6 listed in the Table 3.1.
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Figure 3.2 (a-d) SEM images of NaYF4;15%Er®* UCNPs of different dimensions and
NaF/citrate/Ln** molar ratios applied in the synthesis. (a-d) correspond to the sample no. 2, 5,
7 and 8 of Table 3.1 respectively.

Figure 3.8 (c) SEM image of a typical hybrid film containing the DPPTT-T/PC,,BM BHJ
host with the upconversion guest NPs incorporated inside. Insert shows a zoom-in SEM
image of this film.

XRD spectrum of UCNPs was obtained by a PANalytical X’Pert X-ray diffractometer using
Cu-Ka radiation, as shown in the following fugure:

Figure 3.3 XRD patterns of the UCNPs synthesized with different NaF/citrate/Ln** molar
ratios plotted together with the reference pattern JCPDS no. 00-016-0334.

UV-Visible absorption spectra were recorded in a transmission mode by an Ocean Optics
HL-2000 fiber-coupled tungsten halogen lamp and an Ocean Optics HR4000 spectrometer
(200-1100 nm). Steady-state fluorescence measurements was recorded in a reflection mode by
the same Ocean Optics spectrometer with the sample being excited by a A = 1.5 um single mode
pigtailed laser diode. They are shown in the following fugure:

Figure 3.5 The upconversion fluorescence spectrum obtained on a single NaYF4:Er** NP with
10% (black), 15% (red), or 20% (blue) Er** doping. Laser excitation wavelength = 1.5 pm.

For single-particle fluorescence measurement, diluted UCNPs were first casted on a
microscope glass slide. The microscope glass slide was then placed in an optical microscope
with the & = 1.5 um laser excitation being focused on a single UCNP by a transmission mode.
Single-particle upconversion fluorescence spectra were recorded by a CCD camera coupled
with a monochromator (HORIBA Jobin Yvon), as shown in the following fugure:

Figure 3.5 The upconversion fluorescence spectrum obtained on a single NaYF4:Er®* NP with
10% (black), 15% (red), or 20% (blue) Er** doping. Laser excitation wavelength = 1.5 pm.

3.3 Results and discussion
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3.3.1 Size-tunability of NaYF,:Er**

A series of monodisperse colloidal NaYF4:15%Er** UCNPs were first synthesized by an
improved hydrothermal route.®® To adjust the size of the upconversion nanoparticles, different
molar amounts of sodium citrate tribasic dihydrate were used to react with a fixed amount of
Ln** (containing 85% Y** and 15% Er®*") and NaF. Detailed preparation process is described
in the experimental section. With the rest of the synthetic parameters being identical, the
amount of sodium citrate tribasic dehydrate allowed a tuning the UCNP particle dimension
from 150 nm to 1000 nm. The morphology and dimension of the as-synthesized UCNPs were
characterized by scanning electron microscope (SEM, Figure 3.1 and Figure 3.2). Powder
X-ray diffraction (XRD) confirmed that the crystal structure of all batches of UCNPs of
different dimensions to be the hexagonal 3 phase (Figure 3.3), which is generally considered
as the phase allowing strong fluorescence in contrast to the cubic o phase.!’”* The synthesis

parameters and characteristics of the samples are summarized in Table 3.1.

Figure 3.1 (a-d) SEM images of NaYF4:15%Er®* UCNPs of different dimensions and
NaF/citrate/Ln*" molar ratios applied in the synthesis. Scale bar = 1 pm. (a-d) correspond

respectively to the sample 1, 3, 4, and 6 listed in the Table 3.1.
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Table 3.1 Synthesis conditions and characteristics of the samples.

Sample no. NaF/citrate/Ln*" molar Phase Morphology Size (nm)?
ratio
1 12:1:1 B Hexagonal 1050 £ 70
prism
2 12:2:1 B Ellipsoid 600 + 37
3 12:3:1 B Ellipsoid 400 £ 34
4 12:6:1 B Ellipsoid 300+21
5 12:9:1 B Ellipsoid 260 + 20
6 12:12:1 B Ellipsoid 220 + 23
7 12:15:1 B Ellipsoid 180 + 31
8 12:18:1 B Sphere 150 * 26

a) Error bars are calculated based on the measurements of 50 UCNPs from their SEM

images.

3.3.2 Optical property of UCNPs and UCNP-organic hybrids

The obtained NaYF4:15%Er** UCNPs exhibited strong room-temperature fluorescence under
the excitation of a A = 1.5 um laser. At this excitation, multiple fluorescence peaks were
observed in the fluorescence spectrum, with their maximum intensity falling at the
wavelength of 980 nm (infra-red), 810 nm (infra-red), 650 nm (red), 545 nm (green), and 520
nm (green) (Figure 3.4). Mechanisms have been proposed to explain the such photon
upconversion property in similar rare-earth-doped fluoride crystals.'®*" For instance, by a
simplified picture, the red and the two green emission lines originate from a three-photon
upconversion mechanism following by the de-excitations respectively from the *Fg/, *Ss52, and

2Hy15, State to the *I155; State (Figure 3.4).
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Figure 3.4 Schematic illustrating the energy transitions corresponding to the upconversion
fluorescence observed under the excitation of a A = 1.5 um laser. ETU = energy-transfer
upconversion, GSA = ground-state absorption, CR = cross-relaxation, ESA = excited-state

absorption.

UCNPs of other Er** doping amounts were also investigated. From single-particle
fluorescence experiments, a NaYF4:Er®* UCNP with 15% Er** doping appeared to exhibit the
strongest upconversion fluorescence compared to a NaYF4Er®* UCNP with 10% or 20% of
Er** doping (Figure 3.5). 15% of Er** doping was therefore chosen for the photodetector
experiments described below (Figure 3.6). For a typical batch of NaYF,:15%Er** UCNPs
with a particle dimension of 300 nm, the upconversion fluorescence quantum yield (under a A
= 1.5 um laser excitation at 45 mW) was determined to be about 2% using an integrating

sphere by a method established previously.

(Experiments set-up on the measurement of a
single UCNP and the upconversion fluorescence quantum yield are shown in Chapter 5.3

Annex 111.)
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Figure 3.5 The upconversion fluorescence spectrum obtained on a single NaYF4:Er** NP

with 10% (black), 15% (red), or 20% (blue) Er®* doping. Laser excitation wavelength = 1.5

um.
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Figure 3.6 UV-vis absorbance spectra of a BHJ blend of DPPTT-T:PC7,BM in solution (grey)
and in the form of a thin film (red). The upconversion fluorescence spectrum of the
NaYF,:15%Er®* UCNPs with a dimension of 300 nm is exhibited by the blue curve with open

squares (laser excitation A = 1.5 um, power = 25 mW).
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(b)

Figure 3.7 The molecular structure of DPPTT-T and PC;BM is shown in (a) and (b),

respectively.

In order to harvest the multiple upconversion fluorescence peaks from NaYF,:15%Er**
UCNPs, a bulk-heterojunctions (BHJ) blend of
poly-thieno[3,2-b]thiophene-diketopyrrolopyrrole-co-thio-phene (DPPTT-T) and PC;,BM
was employed as the organic host to incorporate the inorganic upconversion guest NPs in
solution before the hybrid solution being spin-coated on a substrate for device fabrication
(Figure 3.7). Such diketopyrrolopyrrole (DPP)-based copolymer DPPTT-T has been shown
as a high-mobility polymer leading to high-performance field-effect transistors and
photovoltaic devices.'”**"" As shown in Figure 3.6, the BHJ blend of DPPTT-T/PC;,BM
exhibited a broad optical absorption covering the whole visible and near-infrared spectrum up
to the wavelength of about 1 um. This organic blend should therefore be capable to absorb the

majority the upconversion fluorescence generated by the guest particles.

3.3.3 Device architecture and photoresponse performance

The schematic describing the hybrid BHIJ(DPPTT-T/PC,BM)/UCNP photodetector device
architecture and the device operating principle are shown in Figure 3.8a and 3.8b. In these
hybrid photodetectors, the inorganic guest UCNPs are sensitive to A = 1.5 um illumination on
which the organic host has limited absorption capability. SWIR photons are upconverted by
UCNPs to visible ones followed by energy transfer to the organic BHJ host, where

electron-hole pairs are generated, separated and transported toward the respective transport
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layers (ZnO and PEDOT:PSS), and then they are collected by the respective electrodes (Au
and ITO). We first optimized the device performance by comparing the incorporation of
various batches of guest UCNPs of different dimensions. Previous photovoltaic studies
showed that the thickness of the active BHJ layer is typically smaller than 400 nm for

efficient charge transport and extraction.® 1%

(a) (b) LUMO (P;,CBM) —
@ : UCNPs % Ealo - S,
S Al

Zno A=15 um._'—‘

he o
BHJ ™S (o)
el @@ HOMO (DPPT-TT)
Substrate (Glass or PET) 9|

Figure 3.8 (a) Schematic describing the hybrid BHJ(DPPTT-T/PC7BM)/UCNP
photodetector device architecture. (b) Schematic of the operating principle of such hybrid
photodetector by upconversion. (¢) SEM image of a typical hybrid film containing the
DPPTT-T/PC7BM BHJ host with the upconversion guest NPs incorporated inside. Insert

shows a zoom-in SEM image of this film.

Here, the UCNPs to be incorporated in the organic layer were thus chosen to have a
dimension smaller than 400 nm in order not to drastically increasing the surface roughness of
the hybrid layer, despite the observation that the fluorescence quantum efficiency increases
along with the UCNP dimension. Devices containing five different batches of UCNPs of

various particle dimensions ranging from 180 nm to 400 nm were compared (Figure 3.9).
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Figure 3.9 Comparison of the obtained photocurrent  from  hybrid
BHJ(DPPTT-T/PC;BM)/UCNP photodetectors fabricated with UCNPs of different particle
dimensions. Photocurrents were obtained under 4 = 1.5 um laser illumination with a laser
power of 9.6 uW (black) or 0.32 mW (red).

Among them, 300-nm UCNPs enable the largest photocurrent in these hybrid photodetectors
and they were then chosen for further studies described below. Besides the UCNP dimension,
the amounts of UCNPs to be incorporate into the hybrid devices are also optimized by
changing the UCNP solution concentration during the device fabrication (Figure 3.10). The
SEM characterizations of a hybrid BHJ(DPPTT-T/PC,BM)/UCNP film fabricated by the
optimized conditions are showed in Figure 3.10c, where a uniform dispersion of UCNPs in
the organic layer is visible without the formation of neither large aggregates nor a compact

NP layer.
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By the above-mentioned optimized conditions, hybrid photodetectors were fabricated both on
rigid 1TO/glass and flexible ITO/PET substrates. These hybrid photodetectors exhibit a clear
rectifying behavior (Figure 3.11). Despite the wide band-gap and insulating nature of these
UCNPs,*® with an optimized NP concentration, their existence did not impede significantly
the functioning of the BHJ photodiode. Importantly, under the illumination of a A = 1.5 um
laser at different laser powers, these photodetectors offered a fast rise of photocurrent without
the need of any driving voltage and a low dark current on the order of 10° A (Figure 3.12a).
At A = 1.5 um illumination, the photoresponsivity of these hybrid photodetectors reaches 0.73
mA/W and 0.44 mA/W for rigid devices built on ITO/glass and flexible devices on ITO/PET,
respectively (Figure 3.12b). By comparison to rigid devices, the slight reduction of
photoresponsivity in flexible devices may originate from the differences in sheet resistance,
surface roughness and optical transmission. In the organic BHJ device without any guest
UCNPs, there was a weak photoresponse at A = 1.5 um illumination possibly originates from
the near-infrared absorption of the charge-transfer complex generated in the BHJ host (Figure
3.12b). Nevertheless, the photoresponse from such charge-transfer complex remains small by
comparison to the hybrid devices, which exhibit a significantly higher photocurrent nearly by
2 orders of magnitudes. More importantly, at low laser power (< 10™* W) illumination, devices
without any guest UCNPs are no longer capable to perform photodetection while hybrid
devices generate clear photocurrent. The time-dependent photoresponse of the hybrid device
under the illumination of a A = 1.5 pum laser at 9.6 pW modulated at 7 Hz and 1.177 kHz is
shown in Figure 3.12c. The time-dependent photoresponse of the hybrid device under visible
illumination (A = 517 nm laser, power = 1.5 pW) is shown in Figure 3.13. From a single
representative light/dark cycle at A = 1.5 um illumination (Figure 3.12d), one can analyze the
response time of a typical hybrid device. Defined as the time used by the photocurrent to
increase from null to 80% of the saturation level or the time used by the photocurrent to
decrease from the saturation level to 20% of it, the rise (tr) and decay time (tp) of the hybrid
device were measured as 80 us and 120 s, respectively. Being an important figure-of-merit
for photodetectors, the response speed of these hybrid devices characterized by a short rise
time is faster by more than one order of magnitude than previous photodetector studies
applying Er**-doped upconversion systems.'®®® The external quantum efficiencies (EQES)
of these hybrid photodetectors over the visible — SWIR spectrum are shown in Figure 3.12¢,

revealing an EQE up to 102 % at A = 1.5 pum.
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Figure 3.12 (a) Time-dependent short-circuit current (bias voltage = 0 V) of an optimized
BHJ/UCNP photodetector under the illumination of a 4 = 1.5 um laser at different laser
powers. (b) Photocurrent and photoresponsivity as a function of incident laser power of the
hybrid photodetector built on a glass substrate and a flexible PET film presented together
with the characteristics obtained from a device without any guest NPs incorporated. (c)
Time-dependent photoresponse under the illumination of a 4 = 1.5 um laser at 9.6 uW
modulated at 7 Hz and 1.177 kHz. (d) Response time study on a single representative
light/dark cycle (1r = rise time, and 1p = decay time). (e) External quantum efficiency (EQE)
of the hybrid photodetector built on a glass substrate and a flexible PET film. Inset exhibits
the optical image of a flexible hybrid photodetector.
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Figure 3.13 (a) The time-dependent photoresponse of an optimized hybrid device under the
illumination of a A = 517 nm laser (power = 1.5 yW) modulated at different frequencies. (a)
photoresponse under low and high frequency. (b) Response time study on a single
representative light/dark cycle under A = 517 nm laser illumination (1 = rise time, and 1p =

decay time).

3.3.4 Comparison with other SWIR photodetectors

Similar SWIR photodetector studies capable to detect A = 1.5 um illumination were
summarized in Table 3.2 together with the current results. These hybrid
BHJ(DPPTT-T/PC7BM)/UCNP photodetectors are one of the rare cases that exhibit
simultaneously multiple advantages including solution-processability, flexibility, and the
absence of toxic heavy metal elements together with a fast operation speed and good

photoresponsivity.
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Table 3.2 The performance of photodetectors based on different materials under A = 1.5 um

illumination.
Driving . No heavy .
Materials voltage® Responsivity Rlse{Decay metal Solution- Flexible Ref.
time processed
V) elements
Monolayer 1 2 AW v N N 182
graphene 0. 0. ~50s
0.1 AW (@1
Chip-integrated V) ) b 19
graphene Otol 15 MAMW (@0 100-200 ns Y N N
V)
Go'ggghzggay " 10 83 AIW 600 ns Y N N 183
5 10 ms/ 184
Graphene-PbS 5 5x10°A/W 100ms to 1 s N (Pb) N N
Black phosphorus  0.1/11 6 mMA/W 0.1 $2/0.3 Y N N 185
MoS, 10 ~33 mA/W - Y N N 186
. 0
CgAI ot osmaw - Y NN @
iven)
CaSnSs Quantum 0.93MAMW 415385 Y Y N 198
PbS:P3HT:PCBM -5 0.5 A/W 69 ps/91us N (Pb) Y N 189
PbS 0to-1 ~0.1 AIW ~50 ps N (Pb) Y N 190
Pem";‘i‘l'itg;erb'”m 1 0.1 MA/W 0.9 ms N (Pb) N N 168
0
Grap,t‘lecnii'lfnuﬂp (Self-dr 1916 MAW  0.79s5/054s Y N Y 191
iven)
0 0.73 mA/W
DPPTT-T/PC,,BM (glass) This
/ NaYFEr* (Si\?:;;jr 04amaw  BOMS120ps Y Y Y work
(PET)

# For some studies based on field-effect transistor structures, two applied voltages are indicated:

source-drain voltage Vs / gate voltage V,

® Estimated from device bandwidth
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3.3.5 Mechanical bending tests on flexible hybrid devices

Mechanical  bending  tests were carried out on the flexible hybrid
BHJ(DPPTT-T/PC70BM)/UCNP devices built on ITO/PET substrates in order to test their

robustness. Through an adjustable mechanical set-up***'*

(shown in the insert of Figure
3.14a), a more than 120° bending angle was given on these devices and the photocurrent
under A = 1.5 pum illumination was measured after a certain bending times (Figure 3.14).
Minimal photocurrent roll off (~ 5%) was observable after five hundred bending times. As
shown in Figure 3.14b, after two hundred bending times, the time-dependent photoresponse
under A = 1.5 um illumination of the flexible hybrid device is nearly identical as that before

bending, suggesting a highly reproducible photodetector functionality for flexible

applications.
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Figure 3.14 Bending test of a flexible hybrid BHJ(DPPTT-T/PCoBM)/UCNP photodetector
built on a ITO/PET substrate. (a) Photocurrent of this device measured after a certain
bending times under the illumination of a 4 = 1.5 um laser at 96 pW. (b) Time-dependent

photoresponse of the same device after 1-time-bending and 200-time-bending.
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3.4 Summary

In summary, high-performance heavy-metal-free flexible photodetectors sensitive to A = 1.5
pum photons were fabricated based on the formation of a solution-processed hybrid composing
of a conjugated DPP-base polymer/PC,BM BHJ organic host together with inorganic
NaYF.:15%Er®" upconversion guest particles. In these hybrid photodetectors, the inorganic
guest UCNPs are sensitive to A = 1.5 um illumination on which the organic host has limited
absorption. SWIR photons are upconverted by UCNPs to visible ones followed by energy
transfer to the organic BHJ host, where photocurrents were generated. Under the illumination
of A = 1.5 um SWIR photons, optimized hybrid BHJ/UCNP photodetectors exhibit a
photoresponsivity of 0.73 mA/W and 0.44 mA/W respectively for devices built on rigid
ITO/glass substrates and flexible ITO/PET substrates. In these devices, a fast operation speed
characterized by a short photocurrent rise time down to 80 ps was observed. Mechanical
bending tests revealed a highly reproducible character in these hybrid photodetectors even
after hundreds of bending times for flexible applications. Exhibiting simultaneously multiple
advantages including solution-processability, flexibility, and the absence of toxic heavy metal
elements together with a fast operation speed and good photoresponsivity, these hybrid
BHJ(DPPTT-T/PC7BM)/UCNP photodetectors open bright opportunities for next-generation
low-cost and high-performance SWIR photodetectors.
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4. Conclusion and perspectives

In this thesis, | first introduced the current status and technological prospect of SWIR
photodetectors and revealed the potential of solution-processed nanocrystals in the
next-generation of photodetection with the merits of low-cost and environment

considerations.

Towards the objective of SWIR photodetection, two types of colloidal nanocrystals were used
into my project: 1) solution-processed colloidal gold nanorods with high aspect-ratio as well
as strong plasmonic-induced photothermal effect in SWIR spectrum; 2) a series of
NaYF4Er®" upconversion nanocrystals with the capacity of converting a near-infrared (1.5

pm) excitation into visible emissions.

In order to harvest the remarkable photothermal effect from the Au NRs, a hybrid device
structure is formed composing NTC thermistor or a Pt microwire and the Au NRs:
Au-NRs/thermistor and Au-NRs/Pt, respectively. For Au-NRs/thermistor photodetector, the
plasmonic-induced photothermal effect of Au NRs (i) enables the photo-sensing capability in
a hybrid Au-NRs/thermistor device structure under relatively weak illumination and (ii) boost
the photo-response of the hybrid device when illumination intensity is high. The response
speed of the current Au-NRs/thermistor hybrid device is as short as 2 seconds, limited by the
response speed of the thermistor itself. For Au-NRs/Pt photodetector, it is able to response
with a rise time of 97 ps under the illumination of a A = 1.5 um laser. Even at an illumination
modulation frequency of 50 kHz, such Au-NRs/Pt photodetectors are still able to generate

clear photoresponse switching.

For the NaYF,Er** upconversion nanocrystals, a new hybrid UCNPs/Polymers device
structure was proposed to harvest 1.5-um-wavelength as a low-cost and flexible SWIR
photodetector. This hybrid device has a fast response time of 80 ps under the illumination of

1.5-um-wavelength light. Owing to the effective up-conversion capability of the UCNPs, the
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flexible hybrid device can possess a 0.44 mA/W responsivity at a low laser power of ~ 0.1
MW,

These results along with their characters of solution-process and absence of toxic heavy metal
elements make these hybrid photodetectors promising candidates for new strategies towards a
low-cost and wearable SWIR photodetection technology.

Here, we also give some ideas on the future developments for these hybrid devices. In terms
of the perspectives to further improve the performance of these Au-NRs based devices,
possible directions include engineering methods to load more Au-NRs or other more efficient
photothermal nanomaterials onto the Pt microwire, as well as the formation of modules
including multiple arrays of Au-NRs/Pt devices. In terms of the perspectives to further
improve the performance of hybrid UCNPs/Polymers devices, possible directions include
improving the quantum yield of UCNPs by surface modification and looking for more

efficient light absorbers.
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5. Annex

5.1 Annex I. supporting information for Au-NRs/thermistor

We confirmed that different concentrations of Au NRs were dropped-coating onto the surface
of these NTC thermistors. The SEM images of Au NRs deposited from a solution different

concentrations are shown here:

(a) 0.6 g/L

Figure Al.1 SEM images of Au NRs deposited on a glass substrate from 1 drop (3 L) of Au
NR water solution of (a) 0.6 g/L, (b) 4.8 g/L, and (c) 7.2 g/L concentration, respectively.

To measure the photoresponse and the resistance changes from these NTC thermistors and

Au-NRs/thermistor hybrid devices, we built a measurement set-up to control the light source

and collect the current signals:
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Figure Al.2 Experiment set-up for measuring the photorespone performance of
Au-NRs/Thermistor.

In our initial optimization process, we also measured the photorespone performance of Au
NRs on some other commercial thermistors, such as NTC disc thermistor and platinum
resistance Pt100 thin fill detector. They can also work, but the photoresponse was very slow,

as shown on Figure Al. 3, the response time we measured in an Au-NRs/Pt100 device was
larger than 15 seconds.
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Figure Al.3 Response time (rise time and decay time) on an Au-NRs/Pt100 device.

86



On the commercial NTC thermistors, there is a definite relation between the resistance and

the temperature. Thus, in our Au-NRs/Thermistor devices, we can gain the response data and

photoresponsivity on both resistance and temperature units.
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Figure Al.4 (a) R/T characteristics of NTC thermistor from 0 °C to 160 °C. (b) Zoom in the

part of room temperature (22 °C to 28 °C), it can be regarded as a first order linear change.

Different amounts of Au NRs can provide different photothermal capabilities, so we tried to

give an optimized experiment on these Au-NRs/thermistor hybrid devices and obtain the

optimal Au NRs concentration:
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Figure AL5 The

enhancement ratio calculated from the photoresponsivity of an

Au-NRs/thermistor hybrid device over the control device (without Au NRs) under the

illumination of a laser (A = 1.5 um, 50 mW) for different hybrid devices fabricated by a drop

(3 L) of Au NRs solution of different concentrations.
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Concerning the photothermal effect happened on all kinds of metal nanoparticles, so we
fabricated a hybrid Au-NRs/thermistor device on another batch of Au NRs (sample b of Table
2.1). The obtained data is shown below. As shown in the Figure Al.6 a below, a typical hybrid
device (by sample b, Table 2.1) exhibited a photoresponsivity peak from 900 nm to 1200 nm,
which was in good agreement with the absorbance of this batch of nanorods drop-casted on a
glass slide (shown in Figure AlL6 b). Clear photoresponse from this device was also observed
under the illumination of a 975 nm laser (Figure AL6 c). These data confirm the
reproducibility of the approach of hybrid Au-NR/thermistor by the photothermal effect of Au
NRs proposed in this project.
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Figure AL6 (a) The photoresponsivity (in Q/W) of a typical Au-NRs/thermistor device
fabricated by 1.2 g/L of Au NR solution from the batch of sample b listed in Table 2.1 (main
text) over the whole wavelength window tested. All resistance was measured under a DC bias
of 1 V at room-temperature. (b) Optical absorbance of this batch of Au NRs drop-casted on a
glass slide. (c) Photoresponse characteristics over time of the hybrid Au-NRs/thermistor
device measured in (a) under the illumination of a laser (A = 975 nm, 0.18 mW) focused on
device. The photoresponse is presented in the form of photo-induced change of measured
current under a DC bias of 1V.
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Since we measured a broadband photoresponse in NIR and SWIR range, we think it is due to
the near-field coupling effects, which appear when these Au NRs get very close to each other
and/or in mechanical contact with each other. Thus, here we confirmed the near-field coupling
effect by measuring these Au NRs in water and on glass with different concentration. As
shown in Figure Al.7, when the concentration increased, the Au NRs can be more close to
each other and/or more in mechanical contact with each other, so they can give a much clearer

near-field coupling effect and then a broadband and red-shifted absorption.
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Figure AL.7 Absorption of Au NRs and their near-field coupling effects in water and on glass

with different concentration.

5.2 Annex Il. Supporting information for Au-NRs/Pt device

To confirm the relationship between the resistances (AR) and the voltage changes (AV) we

measured in Figure 2.25, we show here the calculation process and the formulas:
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10pm device 6_7dec2018

AC measurements

Lateral illumination, laser 1.537um, laser max 380mA, spot size = 10um
We measure the resistance as a function of the laser position on the surface.

The laser is modulated. With a lock-in amplifier, we measure the voltage variations at Rdev

Vmeas The voltage applied to the circuit is constant : Vapp = 0.1V
on lockin We have - v
i = app (1)
Rdev Rser = 207 Raey + Rser
MM N\N‘ So we have: . Raev'Vg
Vineas = Rgep " | = ———22 2
| meas dev Raev+Rser (2)
Reer * V,
SO Rd — Ser meas (3)
g v Vapp - Vmeas

Vapp = 0.1V

Knowing Vmeas it is easy to calculate Rdev, in a DC mode.

In an AC mode with a lock-in amplifier, it is different.
The lock-in amplifier measures a small modulation of Vmeas.

Rdev= 207 x Vmeas / ( 0.1 - Vmeas )

Calibres:

220 Hz : 5 mV
10 kHz : 5 mV
100 kHz : 1 mV
150 kHz : 1 mV

max =4,327e-4

Let us try to calculate how to convert what we measure in resistance variations.

Vineas = Vo + AV
Rger = Ro + AR

So, here we gave two methods to prove the relation between the AR and AV:

1st method

Vmeas d VO + AV

Rgep = R + AR With the lock-in, we measure AV.

_ (RO + AR) : Vapp
Ro + AR + Rypr
_ (Rser + RO) “AV

(4)

From (2), we have: V, + AV

: AR
So: Vapp — Vo — AV
AR = 337,83 - AV
T 0,06127 — AV

If we neglect AV in the bottom (small variation), we have :

2nd method
dv v

Vapp=0,1V

Rdev = RO = 130,83 Q)
Rser = 207 QQ
1=0,296 mA

V0 =0,03873V

Rdev= 207 x Vmeas / ( 0.1 - Vmeas )

Calibres:
220Hz:5mV
10 kHz : 5 mV
100 kHz : 1 mV

max = 4,327e-4

150 kHz : 1 mV

AR = 5513,79- AV

Riey - Vapp

. _ app
We take the derivative of (2)

deev - Rdev + Rser B (Rdev + Rser)z

av

av

dRgey =

Vapp ’ (Rdev + Rser) Riyey- Vapp

RSET'

(Rdev + Rser )2

We find the same relation  dR,,, = 5513,79 - dV

- (Rdev + Rser)z

[+———Ser
Rdev + Rser
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We had to take into account of the lock-in acquisition calibers.
For the device, we had : 5 mV for 220 Hz, 5SmV for 50 kHz and 1mV for 100 kHz

For the control device, we had :1 mV for 220 Hz, 200V for 10 kHz and 200uV for 100 kHz

The scales in the images above have been corrected for the different calibers used and they
have been converted as if the measurements had been performed with the 5 mV caliber. So we
can compare them.

However, we have to know that : the lock-in converts the full scale of its caliber (for instance 5mV) to 10 V.
That means that 1 V measured corresponds to 500V if the caliber is 5mV.

To convert the above scales into (), we have to use the formula dR ., = 5513,79 - dV divided by 2000.

The scales of the above images can be converted into Q by using : ARy, = 2,7565 - AV

Prior to testing these Au-NRs/Pt devices, we firstly confirmed that Au NRs can be deposited
relatively uniformly on Pt microwires. From the SEM images, we can observe that the Au

NRs film is well deposited on Pt microwire.

Figure All.1 (a) SEM characterization of colloidal Au NRs deposited onto the Au-NR/Pt
device. Three different zones (b, ¢ and d) of the device were confirmed.

About these thermal devices (like the devices in this work: Au-NR/Pt devices), please note
that these photodetectors are resistive devices. Therefore, the presented photoresponsivity of
this work is different from those of a photoconductive or photovoltaic device on which the
photoresponsivity is typically given by the change of measured current (Al) normalized by the
laser power (P), i.e. Al/P in the unit of A/W.
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Under a laser power of 0.2 mW, the measured photoresponsivity of the current device reached
4500 /W, this is equivalent to a responsivity of 340 mA/W (under a DC bias of 1V), as shown
in Figure All.2. To facilitate comparison to other works, this figure (Photoresponsivity in
terms of R/P (/W) and the corresponding (Al)/P (mA/W) under a DC bias of 1V (P = laser
power)) was put at below:

400
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.. TR ]
4000 [~ e soo %‘
g’sooo o ; "W > E
2 [ ™ Au-NRs/Pt Tl =
£ . =" 4200 £
2] [ Au-NRs/Pt b (%)
8. 2000 - ® Control é
(7] - @ trol
&) : Contro | J100 é)
1000 Joeeenennnan. .'e.": ........ .\r.:.).....‘. .........
roeeenneeeane A\..‘ ......... @ eennn @ -anen .
1 [ R 1 1 | 0

0.2 0.6 1 1.4 1.8
Laser power (mW)

Figure All.2 The photoresponsivity (in terms of R/P (UW), P = laser power) and the
corresponding (Al)/P (mA/W) under a DC bias of 1V (P = laser power) of the Au-NRs/Pt
device and the control device at different laser powers. The dash lines represent the linear fit
of the data.

To confirm the contribution of the Pt structure, especially the 10 um zone, we show here the
normalized voltage drop for different frequencies:
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Figure AIL3 The normalized voltage drop for different frequencies measured on the
Au-NRs/Pt device shown in Figure 4 of the main text allowing the comparison on its spatial
distribution.
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We also show here the performance and characterization of other devices based on 20-um and
30-pum sized Pt microwires. We examined the morphology and photoresponse of Au-NRs/Pt
devices fabricated with a 20-um-long and a 30-pum-long Pt microwire (Figure All.4, AllL5
and AlL6). Similar characteristics were observed in these devices compared to the 10-um

devices described in the main text.

192 d ]
= Control device
200+ ARR 8
g5 -
) L
wn L
= c ARR =3.3% 4 X
83 | ---1pToe--- 2
S '2190' ) "A‘ I ‘2 =
>~ rhadenl | 1
m 1 ‘M
s 185 M m—t  _ T en,

z
o ="

—m=— Au NRs device 12
m— AR/R e

(u) adueysisay
(%) Wuv

pum

Figure All.4 (a) SEM characterization of an Au-NRs/Pt device with a 20 um-long and 2
pum-wide Pt microwire. (b) SEM image visualizing the Au NRs coated onto the Au-NRs/Pt
device. (c) and (e) Resistance mapping of the control device (c) and the Au-NRs/Pt device (e)
under a continuous 10-pm-spot laser illumination (I = 1.5 pum). (d) and (f) The cross-sectional
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profiles extracted from the mapping images shown in (c) and (e) and the resultant device
response in terms of AR or AR/R of the control device (d) and the Au-NRs/Pt device (f).
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Figure AIL5 (a) SEM characterization of an Au-NRs/Pt device with a 30 um-long and 2
um-wide Pt microwire. (b) SEM image visualizing the Au NRs coated onto the Au-NRs/Pt
device. (c) and (e) Resistance mapping of the control device (c) and the Au-NRs/Pt device (e)
under a continuous 10-pum-spot laser illumination (I = 1.5 pm). (d) and (f) The
cross-sectional profiles extracted from the mapping images shown in (c) and (e) and the
resultant device response in terms of AR or AR/R of the control device (d) and the Au-NRs/Pt
device (f).
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Figure All.6 Evolution of the photoresponse as a function of laser modulation frequency

from 200 Hz to 150 kHz for (a) the 20-um control and 20-um Au-NRs/Pt device and (b) the
30-um control and 30-um Au-NRs/Pt device.

For this kind of photodetector based on resistance changing, like Au-NRs/thermistor and
Au-NRs/Pt devices in our project, we think that a normalized metric (%/W, meaning the
(AR/R)/P, R = resistance, P = laser power) can be used to compare their detection
performance. Here we gave a comparison figure on our Au-NRs/thermistor and Au-NRs/Pt

devices by using the %/W photoresponsivity as a function of laser power, as shown in Figure
All7.
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Figure AIlL.7 Comparison of their photoresponsivity (%/W) on Au-NRs/thermistor and
Au-NRs/Pt devices.
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5.3 Annex Ill. Supporting information for UCNPs/Polymer device

Size and morphology of the 300 nm sized NaYF4:Er®* UNCPs measured by TEM:

1 um

Figure Alll.1 TEM image of the 300 nm sized NaYF4:Er** UNCPs.

Here we gave a diagram showing that the citrate concentration can tune the UCNPs size very

effectively.
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Figure Alll.2 Relationship between citrate concentration and UCNPs size.

For the measurement of the upconversion fluorescence quantum yield (QY), we built a set-up

(Figure AllL.3) based on an integrating sphere by following a method established in Ref.
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Figure AllIL3 (a) Schematic diagram for the measurement of the upconversion fluorescence
QY. (b) A fluorescence intensity of exciting light and emitting lights from 300 nm sized
UCNPs.

After collecting the fluorescence intensity of these exciting and emitting lights, we can

calculate the QY (p) by the following formula.
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n=~F/Ls—Ls)

Here, the spectrum is multiplied at each value by the wavelength and then the peaks are
integrated to yield values proportional to the number of photons in the excitation peak, L, and

photo luminescence peak, P.

To measure the upconversion fluorescence spectrum on a single NaYF4:Er3+ NP, we built a
set-up linking to a CCD camera coupled with a monochromator (HORIBA Jobin Yvon). The

set-up and the single NP were shown in Figure Alll.4.

(a) # (c)
Equipment:

Laser (1537 nm) off

Collection objective

Monitor | (x100/N.A.=0.8)
and collect

the lights

ﬁ Sample
/ Sample

Holder

Laser: 1537 nm

\*[

Polarlzer e (d) Laser (1537 nm) on

(b)

Figure Alll.4 (a) Schematic diagram for the measurement of the upconversion fluorescence
from a single UCNP. (b) SEM image of 300 nm sized UCNPs. (c) A dark single UCNP under
the microscope with the laser (1537 nm) off. (d) A luminous single UCNP under the

microscope with the laser (1537 nm) on.
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We confirmed that different concentrations of Au NRs were introduced into the organic films
in these photodetectors. The SEM images of these hybrid films with different concentrations

of UCNPs are shown here:

(a) 2 mg/mL

Figure All1.5 SEM images of UCNPs/Polymer films with different concentrations: a) 2 g/L, b)
4 g/L, c) 6 g/L and d) 8 g/L. The scale bar is 2 um.

Here, we also confrimed that there is a linear relationship between the emitting fluorescence
intensity and the laser power, as shown in Figure Alll.6:
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Figure AllL6 (a) Upconversion fluorescence intensity from a single UCNP as a function of

laser power. (b) Linear relationship between the 519 nm (emitting peak) fluorescence

intensity and the laser power. (c) Linear relationship between the 539 nm (emitting peak)

fluorescence intensity and the laser power. (d) Linear relationship between the 650 nm

(emitting peak) fluorescence intensity and the laser power.
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