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Abstract

Design and fabrication of unconventional
soft materials for implantable medical

and optoelectronic devices

Jongha Lee

School of Chemical and Biological Engineering
Chemical Convergence for Energy & Environment
The Graduate School

Seoul National University

Soft electronics provide new opportunities on biomedical devices and
optoelectronic devices since they offer flexible and conformable mechanical
properties. Compared to commercialized rigid electronics, the soft
electronics enables more accurate sensing from the curvilinear biological
interface and tunable light incidence for optoelectronics. In this thesis,
fabrication and application of soft medical devices and unconventional

optoelectronic devices are developed based on the design and synthesis of



bioresorbable and perovskite materials.

Firstly, soft bioresorbable medical devices are designed and fabricated,
which provide novel therapeutic guideline to overcome many challenges
remaining for the treatment of glioblastoma. The integrated bioresorbable
devices are composed of wireless heater, wireless temperature sensor and
synthesized bioresorbable drug reservoir conformally adhered to the brain
tissue provides localized, highly penetrative and controllable intracranial
drug delivery.

Based on the fabrication technique of bioresorbable materials,
transient memory system is proposed and developed, which shows fast and
complete chemical destruction of stored data by wide-range optical
stimulation. The system can be established by the integration of transient
ultrathin resistive random access memory (RRAM) with multi-dye-
sensitized upconverting nanoparticles (UCNPs) and provides new
opportunities in mobile and defense application.

The final goal of this study is high-definition patterning of inorganic-
organic hybrid perovskite thin films which have attracted great attention
since it is regarded as an alternative to silicon in the optoelectronic devices.
A new method so called “Spin-on-patterning (SoP)” enables the patterning

of perovskite thin film which has hardly been accomplished due to their

il



extreme instability in solvents like bioresorbable materials. The patterned
perovskite photodiode is fabricated and has potential for future ultrathin

image Sensor array.

Keywords: flexible, electronics, bioresorbable, medical, transient,

perovskite
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Chapter 1. Introduction

1.1 Soft electronics

Current high-performance electronics are mainly based on inorganic
semiconductor materials such as silicon and germanium. The main
advantages of these single crystalline inorganic materials are high mobility
originated from their crystalline structure, and controllable carrier
concentration by changing the impurity doping'?. The integrated circuit (IC)
chip made of such inorganic materials can be assembled onto the circuit
board to combine with other various commercial electronic components.
However, they have been considered as rigid and brittle. The major reason
for this mechanical limitation is (1) brittle nature of the single crystalline
inorganic semiconductor materials®, (2) thick encapsulation (~ 1 mm) of the
integrated circuit chip* and (3) printed circuit board (~ several mm) (Figure
1.1).

Recent development of commercial electronics has focused on the
personalized devices such as mobile electronics and personal health-care
biomedical devices. However, their rigid property hinders the integration of

commercial electronics with soft and curvilinear biological interface and



Figure 1.1 Rigid single crystalline silicon based commercial electronics
(a) Fracture of the silicon wafer by (top) uniform compression and bending
(bottom) (ref 3). (b) X-ray image of commercialized integrated circuit chip

made of silicon wafer (ref 4).



other conformable optoelectronics. Therefore, development of soft
electronics is highly demanding although they require higher cost and
weaker electrical encapsulation than those of rigid electronics. For example,
conformable sensor array significantly improved the quality of sensing
information from the body (e.g. brain and skin)*” (Figure 1.2) and allows
continuous monitoring of strain®, electromyography’ and sweat™'® for
healthcare (Figure 1.3). Soft electronic devices, therefore, have great
advantages on biomedical fields and it can be extended to future implantable
devices. Another excellent contribution of soft electronics is on the
unconventional optoelectronic application. Recent advances in stretchable
electronics extend the new concept of image sensor, hemispherical
photodetector array inspired by human'' and arthropod eye'? for better sight
angle and more accurate image quality (Figure 1.4). In order to develop this
unconventional image sensor, changing the sensing materials from silicon to
other light-sensitive materials (e.g. perovskite, organic semiconductor, and
GaAs) and fabrication technique for high-density array is required.

In this thesis, fabrication of soft electronic devices using bioresorbable
materials and perovskite materials will be described. The soft bioresorbable
devices is applied for implantable devices and soft image sensor made of

perovskite materials is explained for future ultrathin image sensor.



Figure 1.2 Soft electronics for recording device (left) of curvilinear brain
surface and the recorded signal (right)

Electrocorticogram (ECoG) signal recording by using (a) conformable metal
recording line on the bioresorbable substrate (ref 5) (b) active array of

silicon electronics (ref 6) and (c) active array of organic electronics.



Figure 1.3 Soft wearable electronics for recording biological signal

(a) Multifunctional wearable system for monitoring movement disorders.
(ref 8) (b) Multifunctional wearable system for recording electromyography.
(ref 4) (c) Wearable sweat analysis system for various ion concentration (ref

9) and (d) diabetes monitoring (ref 10).



Figure 1.4 Unconventional optoelectronics made of silicon photodiode
array

(a) Human-eye inspired curvilinear silicon photodiode array (b) Anthropod-
eye inspired curvilinear silicon photodiode array combined with spherical

microlens.



1.2 Soft bioresorbable electronics

Transient electronics are electronic system that disappears physically

or chemically when it is needed'? for various application such as the fields of

14-16 17-19

eco-friendly disposable electronics (Figure 1.5), security application

(Figure 1.6), biomedical application”* (Figure 1.7) and even edible

. 2325
electronics

(Figure 1.8). “Bioresorbable electronics” or “Biodegradable
electronics” are the electronics which provide electric functions during
desired periods and degrades inside the body when it is not needed". This
system is highly demanding since they are used to provide diagnostic and
therapeutic functions for a while after implantation and their disappearance
makes them free from the removal surgery of them. Many of bioresorbable
materials hydrolyzed by natural hydrolysis or enzymatic function and their
degradation products should be metabolized or excreted inside the body
without any cytotoxicity and inflammatory reaction.

As for the constituent materials, all the components of bioresorbable
electronics are classified into conductor, semiconductor, insulator and
encapsulation/substrate. The conductor, semiconductor and insulator
establish the integrated circuits for electrical functions while the

encapsulation and substrate materials protect and support the circuit.

Typically, vacuum deposited magnesium (Mg), zinc (Zn), iron (Fe) and their



40d 50d 70d

Figure 1.5 Disposable electronics fabricated on biodegradable materials
(a) Cellulose substrate (ref 14) (b) Poly (lactic acid-co-glycolic acid)

(PLGA) (ref 15)



Figure 1.6 Triggered degradation of the electronics

(a) Photo-triggered degradation of the electronic circuit board (ref 17) (b)
thermally triggered degradation of the electronic circuit board (ref 18) (c)
Photo-triggered degradation of resistive random access memory (RRAM)

(ref 19)



Active region

Figure 1.7 Bioresorbable electronics for sensing and therapy
(a) Bioresorbable active matrix sensor array for ECoG recording (ref 21) (b)
Bioresorbable pressure sensor for brain monitoring (ref 22) (¢) Bioresorbable

heater for drug actuation (ref 20).
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Figure 1.8 Edible electronics
(a) Edible silk sensor for food monitoring (ref 23) (b) Edible primary sodium

ion battery (ref 24).



alloys®® are used for bioresorbable conductor since their aqueous cation play
important role in human metabolism and establish the orthopedic and
muscular system of human body. Biologically derived melanin, which is
natural pigment inside the body, can also be used for the conducting
electrode’”. For electronic functions, three kinds of bioresorbable
semiconductor have been reported. Synthetic organic semiconductor',
natural organic semiconductor”, and silicon nanomembrane'® (Figure 1.9).
Especially silicon nanomembrane degrades in biofluid within several ten of
days and possess the highest mobility, therefore, is best materials for
bioresorbable semiconductor. Most of bioresorbable polymer materials are
insulators and can be used for encapsulation layer and substrate. Polyester
and polyanhydride is the most common bioresorbable polymer sine the
linkage between two monomers can be naturally hydrolyzed in the body. The
list of bioresorbable polymer is in table 1.1.

In chapter 2, bioresorbable electronic patch for advanced brain cancer
therapy will be presented using soft bioresorbable electronics. In chapter 3,
biodegradable resistive memory combined with upconverting nanoparticles

and photo-acid generator which degrades when it is needed will be presented.
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Figure 1.9 Bioresorbable semiconductor
(a) Artificial organic semiconductor (ref 16) (b) Biodegradation of the

silicon nanomembrane (ref 13) (c) Natural pigment based organic

semiconductor (ref 25)
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saccharide
Natural

alginic acid, carrageenan, chitin, chitosan, chondroitin
sulfate, dextran, dextran sulfate, dextrose, glycogen,
hyaluronic acid, maltose, pectin, pullulan, starch, starch
ester, starch ether, cellulose, agar

protein

avidin, biotin, collagen, elastin, silk

lipid

phopholipid, triglycerides

polyester

Artificial

polylactic acid (PLA) polyglycolic acid (PGA), poly (D,L-
lactic-co-glycolic) acid (PLGA), polycaprolactone (PCL),
polydioxanone (PDO), poly-B-hydroxybutyrate (PHB),
polytrimethylenecarbonate (PTMC)

polyanhyride

poly[1,3-bis{p-carboxyphenoxy)propane: sebacic acid]
(PCPP:5A), poly(sebacic acid), poly(azelaic anhydride)

polyamino acids

poly-L-lysine, paly-L-glutamic acid, poly-L-alanine, poly-y
-aminobutylic acid (GABA)

Table 1.1 List of bioresorbable polymer

14



1.3 Perovskite electronics

Recently, organic/inorganic hybrid perovskite materials have attracted
great attention because of their outstanding performance as an active
material of photovoltaic cells. The main reason of this property originated
from high carrier mobility, low trap density and long diffusion length, which
is also appropriate for photodetector application. Compared to commercial
silicon photodetector, perovskite materials have higher absorption coefficient
which means they are much sensitive to the incident light®® as well as lower

2 Since the thickness of the photodetector can be decreased,

noise
fabrication process for flexible image sensor is much easier than that of
silicon. Up to now, silicon has been regarded as the best materials for the
image sensor array, however, the materials properties of perovskite has more
advantage on flexible image sensor and can be fabricated with cheaper cost.
The main challenge of the perovskite image sensor is the patterning
technique for high density photosensor array. Such perovskite devices have
been studied only as large single cell based on bulk crystal**** or spin-coated
film®. Since organic/inorganic hybrid perovskite materials are vulnerable for
almost every polar or protic solvent like water, alcohol, acetone due to their

both organic and inorganic nature. In chapter 4, the patterning technique of

perovskite thin film will be discussed.
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Chapter 2. Design, synthesis and fabrication of
bioresorbable electronic patch for glioblastoma

treatment

2.1 Introduction

Treatment of glioblastoma multiforme (GBM) has been highly
challenging even after all the aggressive neurosurgery with subsequent radio-
and chemo-therapies'. This is because the malignant tumor cells that invaded
into surrounding normal brain tissues survive through the surgical resection’”
and cause the tumor recurrence’. The radiation therapy with exposure under
the dose limit is not sufficient to remove residual tumors completely™®.
Additional chemo-therapies are oftentimes unsuccessful, since the blood-brain
barrier (BBB) blocks the delivery of drugs with effective concentrations to
brain tumors diffused into surrounding brain tissues’®. A localized drug
delivery to the tumor site through implantation of biodegradable polymer
containing carmustine (Gliadel® wafer, Arbor Pharmaceuticals, USA) was
proposed as a promising alternative’''. It delivered the drug bypassing the
BBB and exhibited modest enhancement of the survival rate'>. However,

many challenges still remain toward the dramatic improvement of the
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prognosis. This polymer implant mainly relies on the natural drug diffusion
that results in the limited penetration depth"'*. This can lead to tumor
recurrence near the surgery and/or implantation site'”. The short-term drug
release, uncontrollable drug delivery to cerebrospinal fluid (CSF),
hydrophobic nature, and mechanical rigidity of the wafer are additional
factors that reduce the efficacy of the drug delivery into the curvilinear-shape
brain tissues at the surgery site.

Here, we report the material synthesis, device design, and application
protocol of a bioresorbable electronic patch (BEP) for the GBM treatment.
The system consists of a flexible drug-containing oxidized starch (OST) patch,
a magnesium (Mg) wireless heater for the wirelessly-controlled drug delivery,
and an onboard wireless temperature sensor to prevent the excessive heating
of brain tissues. The release rate of the drug, doxorubicin (DOX), is sustained
under the normal condition through its covalent bonding to the OST chain
network for the prolonged delivery period. But the drug release is periodically
accelerated by the wireless thermal actuation based on the pre-programmed
protocol. The increase of temperature is not high (~5 °C) to minimize the
thermal damage to normal brain tissues but induces a significant increase of
the penetration depth (~7 times) compared to the natural diffusion. The

hydrophilic surface of OST, hydrophobic encapsulation layer, and flexibility
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of the patch enable its conformal adhesion and localized drug delivery to
surgical sites. All constituent materials are hydrolyzed into bioresorbable units,
such as glucose, Mg, lactic acid, and glycolic acid, which are components of
the human body and metabolism. Since the bioresorbable electronic system

leaves no device component'®"® in the brain, side-effects after implantation of

device'?!

can be prevented, which gives an influence on the prognosis. The
system implanted in the mouse and canine brain tumor model successfully
inhibits the recurrence of the tumor in vivo. After 26 days of the implantation,

the BEP-implanted group shows a 2-fold decrease of the original tumor

volume, while the control group exhibited a 56-fold increase.
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2.2 Result and Discussion

2.2.1 System design and application protocol

Figure 2.1a presents an optical camera image of the BEP. The diameter and
thickness of the BEP is 18 mm and ~200 um, respectively. The BEP contains
12 mg DOX for the GBM therapy and bioresorbable electronic components
are transfer-printed onto a OST patch. Figure 2.2 illustrates multi-layered
materials information; Figure 2.3 describes the detailed fabrication process of
the electronics on the patch. All functional units are composed of
bioresorbable materials, such as Mg (conductor), poly(lactic-co-glycolic
acid)/poly(lactic acid) (PLGA/PLA; dielectric layer or barrier), and OST
(drug-containing patch). Products after the hydrolysis and resulting amounts
are described in Table 2.1. For the drug delivery over an extended period of
time, drugs are physically and chemically bonded to OST polymer chains
(Figure 2.4). A key advantage of the wirelessly controlled drug delivery
system is that the suppressed drug release due to the physical and chemical
bonding can be actively accelerated through the periodic wireless induction
heating by the Mg heater. The array of the hole pattern on the heater plays a
critical role on the uniform thermal. The temperature sensor is located at the
center of the patch to monitor the temperature. The electronics and patch also

can be applied to the delivery of other anti-cancer drugs (i.e., temozolomide).
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Figure 2.1 Design and application protocol of the bioresorbable electronic
patch (BEP).

(a) Optical camera image of the BEP. The BEP includes a bioresorbable
wireless heater and temperature sensor on a oxidized starch (OST) patch
containing doxorubicin (DOX). (b) Image of the brain tumor resection surgery
in the canine model before (left) and after (right) implantation of the BEP. (c)
Schematic illustration of the BEP implanted on the target site (top), infrared
camera image of the patch during the thermal actuation (left inset), and
enhanced penetration depth of drug by the thermal actuation (right inset). (d)
Schematic illustration of the localized and penetrative drug delivery into the

deep brain tissues by the BEP. Inset shows the chemical structure of the drug-
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conjugated OST. (e) Non-invasive monitoring of the implanted BEP under
bioresorption after 1 week (left) and 9 weeks (right) implantation. The BEP
contains ferrimagnetic iron oxide nanoparticles (FION) as a contrast agent of

magnetic resonance imaging (MRI).
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Figure 2.3 Schematic overview of the fabrication process of the BEP.
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Elements Thickness Products Mass uM
Mg 3 um Mg2* 0.78 mg 325
Starch Glucose 360 mg 2000
200 pm
Glycerol Glycerol 108 mg 1173
PLA 3 um Lactic acid 0.58 mg
18.6
Lactic acid 1.10 mg
PLGA 7 um
Glycolic acid 0.31mg 4.08
DOX Doxorubicin 12 mg 20.7
Table 2.1 Component materials information of BEPs.
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Figure 2.4 Reaction schemes of the drug reservoir.

(top) Oxidized starch (OST) (bottom) OST conjugated with doxorubicin

(OST-DOX).
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After the surgical resection of malignant glioma (Figure 2.1b left), BEPs are
conformally laminated on the cavity-shape surgery site (Figure 2.1b right).
Because of the sticky and flexible nature of the OST patch, it makes a strong
and conformal adhesion to the curved brain cavity surface (Figure 2.5;
Schematic illustration in comparison with a rigid, thick and hydrophobic
patch). Figure 2.1c¢ illustrates that the thermal actuation by the wireless heater
(bottom left; infrared camera image) after the implantation of BEPs (top;
schematic illustration) enhances the release rate and penetration depth of
DOX (bottom right; graph). Due to this actuation, DOX reaches residual
tumors invaded deeply in normal tissues (Figure 2.1d), which have been
difficult to be treated under current clinical practice guidelines’*. The
wireless temperature sensor monitors the temperature and inhibits overheating
of normal brain tissues. The intracranial resorption of the BEP is visually
monitored using a MRI contrast agent of ferrimagnetic iron oxide nanotubes
(FION). Compared to the case at one week after the surgery (Figure 2.1e), the
volume of the patch is significantly decreased (Figure 2.1f) after nine weeks
due to its gradual hydrolysis and resorption by the brain (Figure 2.6). This

bioresorption process exhibited no significant immune responses (Figure 2.7).
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Figure 2.5 Schematic comparison of drug delivery from flexible patch
and rigid wafer.

(a) Illustration of the interface between flexible BEP and curvilinear brain
surface (left) and its molecular aspect (right). (b) Illustration of the interface
between rigid bioresorbable wafer and curvilinear brain surface (left) and its

molecular aspect (right).
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Figure 2.6 Monitoring of BEP containing ferrimagnetic iron oxide
contrast agents by magnetic resonance imaging (MRI).

(a) The MRI before and after BEP implantation. (b) Calculated patch volume
as a function of time (c) Optical image during intracranial OST patch

implantation surgery (d) Optical image of implantation site after 10 weeks.
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Figure 2.7 Biocompatibility of OST investigated by intracranial
implantation of BEP in vive. Hematoxylin and eosin (H&E) stained
histological image (left) and F4/80 stained immunolabeling image (right). (a)

%100 magnification and (b) 100 magnification.
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2.2.2 Fabrication and characterization of the OST patch and the
device

The OST patch is fabricated by dissolving the synthesized OST powder,
glycerol (plasticizer), and DOX in water at 65 °C and then by drying the
solution under a humid condition (65 °C, 80%). The conformal contact
(Figure 2.5) enables the efficient heat and drug transport from the patch as
well as the focused drug delivery to the area where the patch attached. The
fluorescence microscope image shows that the patch conformally adheres to
the brain tissue (2.6a), and the drug diffuses well at the interface. The
conformal and strong adhesion between tissue and OST patch is originated by
hydrophilic nature of starch and additional imine conjugation between protein

and the polymer chain (Figure 2.5a right).
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2.2.3 Penetrative by wireless thermal actuation

The encapsulation layer added on the top of the OST patch suppresses the
direct drug release to the cerebrospinal fluid (CSF), which causes side
effects®. Wireless thermal actuation enhances the penetration depth (Figure
2.1e) of DOX in vivo. Figure 2.8a shows the fluorescence microscope images
of DOX penetrated from the BEP patch to the U87 glioblastoma xenograft
tissue in a nude mouse model for 15 h without (left) and with (right) the
wireless heating (A7 = 5 °C, 30 min; 1 pulse) in vivo. DOX successfully
reaches the deep inside the tissue, resulting in the death of cancer cells
(Figure 2.8b and Figure 2.9). The DOX concentration at various diffusion
lengths is quantified by integrating the equidistant fluorescence intensity
(Figure 2.8¢ and 2.8d). While only a small diffusion length and amount are
observed in the natural diffusion (Figure 2.8c¢), mild thermal actuations
dramatically enhance the diffusion length and amount of DOX (Figure 2.8d).
The origin of significant diffusion enhancement is mainly because the DOX
permeability of cell membrane is dramatically enhanced”>*® while the increase
of diffusion coefficient is negligible.

Appropriate thermal actuation significantly promotes the drug diffusion, but
an excessive heating may cause neuronal apoptosis®’ of normal brain tissues.

The temperature of the heater depends on a coil-to-patch distance, a radius of
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Figure 2.8 Thermal actuation by wireless heater

(a) Fluorescence images that show the diffused DOX from the BEP into the
U87 GBM tissue of the mouse model in vivo without (left) and with (right) the
thermal actuation. (b) Effect of the drug delivery without (left) and with
(right) the thermal actuation on the HUVEC expression in U87 tumor tissues.
(c) DOX concentration in U87 tumor tissues 0.5 h (black), 5 h (red), and 15 h
(blue) after the implantation of the BEP without the thermal actuation. (d)
DOX concentration in U87 tumor tissues 15 h after the implantation of the
BEP with the 30 min pulsed control (black; no pulse), 1 pulse (red), and 4

pulses(blue).
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the patch, and the current of a RF generator. The thermal damage on the
tissues is investigated by histology analysis with the apoptosis inhibitor
(Survivin) at different temperatures by changing coil-to-patch distance
(Figure 2.10a). A temperature increase of 5 °C (41.5 °C) for 30 min induces
minimal cell apoptosis at the interface, while a 10 °C and 15 °C increase
cause significant cell death. The thermal damage is focused on the patch
interface, since heat is dissipated by the blood flow in distant regions.
Therefore, the temperature should be 41.5 °C (AT = 5 °C) or below to prevent
thermal damages. For the real-time temperature monitoring, a RLC oscillator,
composed of a Mg inductor and PLGA capacitor, is integrated on the patch.
PLGA (65:35 = lactic acid: glycolic acid) exhibited a glass transition (T,)
around 39 °C (Figure 2.11), and dielectric permeability and thus the
capacitance changes around this T, This change induces the resonance
frequency change of the sensor and can be read by a coupled reader coil

(Figure 2.10b).
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(a) Effect of the elevated temperature on the Survivin expression in U87
tumor tissues. (b) Sy; of the reader coil at 455 MHz versus temperature of the

heater. Inset shows the S;; change of the reader coil.
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2.2.4 Therapeutic effect of the BEP in the mouse tumor model
To evaluate the therapeutic efficacy of the BEP in vivo, we used the human
xenograft GBM model in immune-deficient mice. The model is established by
subcutaneous implantation of U87 human GBM cells near the thigh of 6
weeks balb/c nude mouse. Details for the model and surgical procedure are
described in Experimental section. The tumor is grown for 3 weeks to be a
spherical shape of ~4 mm radius and resected with ~20 mm’ mean residual
volume. Then, a BEP contains 0.408 mg DOX (0.02 mg per a gram body
weight of the mouse) is implanted on the residual tumor. Mice are divided into
four groups with different treatments: (1) intravenous injection of DOX, (2)
implantation of the BEP with the wireless heating but without DOX, (3)
implantation of the BEP with DOX but no heating (OST group), and (4)
implantation of the BEP with DOX and heating (OST+Heating group). The
number of mice of each group is 6, 7, 7, and 6, respectively. We analyzed
therapy results by comparing the tumor volume (Figure 2.12) which is
estimated by using MR imaging.

U7 cells are highly aggressive, and thereby the prognosis is poor in the
“IV” and “Heating” group. However, the “OST” group exhibits meaningful
suppression of the tumor recurrence (p=0.042) due to the penetrative and

localized drug delivery. The BEP with the thermal actuation (“OST+Heating”
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group) shows even more significant reduction of the tumor volume than
others (p=0.0036). This is largely because the thermal actuation successfully
increases the penetration depth of DOX to reach deep residual tumors. At the
day 25 after the implantation, the mean tumor volume of the “OST+Heating”

group exhibits a two-fold decrease, from 31 mm’ to 14 mm”.
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2.3 Conclusion

We reported novel materials synthesis, device designs, and therapeutic
efficacy of a bioresorbable electronic patch (BEP) for the malignant glioma
treatment. The BEP consists of doxorubicin-conjugated oxidized starch
(OST) integrated with a wireless thermal actuator and temperature sensor.
All constituent materials are bioresorbable in the brain. The rate and depth of
the doxorubicin delivery can be wirelessly controlled by the integrated
electronics. The enhanced diffusion depth and elongated delivery period of
the drug dramatically improved the tumor volume suppression in the mouse
model. The BEP applied to the canine glioblastoma model in vivo

successfully inhibited the tumor recurrence.
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2.4 Experimental

2.4.1 Biocompatibility of materials

A BEP patch is composed of the electronic part and drug reservoir part. Mg
is an electronic conductor, PLGA and PLA are the dielectric and water-proof
barrier, oxidized starch (OST) as a drug reservoir. The hydrolyzed products
are Mg”", lactic acid, glycolic acid and glucose which are used in metabolism
of the brain. The amount of constituent materials is listed in Table 1. OST and
Mg degrades within 4~6 weeks, while PLA and PLGA takes longer time to
degrade. The degradation of OST appears to be biocompatible both in vitro
and in vivo. Subcutaneous implantation in balb/c nude mouse and intracranial
implantation in canine. OST is implanted symmetrically into the thighs of
same animal. The inflammatory responses subsided with time. The thickness
of inflammatory zone in both implantation sites was approximately the same

with non-implantation site.

2.4.2 Wireless temperature sensor
LC oscillator, the wireless temperature sensor, was fabricated using Mg
conductor and PLGA as capacitor. Poly lactic-co-glycolic acid (PLGA) with

65:35 of lactide to glycolide ratio was used as dielectric materials. The glass
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transition temperature of PLGA is about 39 °C which is similar to the
temperature of the human body. The capacitance of PLGA changes around the
glass transition due to the morphological change. The resonant frequency of
LC oscillator changes and this change can be read out by observing the
resonance peak of the reader coil coupled to the wireless heater using network

analyzer (Agilent B1500A, Agilent Technologies, USA).

2.4.3 Mouse brain tumor model

All animal experiments were carried out under approval of Institutional
Animal Care and Use Committees at Seoul National University Hospital.
Human glioblastoma cell line (U87 MG) was purchased from the American
Type Culture Collection (ATCC, Rockville, MD, USA) and stored in RPMI
medium with 10% fetal bovine serum (FBS) at 37 °C. U87 MG glioblastoma
cells (2x10° cells/100 mL medium/mice) were subcutaneously transplanted
into the thigh of 6-week old BALB/c nude mice (n = 26). 2 weeks after
injection, the tumor tissue is monitored by MRI to measure tumor size and

exact location.

2.4.4. Materials

All the materials were used as purchased unless stated. Starch from corn
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(unmodified waxy corn starch of essentially pure amylopectin), sodium
periodate (NalOy4), poly lactic acid (PLA; M, ~260,000), Poly lactic-co-
glycolic acid (PLGA; lactide:glycolide = 65:35, M,, 40,000-75,000),
phosphate buffered saline (PBS, 0.01M), polyimide (PI) precursor solution
(poly(pyromellitic dianhydride-co-4,4'-oxydianiline), amic acid solution,
electronic grade), and 1-metyl-2-pyrrolidinone (>99%) were purchased from
Sigma Aldrich (USA). Also, glycerol is purchased from Samchun chemical
(Korea), doxorubicin hydrochloride (DOX-HCI, Ildong pharm. Korea) was
purchased from BK pharm (Korea) and polydimethylsiloxane base with
curing agent (PDMS, sylgard 184) were purchased from Dow Corning (USA).
For device fabrication, thermal evaporating source of Mg (>99.5%) was
purchased from Taewon Scientific Co. (Korea), sputter target of ZnO
(99.99%) was purchased from Thifine (Korea), Si wafer was purchased from
4Science (Korea), poly(methylmethacrylate) (PMMA All) was purchased
from MicroChem (USA) and positive photoresist S1805, AZ5214 and

AZ4620 were purchased from AZ electronics Materials (USA).

2.4.5 Synthesis of oxidized starch (OST)
Sodium periodate (NalO,) was used for the oxidation agent for the synthesis

of OST. Firstly, 2.14 g NalO, was dissolved in 250 mL water. Then, various
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amounts of starch depending were put into the solution. Next, 35-37 %
hydrochloric acid was added to set the pH 3~4. The solution was strongly
stirred under 40 °C overnight, synthesized OST was filtered and washed with
DI water for 3 times. Final products were dried at 40 °C for 24 h under

vacuum.

2.4.6 Fabrication of starch and OST patch containing DOX
For fabrication of normal starch patch, 1.5 g starch powder, 50 mg of DOX,
0.45 g of glycerol were dissolved in 40 g of water at 80 °C. The mixed
solution is stirred for 30 min until a clear solution was obtained. The solution
is then poured into 90 mm diameter petri dish and dried under 65 °C and 80%
humidity for 48 h.

For the fabrication of OST patch containing DOX, 1.5 g OST powder and 50
mg DOX were dissolved in DI water and strongly stirred under 80 °C for the
formation of imine linkage between OST and DOX. After 1 day, 0.45 g
glycerol was dropwise into the solution. After 1 h, the solution was poured

into the petri dish and dried under same condition.

2.4.7 DOX release profile from starch and OST in vitro

All the release profiles of DOX were measured by the absorbance of the
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solution at 480 nm by using SpectraMax M3 (Molecular Devices, USA). All
the patches had same size (square 20x20 mm®) and contained 3.387 mg of
DOX. Each patch was stored in 50 mL of 0.01 M phosphate-buftered saline
(PBS) solution. The DOX concentration at each time was converted from the

absorbance.

2.4.8 Fabrication of bioresorbable electronics on OST patch

Same mass of PI precursor solution and 1-metyl-2-pyrrolidinone were mixed
to achieve diluted PI precursor solution. A sacrificial layer of PMMA was
spin-coated (3000 rpm, 30s) on a Si wafer substrate and cured at 180 °C for 3
min. Then, the diluted PI precursor solution was spin-coated (3,000 rpm, 60 s)
and cured at 250 °C for 2 h to form bottom PI layer. A ZnO thin film (2 nm)
was deposited by RF sputtering under an Ar atmosphere (15 mTorr, 30W) as
an adhesion layer. In sequence, 1.5 um of Mg was deposited using a thermal
evaporator (Scientech, Korea). Then, AZ5214 photoresist (PR) was spin-
coated and patterned. The Mg was etched using an hand-made Mg etchant
(nitric acid:DI water:ethylene glycol = 1:1:3 solution) to form electronic
heater and temperature sensor metal pattern. The diluted PI precursor solution
was again, spin-coated on the substrate (3,000 rpm, 60 s) and cured at 250 °C

for 2 h to form top PI layer. Then, the sample was patterned using AZ4620 PR.
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The PI was etched by oxygen plasma using a reactive-ion etcher (RIE, O,
100 sccm, 0.1 Torr, 100W; Scientech, Korea). After patterning the PI, the
sacrificial layer of PMMA was undercut etched using boiling acetone. The
floated device was then picked up by PDMS stamp (Sylgard 184, A:B = 10:1).
The bottom PI layer was etched by oxygen plasma.

On the other hand, 3 wt% PLA or 8 wt% PLGA was spin-coated on top of
the OST patch. The patch was exposed to the vapor of boiling chloroform to
make the PLA or PLGA sticky. The device on the PDMS stamp was
transferred onto the OST patch. Then, top PI layer was etched by oxygen
plasma. Finally, PLA/PLGA was spin-coated (500 rpm, 30 s) again as a top

encapsulation layer for protecting Mg-based electronic device.

2.4.9 Magnetic resonance imaging (MRI) protocol

For in vivo animal MR study, the tail vein was catheterized after anesthesia
with 1.5-2% isoflurane/oxygen (v/v), and the animals were placed in the 9.4T
MRI scanner (Agilent Technologies, USA). Throughout each imaging session,
animals were wrapped in a warm water blanket and oxygen saturation and
heart rate were monitored. A Milliped Coil (1-ch coil (Both RF transmission
and signal reception); Agilent Technologies, Santa Clara, CA, USA) and a

FSE (Fast Spin Echo) sequence for T2-weighted image was used. The
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measurement parameters were as follows: TR = 3000 ms, effective TE =
30.82 ms, FOV = 20x35 mm, ETL = 4, matrix = 256256, slice thickness =

1.0 mm.

2.4.10 BEP treatment procedure of mouse brain tumor model

Human brain tumors (U87-MG) implanted in BALB/c nude mice were
grown to be ~4 mm radius for 3 weeks and resected, remaining tumor volume
of ~20 mm®. Then a BEP of 12 mm diameter containing 0.408 mg DOX (0.02
mg/g for body weight of mouse) was implanted on the residual tumors. After
1 day, thermal actuation of 30 min was treated once a day for 2 weeks. During
the treatment, the volume of tumors was tracked using MRI every week. Four
different types of treatment groups were set to investigate the therapeutic
effects of BEP. The group of mice treated by an intravascular injection of
DOX (IV), an implantation of BEP with RF heating but containing no DOX
(Heater), an implantation of BEP containing DOX but no RF heating (Patch),
and an implantation of BEP containing DOX combined with RF heating
(Patch+Heater) were compared. IV group was set as an intravascular injection

of an equivalent dosage of DOX right after the resection surgery.
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2.4.11 In vivo biocompatibility of BEP
BEPs were implanted under the brain of the canine. After 10 weeks, the brain
tissues containing the patch were extracted and stained with H&E and F4/80

antibody which is a macrophage marker.

2.4.12 DOX diffusion into tumor cells
in vivo DOX diffusion into tumor cells can be monitored by fluorescence
imaging. BEP containing 20 mg DOX was implanted in subcutaneous tissue
of mice. After each implantation time, BEP was detached from the tissue and
the tissue was extracted for DOX assessment. A pulse which indicates thermal
actuation of 30 min RF heating (AT =5 °C) was performed for experimental
groups. Pulse 1 indicates one time of 30 min RF heating at the middle of
implantation time, and pulse 4 indicates that multiple pulses were performed
at each quarter of the total implantation time. Diffusion profiles of DOX in
tissue were generated using LAS AF Lite (LEICA, USA) with a quadrangle
block starting from the BEP-tissue interface and passing into the region of
tissue containing DOX. Average fluorescence intensities at each distance were
transformed into concentration through calibrations. For obtaining calibrations,
excised fresh tumors with size of 3x3x2 mm® were placed into a well with 34

uM of DOX in phosphate-buffered saline for 72 hours. The tumors were
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removed from solution and prepared for frozen sectioning. DOX
concentration remaining in the wells was measured using SpectraMax M3
(Molecular Devices, USA) as previously described. Actual concentration of
DOX uptake by tumors was then calculated by subtraction and the value was

corresponded with the sum of fluorescence intensity of tumor tissue.
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Chapter 3. Integration of destructible resistive
memory and multi-dye-sensitized upconverting

nanoparticles for information security application

3.1 Introduction

Upconverting nanoparticles (UCNPs) are anti-Stokes-shift type light-
emitting materials that absorb several long-wavelength-photons and convert
them into a short-wavelength-photon'?. Because of their high photochemical
stability, sharp emission bandwidth, and large anti-Stokes shift (up to several
hundred nanometers), these UCNPs have been highlighted as key materials
in several photonic applications including biomedical imaging probes,’® in

. . - - 1112 . .
vivo therapeutics”'’, optogenetics'"'?, and optoelectronic devices

13,14.
However, well-known UCNPs, such as those based on a NaYF, matrix with
lanthanide ion (e.g., Yb’")'>'° have a narrow and weak absorption band at
~975 nm by the quantized electron transition between the energy levels of
2F7/2 and 2F5/2 in the Yb>" ion''®. The extension of their applications in
emerging fields, including multi-modal imaging and high-performance

electronics/optoelectronics, have been oftentimes limited by their narrow

absorption bandwidth in the NIR range and weak photo-absorption'’.
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Although efforts have been made to expand the absorption range of UCNPs,

17,2021 2225

such as co-doping of Nd** or introduction of an organic dye ™, wide-
wavelength-range absorption remains a challenge, and there is a need to
widen the absorption band further towards the visible range. This expansion
will enable UCNPs to take advantage of diverse light sources, which can
facilitate their diverse applications and maximize the intensity of the
upconverted light.

Here, we report multi-dye-sensitized UCNPs with dramatically widened
photo-absorption bandwidths using sequential energy transfer. Multiple
inter-ligand energy transfers between bound organic fluorescent dyes on the
UCNP surface form an energy gradient, harvest photons of wide spectral
ranges, and convey their energy to the nanoparticle. The absorption band of
UCNPs is thereby extended from the near-infrared (NIR) to the entire visible
range including red, green, and blue (RGB). Optimized inter-ligand energy
transfer on the nanoparticle surface by controlling the spacing (total number
of ligands on a UCNP) and ratio of the dye ligands maximizes the energy
migration efficiency. As a representative application example, we
demonstrate an information security technology by integrating the multi-

dye-sensitized UCNPs mixed with ultraviolet (UV)-responsive photo-acid-

generators (PAGs) on a destructible ultrathin resistive random access
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memory (RRAM) device. Although the destruction of the transient
electronics can be achieved by addition of triggering materials®, the photo-
triggered destruction based on a photo-sensitive solid state film provides a
more facile erasure route of the data in RRAM device, which is great
advantage in the mobile applications. The illumination of NIR and/or visible
light on UCNPs triggers the emission of UV, and the photons are
immediately transferred to the PAGs. Photo-acid is then generated and
induces fast and complete chemical destruction of stored data in the RRAM
device. The integration with multi-dye-sensitized UCNPs can diversify the
activation light source of PAGs from only UV to broader range including UV,
entire visible, and NIR. In addition, wavelength-selective and spatially-
controlled device destruction and thereby localized etching of different
electronic parts (e.g., memory units and processing units) are enabled. This
integrated system provides a novel concept of information security in
nonvolatile data storage devices for consumer -electronics, wearable

electronics, and/or defense applications.
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3.2 Result and Discussion

3.2.1 Overall system description

The UCNPs co-doped with Yb*" ions and UV/blue-emitting Tm’* ions (-
NaYF4:20%Yb, 0.5%Tm) initially exhibit a narrow absorption band near
~975 nm and an emission spectrum at ~361 nm (~UV) and 450-471 nm
(~blue) (Figure 3.1a), which is involved with a multi-photon absorption
process (Figure 3.1b)'®. Three types of sensitizers (sensitizer I: BODIPY-FL,
sensitizer II: Cy3.5, sensitizer III: IR806), each composed of an energy
harvesting aromatic fluorophore and a carboxylic acid for linkage to
nanoparticles (the chemical structures are shown in Figure 3.2a and Figure
3.3), are bound to the surface of the UCNPs. As illustrated in Figure 3.2a,
sensitizer I absorbs short-wavelength-photons (blue) and transfers the energy
to sensitizer II (i). This energy is again delivered to sensitizer III (ii) and
finally to the UCNP (iii). Similarly, longer-wavelength-photons (green and
red) are absorbed by sensitizer II and III, and the corresponding energies are
sequentially transferred to the UCNP. Photons in the NIR range are directly
absorbed by the UCNP. Then, Yb’" ions in the particle upconvert the
harvested energy and transfer to Tm®" ions in the same particle to yield a high
energy (UV) photon (iv). Based on this energy transfer mechanism, the

absorption band can be extended from a narrow range near ~975 nm to the
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Figure 3.1 Characterization of the p-NaYF,4:20% Yb,0.5%Tm UCNPs

(a) Normalized absorption (~980 nm; black) and photoluminescence (~361
nm; UV / 471 nm; blue) spectrum of UCNPs. The photoluminescence is
measured with the 980 nm laser at the power of 1 mW/cm®. (b) Plot of the
intensity of upconverted photoluminescence versus the laser power. (c)
Synthesized (blue) and reported (red) X-ray diffraction pattern for hexagonal
NaYF, nanoparticles. (d) Normalized size measurement of the synthesized

nanoparticle using DLS.
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Figure 3.2 Design of multi-dye-sensitized UCNPs and integration with
ultrathin nonvolatile memory for advanced information security

(a) Design of multi-dye-sensitized UCNPs for wide-range photo-absorption
and upconversion. Schematic diagram of the energy flow (top) and three dye
sensitizers bound to a UCNP (bottom). (b) TEM image of the multi-dye-
sensitized UCNPs. (c¢) High-resolution TEM image of the multi-dye-
sensitized UCNP. (d) Normalized absorption and photoluminescence spectra
of the UCNP, sensitizers I, 11, III, and normalized absorption spectrum of the
PAG. (e) Schematic illustration of the photo-induced unrecoverable data

erasure in the ultrathin nonvolatile memory device with UCNPs for
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advanced information security. (f) Cross-sectional TEM images before (left)
and after (right) light-induced chemical destruction of the ultrathin

nonvolatile memory.
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Figure 3.3 Molecular structure and absorption coefficient of fluorescent
dye sensitizers for multi-dye-sensitized UCNPs

(a) Sensitizer I (blue). (b) Sensitizer II (green). (c) Sensitizer III (red).
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entire visible and NIR range. Furthermore, maximizing the chance of energy
absorption by utilizing a large photo-absorption bandwidth with high
absorption coefficients increases the upconverted output emission intensity in
the UV range. The sequential energy migration between sensitizer I, II, III,
and the UCNP is mainly based on Forster resonance energy transfer (FRET),
whose efficiency is maximized when the distances between coupled dyes are
maintained at less than the critical FRET distance”’. Other types of energy
transfer (e.g. Dexter electron transfer) may occur, however, are less likely
dominant process since the inter-ligand distance of fluorescent dyes is around
several nm.

Spatially-confined sensitization of multiple dyes on a single nanoparticle
through the controlled ligand exchange reactions is thereby a key factor of this
sequential energy transfer. Minimization of the inter-ligand distance on the
nanoparticle surface by changing the reactant amount (total number of ligands
on a UCNP) and the ratio of dyes increases the energy migration efficiency.
The UCNPs were synthesized by following the previously reported method”.
High-resolution transmission electron microscopy (TEM) images of these
multi-dye-sensitized UCNPs are presented in Figure 3.2b and 3.2c (the
crystal structure and size of the nanoparticles are shown in Figure 3.1¢ and

3.1d, respectively). Multi-dye-sensitization of UCNPs is performed via ligand
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exchange reactions (see Experimental section for details). Three fluorescent
dyes (sensitizer I, II, and III) are chosen to be sensitized on UCNPs. These
dyes have sufficient overlaps between their emission and absorption spectra
(Figure 3.2d) and high absorption coefficients (Figure 3.3). The absorption
spectrum of sensitizer I is in the 420-530 nm range (~blue), and its emission
spectrum (500-650 nm) is well overlapped with the absorption spectrum of
sensitizer II (470—-650 nm). Therefore, sensitizers I and II act as a FRET donor
and acceptor pair. Similarly, sensitizers Il and III are paired as a FRET donor
and acceptor, respectively. The three ligands and the UCNP itself cover the
entire visible and NIR spectral range for the photo-absorption process.

As a representative application example, the multi-dye-sensitized UCNPs
were applied for advanced information security of data storage devices. As

. . . 2829
mobile electronics such as wearable electronics™

and personal smart
devices”, have emerged in many applications, nonvolatile data storage
devices®'?* have become key modules in electronic systems. However, the
security of the information stored in mobile electronics is not sufficient.
Although the data stored in nonvolatile memory can be electrically erased for
security purpose, they can be easily restored”. Important information in

missing and/or stolen memory chips cannot be protected. Alternatively,

chemical destruction of the nonvolatile memory device® and/or related
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electronics™

under emergency situations makes the data unrecoverable. A
simple coating of a multi-dye-sensitized UCNP/PAG/poly(ethylene oxide)
(PEO) matrix on an ultrathin acid-destructible RRAM enables wide-
excitation-range photo-induced acid generation and subsequent chemical
destruction in an integrated system (Figure 3.2e). The ultrathin RRAM is
composed of a Mg top electrode (TE), a sub-10-nm-thick ZnO (doped with 3
wt% Mn) resistance switching layer (RSL), and a Cr bottom electrode (BE)
(Figure 3.2f left). Photons in wide range radiated onto the matrix are
converted into UV light that triggers acid-generation (Figure 3.2e). The
ultrathin Mn-doped ZnO RSL exhibits stable operation, while rapidly

disappearing in an acidic environment®® for the chemical data erasure (Figure

3.2f right).
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3.2.2 Characterization of upconverting nanoparticles
The sensitizer ligands and the UCNP itself harvest photons whose energies
correspond to ~2.4 (~blue), ~2.0 (~green), ~1.6 (~red), and ~1.3 eV (NIR).
The energy levels are located adjacent to each other and form an energy
gradient through which absorbed energy is sequentially transferred to the
UCNPs (Figure 3.4a). The collected energy from multiple photons of various
wavelengths is conveyed to Yb* ions and used for upconversion into a high-
energy UV photon through the Tm’* activator. The multi-dye-sensitization is
successfully achieved and widens photo-absorption from the NIR range only
(non-sensitized UCNPs) to the NIR, R, G, and B ranges (sensitized UCNPs)
(Figure 3.4b).

Because all sensitizers are co-located on the spatially confined surface of a
nanoparticle, the distances between ligands are close enough for FRETSs to
occur. The inter-ligand FRETs are confirmed through time-resolved
photoluminescence (PL) decay measurements. For double-ligand
nanoparticles with a ligand ratio of 1:1 (sensitizer L:II), time-resolved PL
measurement at 550 nm (emission of sensitizer I) shows a decreased decay
time-constant (t) from 4.94 ns (control; without sensitizer II) to 3.31 ns
(experiment; with sensitizer II), which is due to an additional decay path via

FRET between sensitizer I and II (Figure 3.5a)*. Another type of double-
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Figure 3.4 Characterization and optimization of the sequential energy
transfer in multi-dye-sensitized UCNPs
(a) Energy diagram of the three sensitizers and ions of the UCNP. The bold

bars represent the energy levels, and the arrows represent the sequential
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energy transfer. (b) Normalized absorption spectra of the UCNPs for various
sensitizing conditions. The inset shows a 25-times magnified view of the
spectra at ~975 nm. (¢) Normalized emission spectra of multi-dye-sensitized
UCNPs under 980, 800, 517, and 488 nm laser excitations. The laser power
density is 25 mW/mm’ in all cases. (d) Output UV intensity (361 nm) of the
non-sensitized and multi-dye-sensitized UCNPs (1.6 mg/mL) which are
excited by 800, 517, and 488 nm laser sources. The laser power density is 25
mW/mm® in all cases. (¢) Comparison of energy transfer efficiencies of
sensitizer I and II dispersed in the solution (left) and bound to the
nanoparticle surface (right). The efficiencies were measured by using the
donor (sensitizer I) fluorescence intensity in absence and presence of the
acceptor (sensitizer IT). The concentration of both ligands are 10° M for the
low concentration and 10° M for high. (f) Upconverted UV emission
intensity from double-ligand UCNPs (1.6 mg/mL). Molar ratios of sensitizer
IT and III range from 1:2 to 100:1. The 517 nm laser power density is 25
mW/mm’. The number written above the red bar indicates the calculated
inter-ligand distances (nm). (g) Upconverted UV emission intensity from
UCNPs (1.0 mg/mL) under various molar ratios of sensitizer I, II, and III.

The 488 nm laser power density is 25 mW/mm”.
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ligand nanoparticles (sensitizers II:IIl with a molar ratio of 1:1) exhibits a
similar decrease in 1 of sensitizer II from 1.7 to 1.11 ns (Figure 3.5b).
Sensitization of UCNPs with sensitizer I, II and III enables UV emission
excited by various light sources ranging from the visible to NIR range (488,
517, 800, and 980 nm), as demonstrated in Figure 3.4c. The multi-dye-
sensitized UCNPs exhibit UV emission by excitation at 800 nm, 517 nm, and
488 nm (Figure 3.4d) while the non-sensitized UCNPs show no emission.
The upconversion using previously unused photons (RGB) will provide many
new possibilities in various applications. FRET is mediated by the dipole-
dipole coupling between an energy donor and acceptor, and its efficiency is
inversely proportional to the sixth power of the distance between ligands®.
Therefore, control of the optimized distance between dyes on the nanoparticle
plays a critical role in the efficient energy transfer and upconversion process.
Thus, we characterized the FRET efficiencies between sensitizers I and II, and
sensitizers Il and III, respectively, under various inter-ligand distances. The
sensitizers were dispersed in a poly(methyl methacrylate) (PMMA) matrix
since the distance between sensitizers can be controlled by changing the
concentration, and calculated by dividing the volume of PMMA by the total

number of dye molecules.
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Figure 3.5. Inter-ligand FRETSs in double-ligand nanoparticles

(a) Time-dependent decay of the emission from UCNP/sensitizer I and
UCNP/sensitizer [+I1 measured at 550 nm with an excitation source of 400
nm. (b) Time-dependent decay of the emission from UCNPs/sensitizer I and
UCNPs/sensitizer II+11I measured at 650 nm with an excitation source of 500

nm.
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As the inter-molecular distance decreases, the energy transfer efficiency
increases with a sudden jump at ~6 nm for sensitizers I and II and at ~4 nm
for sensitizers II and III (Figure 3.6). These intermolecular distances
correspond to the critical FRET distance for each sensitizer pair. To achieve
this short inter-ligand distance, spatial confinement of ligands on
nanoparticles is important. Figure 3.4e compares the measured FRET
efficiencies between donor (sensitizer I) and acceptor (sensitizer II) dispersed
in the solution and sensitized on UCNPs. The efficiency (£) is measured by
E=1-(F/F) , where the F and £y indicate the donor fluorescence
intensity with and without an acceptor, respectively. In each case, two
different concentrations of dyes (low and high; both ligands have the same
concentration of 10°M and 10~ M, respectively) were used to compare the
effect of inter-ligand distances. The most effective energy transfer is achieved
when the ligands are bound to the surface of UCNPs at high concentration
because the inter-molecular distance between two different ligands on the
surface of the UCNPs is shortest among all four cases. Even at the low dye
concentration, FRET occurs effectively when the ligand is bound to the
surface of UCNPs. We also optimized ligand exchange reactions on the
nanoparticle surface to maximize the light absorption and by increasing the

number of dyes on a single UCNP. The total number of dyes on the surface of
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each UCNP was calculated by dividing the concentration of the dye-sensitizer
(calculated from photo-absorbance data) by the number density of
nanoparticles (calculated from ICP data). The area assigned for a dye was
determined by dividing the surface area of a UCNP by the number of dye-
sensitizers bound to it. Then, the inter-ligand distance is derived by taking a
square root of the calculated value. More detailed calculation procedures of
the inter-ligand distance are described in Experimental Section. The optimized
inter-ligand distance is 2.87 nm, which is similar to the critical FRET distance
(Figure 3.6). This short inter-ligand distance plays an important role in
maximizing the FRET efficiency and sequential energy transfer to UCNPs. In
this optimized reaction condition, the UV emission intensities of double-
ligand nanoparticles with various ratios of sensitizers II and III were
compared. The UV emission by the upconversion is maximized at
II(donor):1Il(acceptor) molar ratio of 8:1 (Figure 3.4f) where the inter-ligand
distance and the acceptor amount are balanced. At the left region (high III
ratio), the inter-ligand distance decreases since the total number of ligands
increases (Figure 3.7). When the inter- ligand distance reaches the minimum,
the total amount of energy transfer decreases as the acceptor amount decreases
(right region). This experimental result agrees well with the calculated values

that are numerically derived from the FRET data using a model of a round-
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Samole Absorb | Concentration | # of ligand on | Arealligand I?‘;r:%?sltnat :;;
P ance |of UCNPs (nM) UCNP surface (nm?) 9 (nm)
Acid,

3-30 1.394 7.90 646 8.2 2.87

Table 3.1 Optimized inter-ligand distances.
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shaped nanoparticle with randomly-spread ligands (Figure 3.8a, 3.8b and
3.8c, details are in Experimental Section). Based on this optimized II:III ratio,
we further optimized the sensitizer [:IL:I1I ratio for the excitation at 488 nm.
The maximum UV intensity excited at 488 nm is achieved at the molar ratio
of 24:8:1 (sensitizer LIL:III) as shown Figure 3.4g. Excess amount of
sensitizer 1 can reduce the quantum yield due to enhanced back energy
transfer between Tm’" and sensitizers (Figure 3.7, details are in Experimental
Section). The UV emission quantum yield is less than 0.1%, which is mainly

due to the low quantum yield"' of UCNP itself.
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Figure 3.7 Calculated number of conjugated sensitizer II and III on
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Figure 3.8 Simulated FRET efficiency and total energy transfer

(a) Plot of simulated FRET efficiency versus number of ligands in case of » =
30 nm, Ry = 6 nm, and the ratio of donor to acceptor ratio of 1 to 5. (b) Plot of
simulated total energy transfer versus donor to acceptor ratio in case of » = 30
nm, Ry = 6 nm, and N = 1200. (c) Plot of simulated total energy transfer
versus donor to acceptor ratio, the number of ligands on a UCNP in case of
the FRET from II to III. (d) Plot of simulated total energy transfer versus
donor to acceptor ratio, the number of ligands on a UCNP in case of the FRET

from I to II.
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3.2.3 Characterization of upconverting nanoparticles

We integrated the multi-dye-sensitized UCNPs with ultrathin data storage
devices (RRAM) to develop a memory system featured with a novel function
of unrecoverable data erasure. The system was constructed by integrating a
photo-induced acid-generating layer with an ultrathin RRAM. The memory
module was fabricated on an array of single-crystalline silicon (Si) transistors
and is coated with the acid-generating layer, which was a mixture of the
UCNPs and PAG dispersed in PEO medium (see Figure 3.9a for a cross-
sectional TEM image of the integrated system). We designed and fabricated
an ultrathin RRAM (Cr/ZnO:Mn/Mg; inset of Figure 3.9a, others in Table
3.2) that can be rapidly dissolved under the acidic condition. In addition to the
intrinsic dissolvable nature of Mg and ZnO, the ultrathin thickness of the RSL
(< 10 nm) facilitates fast chemical destruction®. It is important to minimize
the thickness of the ZnO:Mn layer, because the dissolution rate of ZnO is 3—4
times slower than that of Mg (Figure 3.10). Detailed information about the
chemical reaction mechanisms (Figure 3.11a) and characterization results of
PAG (Figure 3.11b for UV-vis spectroscopy and Figure 3.11c for 'H NMR)
are presented in the Experimental section. Figure 3.9b exhibits a
representative current—voltage (/~V) curve before (red and blue) and after

(black) the chemical destruction (permanent data erasure). The forming
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Figure 3.9 Integration of UCNPs with the ultrathin RRAM

(a) Cross-sectional TEM image of the integrated system (RRAM on the Si
transistor coated with UCNPs/PAG/PEO layer). (b) I-V curve of the
Cr/ZnO:Mn/Mg RRAM before and after photo-induced chemical destruction.

(c) Cumulative probability plot of resistances of low resistance state (LRS)
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and high resistance state (HRS) at read voltage of 30 mV. (d) Plot of drain
current (Iq) versus gate voltage (V,) of the integrated Si transistor and RRAM
(1TIR) device in the LRS and HRS. The applied drain voltage (V4) was 30
mV. (e) UV emission spectra from UCNPs in the solution of PAG and
chloroform with various PAG concentrations. (f) Blue emission spectra from

UCNPs in solution of PAG and chloroform with various PAG concentrations.
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Bottom Oxide Top Switching etc

Mg MgO Mg 0

Mg Zn0O Mg X

Mg ZnO:Mn Mg X

Al MgO Mg X

Al n0O Mg X

Al ZnO:Mn Mg C  unstable switching
Cr MgO Mg X

Cr n0o Mg X

Cr Zn0O:Mn Mg 0

Au MgO Mg C  Too highturn on voltage
Au no Mg X

Au ZnO:Mn Mg X

Table 3.2 List of the selected layer information for memory application.
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Figure 3.10 Comparison of dissolution speed between Mg and ZnO:Mn
(a) Cross-sectional TEM image of Mg and (b) ZnO:Mn thin film before (left)
and after (right) photo-induced chemical etching. Both layers are covered with

the UCNPs/PAG/PEO matrix.

91



I b 0510 MM in CHCI,
c | h _ 21 D 379 nm
[ —> 3 0.44
H,0 nHCl [1] = 0.4

N° N ni
o, N1 803 30s
N c
cl g
| = 0.2
o
7]
201
Mg (s) + 2HCI (PEO) — H, + MgCl, [2] 0.0
ZnO (s) + 2HCI (PEO) — H,0 + MgCl, [3] 300 400 500
Wavelength (hm)
C H* & photo-product generation d PR &~ R°
0 min % A a2
c K A, Y
S10{ ~° OO oz
- o
) 1‘9\/mln § 0.8 ,-% L 0.8 3
OO 2.l / / 0.6 =
20min © N
3 M)\ T 0.44 Z ,/’%" 0.4 3
in = ¥ f///,///«, -
) [ 30min = 0.2 /g i, 0.2
[T rrT |I‘|}| o N I - |“|‘| §0.0- A "-3”'”,//‘ 0.0
8.0 75 70 S 300 350 400 450 500
"H NMR peak (ppm) Wavelength (nm)

Figure 3.11 Characterization of photo-acid-generator (PAG)

(a) Molecular structure and chemical reactions of PAG with dissolvable
materials such as Mg and ZnO. (b) Absorption spectra of PAG with different
UV illumination time. (¢) NMR spectra of PAG in CDCl; solution with
different UV illumination time. (d) Normalized absorption of the PAG and

normalized photoluminescence of the UCNPs.
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process (green) induces the memory device to have a bipolar behavior with a
low operating voltage (between -2 and 1.5 V). After chemically dissolving the
TE and RSL, the device exhibits a zero on/off ratio, which means a permanent
loss of the stored data. Figure 3.9c presents a cumulative probability plot,
which reveals uniform switching behaviors over entire pixels in the 12 x 12
array while maintaining a large memory operation window (two orders of
difference between on and off). We employed single-crystalline Si nano-
membrane transistors’"*>. By integration of the RRAM device with the Si
transistor (Figure 3.9d), the memory array can be operated (Figure 3.12).

For facile and selective chemical destruction of the ultrathin RRAM, photo-
responsive acid generation has been utilized”. UV emission from the UCNPs
in the PAG solution decreases dramatically as the PAG concentration
increases (Figure 3.9¢) due to UV absorption by the PAG (left blue peaks in
Figure 3.11d), whereas blue emission from the UCNPs, which is not absorbed
by the PAG (right blue peaks in Figure 3.11d), maintains its original intensity
(Figure 3.9f). The acidic environment generated by the solid-state PAG and
UCNP film was strong enough to etch Mg (the TE of the RRAM), which can
be inferred from the sudden increase of resistance of the Mg film (Figure
3.13a). The 1:2 ratio of PAG:PEO enabled the fastest dissolution of the Mg

TE. Wavelength-selective and/or spatially-controlled destruction of
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Figure 3.13 Integration of UCNPs with the ultrathin RRAM

(a) Resistance change of dissolvable electrodes under various PAG and PEO

compositions. (b) Images of the etched Mg layer coated with UCNPs (left)

and UCNP/sensitizer I1I (right) by exposure to 980 nm and 800 nm laser with

the same power density of 25 mW/mm®. (c) Image of the integrated device

array on a flexible plastic substrate. (d) Magnified view of the integrated
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device without light exposure (left) and with light exposure (right) for photo-
induced chemical destruction. The degraded region corresponds to the TE and
RSL of the memory. 800 nm laser with the power density of 25 mW/mm® was
used as the light source. (e) Information (SNU) stored in the memory array
(left) and unrecoverable erasure of the stored data by photo-induced chemical

destruction (right) at the read voltage of 30 mV.
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the electronics is also possible. Namely, several selected parts of the entire
degradable electronic system (e.g., memory and processing parts) can be
destroyed independently by changing the illumination wavelengths and/or
area. When two selected parts of the electronics are coated with different
ligands at different regions (Figure 3.13b; non-sensitized UCNPs coated on
the left side and UCNPs with sensitizer III on the right side), irradiation of the
365 nm or 980 nm light leads to etching of all electronics, whereas
illumination of the 800 nm light only destroys the right side.

We integrated the UCNPs/PAG/PEO with the flexible RRAM array (Figure
3.13c¢). Because of the ultrathin nature of the electronics, the entire system is
deformable and can be integrated on various curvilinear surfaces including the
human skin (Figure 3.14a). The technologies presented in this work, can thus
be applied to conventional Si-based memory modules as well as next-

283031 [lumination of

generation memory devices including deformable ones
the 800 nm light yields successful breakdown of the system (Figure 3.13d).
The stored data in the memory array (Figure 3.13e left) can be completely
erased by chemically dissolving the memory device (Figure 3.13e right).
Units for wireless triggering of photo-illumination and dissolution of

electronics can also be integrated (Figure 3.14b and 3.14¢). This novel system

achieves enhanced information security through unrecoverable data erasure.
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Figure 3.14 Photo-induced destructible RRAM in the wearable and

wireless form

(a) Ultrathin destructible RRAM on the human skin. (b) Image of the
integrated memory array with battery and wireless control unit for mobile
applications. (c) Plot of current of the UV lamp (red) and the resistance of
device (blue) versus time of a Mg electrode in the wireless device with light

illumination and without (inset) light illumination.
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3.3 Conclusion

Multi-dye-sensitization of UCNPs can dramatically widen their photon
absorption window from only the NIR range (975 nm) to the entire visible
and NIR range (450-975 nm). This expansion enables photons of diverse
initial energies to be used for upconversion into a high energy photon.
Optimization of the sensitizer ligand distance and ratio further increases the
efficiency of the sequential energy transfer and photo-upconversion process.
Absorption of diverse-energy photons that cannot be used in conventional
UCNPs maximizes the utility of UCNPs. As a representative application
example, the sensitized UCNPs together with the PAG are used as a new
information security module in data storage devices with a function of
unrecoverable data erasure. The upconversion by UCNPs using previously
unused photons (RGB) would provide numerous new opportunities for their

applications.
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3.4 Experimental

3.4.1 Numerical modelling of the FRET efficiency

We used a round-shaped nanoparticle model with randomly-spread ligands
to estimate the FRET efficiency. In this model, we assumed that the shape of
the nanoparticle is spherical, the radius of r, the energy transfer dominantly

occurs between the two closest ligands, and the ligands are randomly located

on the surface of the nanoparticle with the total number of ¥=n~,+ N, and
the donor:acceptor ratio of R,,,=N,/N, (where Np and N, are the
number of donor and acceptor, respectively). The location of ligands on the

nanoparticle is determined by a random function using the Matlab program

(MathWorks, USA). The closest inter-ligand distance (d, ) of two sensitizers
is defined as follows.

d, = MiNy,p, [ PO, ) =POINt, 0, [l (1)
Based on the measurement data, R, was calculated. The FRET efficiency

depends on the intermolecular distance between the donor and acceptor

based on the law of dipole—dipole coupling
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where Ry represents the critical FRET distance between the donor and

acceptor which affects the energy absorbed initially. Iteration of the cycle

imposes an averaging effect of the random samplings. Therefore, € is

expressed as a following equation.

1 cycle Mgy

PRI E)

CyCle cycle=1 n=l

&=
The total energy transfer (E ) can be achieved by multiplying the efficiency
with the number of donor (nd"”"’ ).
E=npe (4)
The £ and thereby the FRET efficiency increase as the number of ligands

increases (Figure 3.9a). As R, , decreases, the simulated FRET efficiency

(E) decreases while the absorption of the donor increases. Therefore, the
amount of total energy transfer ( E£) which is related to the UV intensity
reaches its maximum (Figure 3.9b). It agrees well with the experimental
result in Figure 2f. E as a function of R,, and N are plotted in
Figure 3.9¢ (FRET from sensitizer II to III) and Figure 3.9d (FRET from

sensitizer I to II).
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3.4.2 Characterization of the PAG

[lumination of the UV light by using the 365 nm lamp to the PAG induces
acid generation, resulting from photo-degradation of PAG molecules.
Because the degraded products of PAG molecules exhibit lower photo-
absorption coefficients than the initial non-reacted PAG molecules, the UV
absorption decreases as the light exposure time increases. As the degraded
products increases, which appear during photo-acid generation, new peaks
arise in the 'H NMR spectra (the red circles in Figure 3.12; Avance-300,

Bruker, Germany).

3.4.3 Demonstration of the mobile data storage with a wireless
triggering unit

A wireless controller chip, phototransistor, ultrathin RRAM, and UV light-
emitting diode (LED) were integrated on a USB-sized printed circuit board
(Figure 2.15b). The LED covered the entire area of the RRAM for efficient
illumination. The command signal for the destruction is transmitted from the
controller to mobile data storage devices integrated with LEDs, which turns
on the UV LED and leads to the complete chemical destruction of the
dissolvable parts of memory devices (Figure 3.15¢). Without this actuation,

the memory data are preserved over 10° s (inset of Figure 3.15¢).
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3.4.4 Materials for device fabrication

The 340 nm (100) p-type SOI wafer was purchased from Soitec (France),
and spin-on-dopant (P509) for N-doping was purchased from Filmtronics
(USA). The pure Cr and Mg pellet for thermal evaporation were purchased
from Taewon Scientific Co., Ltd. (Korea). Cr and 99.99% ZnO:Mn (Mn

contents: 3 wt%) sputter targets were purchased from Thifine (Korea).

3.4.5 Synthesis and characterization of IR806

IR806 was synthesized using previously reported method** All the reactions
were performed under an Ar atmosphere using Schlenk-line techniques.
IR780 iodide (0.75 mmol) was mixed with 4-mercaptobenzoic acid (1.50
mmol) in DMF (20 mL) by vigorous stirring at room temperature for 20 h.
Then DMF was removed from the solution under vacuum. The residual
product was dissolved in DCM (5 mL) and then filtered through a 0.45-um
PTFE syringe filter. Diethyl ether (150 mL) was slowly added to the filtered
solution, and the purified and precipitated IR806 was retrieved by

centrifugation.
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3.4.6 Ligand exchange reaction of sensitizers I, II, and III on
UCNPs

For multi-dye-sensitization of the UCNPs, the UCNPs in chloroform (3
mg/mL) were mixed with dyes (0.3 mg/mL) with various mixing ratios.
Then the mixture was stirred under mild heating at 45 °C for 15 h. The
resulting solution was washed with acetonitrile (20 mL), and the product was
retrieved by centrifugation. The washing process was repeated twice to
completely remove free-standing unreacted dyes. The precipitated final

product was successfully dispersed in chloroform.

3.4.7 Characterization of the UCNPs

TEM-2010 (JEOL, Japan) was used for collecting TEM images, and X-ray
diffraction patterns (26 scans) were obtained using an X-ray diffractometer
(XRD, D/Max-3C, Rigaku, Japan) with Cu Ka, radiation (1 = 1.5418 A).
Inductively coupled plasma atomic emission spectroscopy (ICPS-7500,
Shimadzu, Japan) was used to measure the concentration of lanthanide ions
in the UCNPs. 'H NMR spectra were recorded on an Avance-300 (Bruker,

Germany).
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3.4.8 Absorption/Emission spectra of multi-dye-sensitized
UCNPs

For optical characterization, a UV/visible absorption spectrophotometer
(Cary 5000, Agilent, USA) and photoluminescence spectrometer (FLS980,
Edinburgh Photonics Ltd., UK) were used. Absorption spectra of UCNPs in
chloroform or ethanol were obtained at the same scan rate of 600 nm/min.
Photoluminescence spectra of UCNPs were obtained under the irradiation of
a laser at an appropriate wavelength and power for each experiment. The 980
nm laser (MDL-III-980-1W) and 800 nm laser (MDL-III-800-1W) were
purchased from CNI Laser (China), and the 517 nm laser (LVI-517-500mW)
and 488 nm (LVI-488-150mW) laser were purchased from JMJ Korea
(Korea). When needed, a short-pass filter was used to protect the detector
from damage by scattered laser light. All the filters were purchased from
Edmund Optics (USA). A quartz cuvette (Hellma, Germany) with light path

of 10x10 mm was used for all the optical measurements.

3.4.9 Estimation of the total number of dye-sensitizers on a single
UCNP
The total number of dye-sensitizers on a single UCNP was calculated using

the concentration of substituted dye-sensitizers (Ciigna) divided by the
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number density of nanoparticles (Cpanoparicie)- The detailed calculation
procedure is as follows. (i) Concentration of substituted dye-sensitizers
(Ciigana): We assume that the absorption coefficient of the dyes does not
change during the ligand exchange reaction. The photo-absorbance of the
dye-sensitizers was measured using UV/vis spectroscopy. Dividing the
measured absorbance by the molar absorption coefficient yielded the molar
concentration of the dye-sensitizers bound to the UCNP surface (Ciigana). (ii)
Number density of nanoparticle (Cpanoparticie): Cnanopariicie 10 the solution was
calculated by dividing the molar concentration of lanthanide ions (mM) (Ci,,
calculated from inductively coupled plasma atomic emission spectroscopy
results) by the number of lanthanide ions in a single nanoparticle (Njon). Nion
was calculated by dividing the average volume of nanoparticles (measured
by TEM imaging) by the unit-cell-volume of hexagonal NaYF, (a = 0.596
nm, ¢ = 0.353 nm) and multiplying it by 1.5 (the number of rare earth metals
in a hexagonal unit cell). In case of multi-dye-sensitized nanoparticles, total
number of dye-sensitizers on a single UCNP is calculated by summation of

the number of each sensitizer.

3.4.10 Characterization of inter-ligand distances

To estimate the surface area of a UCNP, we measured the dimension of a
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UCNP using TEM images. We assume that the size of every single
nanoparticle is the same, and that the shape of a UCNP is a hexagonal prism.
The area assigned for a dye-sensitizer was determined by dividing the
obtained surface area of a UCNP by the number of dye-sensitizers bound to
it. The average inter-ligand distance was then calculated by the taking square

root of this value.

3.4.11 Measurement of time-dependent decay of emission and
calculation of the energy transfer efficiency

The time-dependent decay of the emission of sensitizers I, II, and III was
measured using the time-correlated single photon counting (TCSPC) method
with a PicoHarp 300 photo-counting system (PicoQuant, USA). The
measurements were conducted under 400 nm (for sensitizers I and II) and
500 nm (for sensitizers II and III). The dark count rates were 10’—10°
photons per second, and the measurement count rates were 5x10* photons
per second. The experiment was stopped when the photon counts reached
15000. The average lifetime was fitted using PicoHarp 300 software. The
efficiency of energy transfer between two sensitizers was determined from

the excited state lifetime of the donor sensitizer with/without the acceptor
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Eol- 7(donor + acceptor)

sensitizer,

t(donor) . In case of weak fluorescence, the

efficiency was calculated using the quantum yield of the donor sensitizer

difference with/without the acceptor sensitizer,

1 F (donor + acceptor)
F (donor)

3.4.12 Fabrication of the destructible memory

A Cr thin film (~100 nm) was deposited by DC sputtering under an Ar
atmosphere and patterned using photolithography with a S1805 photoresist
(MicroChem, USA) and Cr etchant (Transene, USA). 5 cycles of ALL,O; (~1
nm) was deposited on the Cr bottom electrode (BE) using plasma-enhanced
atomic layer deposition (PEALD). Then, SU-8 2000.5 (MicroChem, USA)
was spin-coated and patterned on a 30 um X% 30 um square-shaped via a hole
array. A ZnO:Mn (Mn 3 wt%; Thifine, Korea) thin film (~5 nm) was
sputtered using 50 W power under 15 mTorr Ar atmosphere. A 30 nm Mg TE
was deposited by a thermal evaporator on the ZnO:Mn layer and then
patterned using photolithography with a S1805 photoresist and Mg etchant

(1% HNO;, 24% water and 75% ethylene glycol).
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3.4.13 Reliability tests (memory endurance, retention) of the
memory

The reliability of the memory, the endurance was examined by repetitive
voltage sweep from -2 to 1.5 V with current compliance of 300 pA for
programming low-resistance state (LRS). Resistances of the high-resistance
state (HRS) and LRS were measured at a read voltage of 30 mV, which
exhibited stable operation (Figure S12a). For the retention characterization,
set and reset processes were performed by voltage sweeping (0 to 1.5 V for
set and 0 to -2 V for reset), and the current levels were read at 30 mV every 5

s (Figure S12b).

3.4.14 Fabrication of the Si transistor array

A SiO, doping mask layer was deposited on a p-type silicon-on-insulator
(SOI) (340 nm top Si; Soitec, France) wafer using plasma-enhanced
chemical vapor deposition (PECVD). Selected regions of the SiO, mask
were patterned by photolithography and etched to define the doping area.
P509 spin-on dopant (Filmtronics, USA) was spin-coated and annealed at
200 °C for 15 min and 975 °C for 1.5 min. After removing the SiO, doping
mask and residual spin-on-dopant, the buried oxide of the SOI wafer was

undercut etched using HF solution. The doped Si nano-membrane was then

109 -



transferred to a polyimide substrate (Poly(pyromellitic dianhydride-co-4,4'-
oxydianiline) coating on SiO, substrate). The transferred Si nano-membrane
was patterned and etched for electrical isolation between adjacent transistors.
The gate dielectric (60 nm SiO,) was deposited by PECVD and then
patterned and etched to form source and drain windows. Then, Cr was
deposited and patterned for the source, drain and gate electrodes. The
solution of acid-generating layer containing UCNPs in chloroform is then
spin-coated or dip-coated and annealed at 65 °C for 1 min. Finally, the

device was picked up with a 3M tape and transferred to the desired substrate.

3.4.15 Preparation of acid-generating UCNP/PAG/PEO layer

The acid-generating layer was prepared by simple mixing of the UCNPs,
PAG, and PEO. The PAG (20 mg), and PEO (40 mg) were dissolved in 1 g of
the UCNP solution (10 mg/mL) and stirred overnight. The resulting mixed
solution was spin- or dip-coated on the RRAM substrate and cured at 65 °C
for 1 min. After the chemical dissolution, the sample was dipped in ethanol

overnight to clean acid-generating layer for the electrical measurement.

3.4.16. Preparation of the TEM specimen for cross-sectional

image of the integrated system
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A Pt thin film or carbon protecting layer was deposited on the devices
coated with the UCNP/PAG/PEO matrix by DC sputtering under an Ar
atmosphere. Focused ion beam (SII NanoTechnology Inc., USA) methods
for TEM sample preparation were used with Ga’* ion current under 30 kV.
The sample was stored under vacuum condition before obtaining the TEM

images.
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Chapter 4. High-resolution spin-on-patterning of
perovskite thin films for optoelectronic device

array.

4.1 Introduction

A pixel in the high-resolution optoelectronic device (e.g. Light emitting
diode and photodiode) array is composed of an active electronic component
and a photodetecting unit, which are generally made up of single-crystalline
silicon. The ideal properties for a photodetecting unit, which determine the
quality of the obtained images', include the high gain, low noise’, infrared
(IR) blindness®, and tunable absorption*®. The deformability of an image
sensor array provides additional innovative advantages’. Although silicon is
considered as one of the best materials for the current image sensor arrays, it
has several drawbacks as a material for image sensing devices: i) A thick
silicon active layer is required to absorb sufficient photons owing to the
inefficient photoabsorption originated from its indirect bandgap nature. ii)
The brittleness of a bulk silicon wafer and its high processing temperature
make the fabrication of image sensor arrays on deformable substrates

challenging. iii) The relatively high noise level decreases the signal-to-noise
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ratio. iv) An IR-filter is required to remove the undesired signals by
absorption of photons in the range of 750—1200 nm. v) Color filters are
necessary to distinguish between red, green, and blue light. Compound
semiconductors may partially solve these problems. However, they are much
more expensive than silicon, although several novel processing approaches
have lowered the cost.

Solution-processed perovskite thin film have attracted significant attention
as efficient photo-absorption layer and promising alternatives to bulk

10,11

silicon . Compared to silicon photodetectors, perovskite photodetecting

units show higher gains'”, lower noise levels®", IR blindness®, and tunable

absorption*®. Perovskite materials also allow for the low temperature

14,15

fabrication on plastic substrates ", which is important for future flexible

16,17

devices ™', and for the production of cheaper modules than those based on

silicon and compound semiconductors. Although perovskite solar cells have

stability issues related to the humidity and temperature'®"

, perovskite
photodetectors are quite free from these stability problems because image
sensor arrays work under relatively moderate conditions compared to solar
cells. Moreover, recent studies have reported a dramatic enhancement in the
1518

stability of perovskite optoelectronic devices

Despite the above-mentioned extinctive properties, most of the solution-
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processed perovskite thin film devices have demonstrated as large and bulk
cells not as patterned arrays. The high-resolution patterning of the solution-
processed thin film is necessary for electrical isolation between adjacent
cells in the sensor array. Moreover, integration of patterned photodetecting

20 with the active component’* has been highly demanded for

unit
individual cell addressing but challenging. This is mainly because of the
instability of perovskite materials in almost all polar and protic solvents (e.g.,
water, alcohol, acetone, and other solvents for photolithography.

Here, we report a novel high-resolution spin-on-patterning (SoP) process
for perovskite thin films. The dewetting of the perovskite precursor solution
during the spin-coating process enabled the simple but reliable patterning of
perovskite thin films up to the resolution of 1 um and below”. The SoP
process was found to be compatible with various solution-processed

227 as well as the

perovskite deposition techniques reported so far
conventional microfabrication processes used for the mass production of

image sensor arrays in the industry.
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4.2 Result and Discussion

4.2.1. Characterization of spin-on-patterning of perovskite thin
film

Figures 4.1 i)-vi) illustrate the SoP process developed in this work. Briefly,
i) a densely packed hydrophobic self-assembled monolayer (SAM; e.g., n-
octadecyltrichlorosilane (ODTS)) was deposited on the entire surface of oxide
substrates (e.g., SiO,, TiO, and ITO). ii) The photoresist (PR; S1805,
Microchem, USA) was spin-coated and patterned. The PR-patterned oxide
substrate was then treated with the oxygen plasma using a reactive ion etcher
(RIE) to selectively remove the SAM, expose the oxide, and make that region
hydrophilic. The removal of the PR defined a pattern with two different
surface energies (hydrophilic oxide region and hydrophobic SAM-modified
region). Then, iii) the solution of perovskite precursors was spin-coated
(Figure 4.2a), which iv) form a thin solution film (Figure 4.2b). v) The
decrease in the solution thickness by the spin coating resulted in spontaneous
dewetting of the solution from the hydrophobic region and its migration onto
the hydrophilic region (Figure 4.2¢). The residual solution was removed from
the substrate by the centrifugal force. vi) Finally, the patterned solid-state

perovskite film was obtained after thermal annealing (Figure 4.2d).
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Figure 4.1 Schematic illustration of the spin-on-patterning process
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iii) of Fig. 1a b iv) of Fig. 1a

Perovskite precursor Beginning of
on a substrate spin-coating

Beginning of
dewetting

~ N Reflectio

r

Close-up view of th dewetting

Crystallization starts Partially cured Fully cured
from the edge perovskite perovskite

Figure 4.2 Snapshot images at various states of the SoP process captured
from a slow-motion video
(a) Initial states, (b) full wetting state, (c) dewetting states, and (d)

crystallization states.
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Dimethylformamide (DMF), dimethylsulfoxide (DMSO), and y-butyrolactone,
which are responsible for the complete and partial wetting on the hydrophilic
and hydrophobic surfaces, respectively, were used as the solvents for
perovskite precursors (Contact angle measurements are in Table 4.1).
Examples of patterned perovskite films are shown in Figure 4.3. We chose
CH;NH;Pbl;, which is a well-known inorganic—organic hybrid perovskite
material, as a representative material. Figures 4.3a i)—iii) show the optical and
scanning electron microscopy (SEM) images of the patterned perovskite film
at different magnifications. Figure 4.3a iv) shows an atomic force microscopy
(AFM) image of the patterned perovskite film (magnified view of the green
dotted box in Figure 4.3 iii)). The perovskite film was deposited only in the
hydrophilic oxide region. The X-ray diffraction (XRD) peaks of the patterned
and bulk perovskite films coincided, indicating that they had the same crystal
structure (Figure 4.4). Figure 4.3b and its insets (magnified views) show the
“line and space” patterns of the perovskite film. The line widths were between

600 nm and 20 pm.
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a, TiO, NPs-coated substrate

Contact angle DMSO DMF v-butyrolactone
ODPA 68.3 4755 55.22
ODTS 75.92 58.06 71.59

Oxygen plasma ~0 ~0 ~0
b, ITO substrate

Contact angle DMSO DMF v-butyrolactone
ODPA 63.9 4422 47.26
ODTS 62.31 52 76.95

Oxygen plasma ~0 ~0 ~0

¢, SiO, substrate

Contact angle DMSO DMF v-butyrolactone
ODPA 37.36 26.56 39.77
ODTS 76.96 59.56 67.19

Oxygen plasma ~0 ~0 ~0

d, FTO substrate

Contact angle DMSO DMF v-butyrolactone
ODPA 76.55 62.31 76.96
ODTS 73.63 68.3 74.88

Oxygen plasma ~0 ~0 ~0

Table 4.1 Contact angle measurements of representative solvents (DMSO,
DMF, and y-butyrolactone) on various substrates treated by the ODPA
(n-octadecylphosphonic acid), ODTS (n-octadecyltrichlorosilane), and

oxygen plasma.
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Figure 4.3 Patterned perovskite thin film

(a) 1) Optical microscope image of the patterned perovskite film on an ITO
substrate, ii) its magnified SEM image (red dotted box), iii) another magnified
SEM view (blue dotted box), and iv) AFM image of the green dotted box. c,
SEM images of the patterned perovskite films on an ITO substrate with
different widths and spacings. The line pattern width ranges from 20 pm (left)

to 600 nm (right). The insets show the magnified image of each dotted box.
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Figure 4.4 X-ray diffraction (XRD) data of the patterned (red) and

unpatterned (black) on the FTO substrate.
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4.2.2. Optimization and modelling of SoP process and patterned
perovskite films

To maximize patterning yield of the desired shape (see Experimental section
for the yield calculation), we optimized the SoP process by modulating the
spin-coating rate and temperature of the perovskite precursor solution
(CH3NH;PbI; Cly in DMF). The reason why we chose spin-coating rate and
temperature for optimization factors is that the SoP process is fundamentally
based on the time-dependent dewetting of the perovskite precursor solution
during its spin-coating on the pre-patterned hydrophilic/hydrophobic surface.
According to a simple 2D thermodynamic dewetting model, the spin-coating
rate and temperature were revealed as important parameters, between which
the spin-coating rate is a more dominant factor (Figure 4.5a). Almost all
patterns (~95% yield) were successfully defined at low solution temperatures
and high spin-coating rates.

The SoP process was analyzed using a thermodynamic dewetting model
(Figure 4.5b). At the initial state, the entire surface is covered by thin liquid
film with a height of H’. After the dewetting step, the liquid—vapor interfacial
area per unit width increases by 28 —L,,,, —L,, (Figure 4.6a). The liquid—

solid interfacial area decreases by L,,,, , and the solid—vapor interfacial area
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Figure 4.5 Optimization and modelling of the SoP process.
(a) Patterning yields at different spin-coating rates and solution temperatures
on an SAM-patterned ITO substrate. (b) Schematic illustration of the
dewetting model for the SoP process. (c) Plot of the height of the spin-coated
solution versus the spin-coating time during the SoP process at a high (3,000
rpm) and low (1,000 rpm) spin-coating rate.
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increases by L, . For a completely separated pattern, the total interfacial
energy difference (AG,, ) per unit width during the dewetting step should
be less than 0. Therefore,

(28 =Ly —Loy)E,y = Loy Ej s+ Loy Egy U AG,,,, <0 (Eq.1)

where E

v E,g,and Eg, are the liquid-vapor, liquid-solid, and solid—

vapor interfacial energies, respectively. In this modified dewetting model,

S can be expressed as a function of the contact angle at the hydrophilic

surface (@), the length of the hydrophilic region (L, ), the length of the
hydrophobic region ( Lg,,, ), the height of the solution ( /), and the contact
angle at the hydrophobic surface [ . By using the Taylor series of cotf (6
is defined in Figure 4.6a and calculated from the height profile measured
from the atomic force microscope; Figure 4.6b and Figure 4.6¢),

28 =20H +L,,0cot0) 20H +L,, —%HZLOX (Eq. 2)

Substitute this into Eq. 1 to get

1
20H - L, —EHZLOX <-Lg,, cosf (Eq.3)

The height when Eq. 3 meets the equivalence can be defined as the critical

dewetting height (/_,,,.,), Eq. 3 can be modified as:
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(1-cos B)Ly,,, +:1)’02L0X

H < 20 = Hcr[t[cal (Eq 4)

Meanwhile, the height of the solution decreases with time during the SoP
process. We employed a theoretical spin-coating model,

4h; pw't

.
3 j (Eq. 5)

H:h0[1+

By combining Egs. 4 and 5, we can state that the dewetting step occurs when
the height of the solution is lower than the critical dewetting height (Figure
4.5¢). In the case of the high spin-coating rate, the thickness of the solution
reaches the critical dewetting thickness quickly, and therefore, the yield
increases. The subsequent annealing of the solution produces the patterned
film.

Figure 2c shows the plot of the solution height versus time in the case of

Lox - 5 um, Lgus 5 um, 0 — 8°, and B - 70°. For the calculation of
the height of the solution during the spin coating, we assumed an initial
solution volume of 50 pL, a solution density of 1.1 x 10° kg/m’, a viscosity of
1.99 x 10 kg/m's, and a low rpm of 1,000 rpm and a high rpm of 3,000 rpm.
As thickness of the coated solution decreases below the critical solution
thickness ( H ; Figure 4.5c), the dewetting occurs spontaneously to

critical

minimize the total surface energy during the spin-coating process. Under
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critical thickness, surface energy reaches critical value, which results in a
transition from wetting to dewetting. As the rate of spin-coating increases, the
film thickness reaches the critical dewetting thickness more rapidly, thus
making the dewetting easier. This tendency corresponds to the experimental
results, i.e. higher patterning yields at faster spin-coating rates (Figure 4.5a).
The local grain diameter of the patterned perovskite film depended mainly
on deposition methods and the distance from the pattern edge. In case of the
hot casting method, which induces large grain growth, the average diameter of
the grains increased linearly until the distance from the pattern edge reached 5
um and remained constant at distances greater than 5 um (Figure 4.7a). In the
case of the mixed-precursor deposition method, on the other hand, which
induces the growth of smaller grains the average diameter of the grains was
less dependent on the distance from the pattern edge. In addition to deposition
method, as the distance from the pattern edge increases, the average diameter
of the grains increases and becomes steady. Upon dewetting, the precursor
solution was confined within the hydrophilic region and formed an arch-like
shape (Figure 4.6¢). The volume of the precursor solution at the pattern edge
was thereby smaller than that at the center of the pattern, which resulted in
insufficient grain growth. Accordingly, the average grain size decreased, as

the area of the small square-shaped patterns (area < 2,500 um?) decreased,
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owing to the edge effect, while the average grain size in the large patterns

(area > 2,500 pm’) was independent of the pattern area (Figure 4.7b).
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4.2.3. Fabrication of patterned perovskite photodiode by the SoP
process

Based on the optimized patterning technique, we fabricated patterned
perovskite photodiode array employing the device structure compatible with
low temperature processes” (Figure 4.8a). The ITO and Au film served as a
bottom and top electrode (BE and TE) of the perovskite photodiode,
respectively. Uniformly spin-coated Y doped TiO, (Y:TiO,) NPs were used as
an electron transport layer, spiro-OMeTAD was used as a hole transport layer,
and a 150 nm CH;NH;Pbl; film was used as a photo-absorption layer. The
device showed typical characteristics of a photodiode (Figure 4.8b). The
energy level of each layer is appropriate for photo-absorbing devices (Figure
4.9). Figure 4.8b shows the current density—voltage (J-V) characteristics of
the patterned (blue) and unpatterned (red) perovskite device, measured under
the dark (off) and illuminated (on; AM1.5G, 100 mA cm*) conditions. The
on/off ratio, rectification ratio, and dark current density of the patterned
perovskite photodiode at —1.5 V were 1.0 x 10°, 3.1 x 10% and 1.1 x 1072
mA/cm?’, respectively. The J-V characteristics and frequency response of the
perovskite photodiode are appropriate for the image sensor applications®

(Figure 4.10).
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Figure 4.8 Patterned perovskite photodiode
(a) Cross-sectional SEM image of the perovskite photodiode. (b) Current
density—voltage (J-V) plot of the patterned and unpatterned perovskite

photodiodes under the illuminated (On) and dark (Off) conditions.
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the frequency of 20 kHz is shown in the inset.
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Notably, the patterned perovskite photodiode exhibited much higher current
density than theoretical value of the single-crystalline silicon device with the
same thickness (Figure 4.11) because of its higher photo-absorption
coefficient'’. Additionally, perovskite photodiodes based on different halide
compositions can be used for the filter-less and color-tunable photodetectors™’
without the IR noise. The absorption edge can be tuned from ~790 nm
(CH3NH;PbI;) to ~450 nm (CH;NH;PbBrCl,), which correspond to the IR
and blue light (Figure 4.12a), respectively’'. The device made up of
CH;NH;Pbl; absorbs photons in the entire visible range and is responsive to
the red, green, and blue light, while that based on CH;NH;PbBr,CI showed
responses only to the green and blue light (Figure 4.12b). The device based
on CH;NH;PbBrCl, was selectively responsive to the blue light (Figure

4.12b). All the devices show minimal IR noise.

143



4.3 Conclusion

The SoP process proposed in this work enabled a facile, reliable, and
high-resolution patterning of inorganic—organic hybrid perovskite thin films.
The developed process could be applied to a variety of mixed halide
perovskite materials formed by various solution-processed deposition
methods on different types of substrates. By using this SoP process, we
successfully developed a perovskite-based patterned photodiode array
featured with the high-performance, ultrathin thickness, lightweight, and
deformable characteristics. Based on the results obtained in this study, we
state that the SoP process has a high potential to become a versatile tool for
fabricating perovskite-based high-resolution optoelectronic device arrays,
such as the next-generation image sensors, light emitting diodes, and micro-

solar cells.
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4.4 Experimental

4.4.1 Materials and Methods

All the materials were used as purchased unless stated. The ITO glass (10
Q/cm?, 0.7 mm thick, transmittance >85%) was purchased from SJ (Korea).
The FTO glass was purchased (7 Q/cm’, 2.2 mm thick, transmittance >81%)
from WooyangGMS (Korea). Yttrium chloride (99.99%), titanium
diisopropoxide bis(acetylacetonate) (~75 wt.% in IPA), titanium chloride
(>99.995%), lead chloride (99.999%), n-octadecyltrichlorosilane (>90%), n-
octadecylphosphonic acid (~97%), hydrobromic acid (~48%), hydrochloric
acid (~37%), hydriodic acid (~57 wt.% in water), bis(trifluoromethane)-
sulfonimide lithium salt (>99.95%), and 4-fert-Butylpyridine (96%) were
purchased from Sigma Aldrich (USA). n-octyltrichlorosilane (97%), n-
decyltrichlorosilane (97 %), n-dodecyltrichlorosilane (96%), lead iodide
(99.999%), and lead bromide (99.999%) were purchased from Alfa Aesar
(USA). Methylamine (~40.0 to 43.0%) was purchased from Tokyo chemical
industry (Japan), and spiro-OMeTAD (> 99.9%) was purchased from Merck

(Germany).

4.4.2 Synthesis of TiO; and Y:TiO, NPs

The synthesis of the TiO, and Y:TiO, NPs were carried out according to the
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previous report’®. The reaction proceeded under N, atmosphere in the glove
box. The YCl; powder was dissolved in 2 mL of absolute ethanol and stirred
at 80 °C. Then, 0.5 mL TiCly was slowly injected into the vial and 10 mL
benzyl alcohol was added in sequence. The solution was constantly heated at
80 °C and stirred for 8 h until a milky suspension was obtained. The TiO, NPs
were synthesized by following the same procedure without the addition of
YCl;. 12 mL diethyl ether was added to 1 mL of the resulting solution. The
reaction mixture was centrifuged at 4,000 rpm for 10 min. The precipitate was
dissolved into the desired amount of absolute ethanol. 1.5% v/v of titanium
diisopropoxide bis(acetylacetonate) was added to the resulting solution before

using it.

4.4.3 Synthesis of inorganic—organic hybrid perovskite materials

To synthesize CH;NH;I, 20 mL methylamine solution was injected into an
argon filled 250 mL round-bottom flask and put on the ice bath. An equimolar
solution of hydriodic acid was slowly injected into the flask, and the mixed
solution was then stirred at 0 °C for 4 h. The solvent was then removed using
a rotary evaporator yielding a white precipitate. The precipitate was dissolved
in 100 mL absolute ethanol, and a small amount of diethyl ether was slowly

added into the solution. The solution was cooled down to 20 °C for the growth
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of CH3NH;I crystals. After 3 days, white CH;NH;I crystals were obtained,
filtered, and dried under vacuum at 60 °C for 48 h. For the synthesis of
CH;NH;Br and CH;NH;Cl, equimolecular solutions of hydrobromic acid and
hydrochloric acid were used instead of hydriodic acid, respectively, and the

other steps were exactly the same as those for the synthesis of CH;NH;I.

4.4.4 Electrical characterization of the device

All the device measurements were carried out at 20 °C and 20% humidity.
The current density—voltage (J/—V) characteristics of the photodiode were
measured by using a semiconductor device parameter analyzer, Keithley 2400
(Tektronix, USA) or a B1500A (Agilent, USA) under the light incidence of

100 mW/cm?, AM 1.5 G illumination with solar simulator (Newport, USA).

4.4.5 Optical, structural, and morphological characterization of
the perovskite film

The diffuse reflectance spectra were collected using a Cary 5000 UV-Vis-
NIR spectrophotometer (Varian, USA). The XRD spectra were obtained using
a D8 Advance X-ray diffractometer (Bruker, USA) with an operating voltage
of 40 kV. The surface morphology of the film was measured using a field

emission scanning electron microscope (FE-SEM, JSM-6330F, JEOL, Japan)
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in SE2 mode and SEl mode using an in-lens detector. Atomic force
microscope (AFM, Dimension Icon, Bruker, USA) in tapping and non-contact
mode was also used for topographic measurements. The cross-sectional
structure of the photodiode was obtained using an FE-SEM equipped with a

focused ion beam system (Helios 650, FEI, USA).

4.4.6 Measurement of contact angles of solvents on oxide
substrates

To prepare a substrate coated with the TiO, NPs, the solution of TiO, NPs
was spin-coated on a bare glass at 3,000 rpm for 30 s and annealed at 120 °C
for 30 min. The NPs were coated onto the glass substrate and forms a uniform
film. The oxide substrates such as ITO, SiO,, FTO, and TiO, NP film were
deposited and coated on the glass and washed with DI water, IPA, acetone,
and chloroform in sequence. They were then treated with an oxygen plasma
using RIE (O,, 100 sccm, 0.1 Torr, 1 min) for 30 min. The contact angles of
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and y-butyrolactone
on the a, TiO, NPs, b, ITO, ¢, SiO,, and d, FTO substrate which were treated
with  UV/ozone, n-octadecylphophonic  acid (ODPA) or »n-
octadecyltrichlorosilane (ODTS) were measured by the charge-coupled device

(CCD) camera.
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4.4.7 Determination of the grain diameter by using the American

Society for Testing and Materials (ASTM) intercept procedure

The average diameters of the grains were calculated by the ASTM El112
intercept procedure. The grain diameter varied exponentially with the grain

size number ( G ) according to Eq. 6 given below

P
G =6.6438561log,, ———3.288 (Eq. 6
gio LM (Eq. 6)

where G is the grain size number, P is the total number of intercepts of
one random line, L is the length of the test line, and M is the

magnification of the obtained image.
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