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ABSTRACT OF THE DISSERTATION 
 

 

 

Wearable electronics-based biomedical devices for sensors, vital sign tracking and therapy  

by 

Sang-Hoon Bae 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2017 

Professor Yang Yang, Chair 

 

 

The development of electronics has changed our daily life for last few decades. The 

conventional electronic devices are usually based on wafers; they are, in principle, rigid and in 

the planar form with Young’s modulus of a few hundreds GPa. On the other hand, our biology 

system is much soft with Young’s modulus within kPa range. Thus, there is mechanical 

mismatch between the electronic devices and soft human body, which tackles the use of the 

electronics as biomedical devices for diagnosis and therapy. In this study, we introduce a few 

approaches to minimize the mechanical mismatch by enhancing the flexibility of devices for 

electronics-based biomedical devices. 

In the first chapter, the In2O3 based conformal biomolecular sensors were introduced 

with highly robust and stable performance. The platform of biosensors was based on field 

effects transistors which is one of the most popular device types because of its sensitivity and 

selectivity. In addition, aqueous chemistry was utilized without organic solvent to eliminate 
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organic byproduct, which ensures highly dense In2O3 film with ultrathin-thick (3.5 nm). Also, 

the oxide surface of In2O3 was able to be easily functionalized for selective detection. Glucose 

and pH were detected with the ultrathin In2O3 based transistor as a possible demonstration. In 

addition, we designed the structure of In2O3 based transistors with the ultra-low stiffness value, 

which ensures the extreme flexibility of the devices and conformal contact on unconventional 

substrates. 

In the second section, wearable pulse sensor was exploited with flexible waveguide 

plates and micro light emitting diodes (μ-LEDs). Since the pulse sensor is a non-invasive tool 

monitoring the heart rate and arterial blood oxygen concentration, the development of wearable 

pulse sensor can be useful for wearable biomedical devices to diagnose our body system. For 

flexible devices, the waveguide plates were made of soft elastomer. Through the pattern made 

on the elastomer, the condition for total reflection of emitted light from μ-LEDs was changed 

to emit more light from the surface of the waveguide plates.  The flexible waveguide plates 

consisting of two different μ-LEDs were placed on one side and organic photodetectors were 

placed on another side to understand the arterial blood oxygen saturation. Also, breath condition 

was monitored by using the wearable biomedical devices to further conform the possibility of 

our devices for photodiagnosis. Also, devices worked well under 50 % stretching test. 

In the last section, the wearable light emission device was utilized for phototherapy 

which is to use light for clinical purpose. The bilirubin was chosen as a target molecule, known 

as an indicator of mal-function of liver. Using our flexible biomedical devices, we successfully 

triggered the reaction kinetic of bilirubin and control the level of bilirubin. In addition, it was 

used to give the drug selectivity using photon-accelerated caged molecules, a caged fluorophore 

(5-carboxyfluorescein-bis-(5-carboxymethoxy-2-nitrobenzyl) ether. This is a proof-of-concept 

for drug targeting.  
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Recent advances for wearable clinics and healthcare systems have brought a new 

opportunity for new types of biomedical devices available for recognition, prevention, and 

treatment. I strongly believe that current our study in this dissertation will be helpful for 

biomedical devices to move forward toward to commercialization. 
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Chapter.1 Metal Oxide based conformal biosensor 
 

1. Introduction of metal oxide semiconductor based conformal biosensor 

Although people have put significant effort to develop printed electronic devices over the 

past few decades, it has not passed to successful commercialization because of their relatively low 

yields and poor performances comparable to the electronics under the vacuum process. In this 

regard, inorganic-based printing technologies have received much attention due to their advantages; 

(i) their strong chemical stability (ii) broad electrical properties from insulators to conductors, (3) 

ease and cheap processing. Especially, the research has been accelerated after the development of 

amorphous metal oxide semiconductors (AOSs) for thin-film transistors (TFTs) by Nomura K. in 

2004.1 Their results showed that the metal oxide has outstanding electrical properties regardless of 

their crystallinity (amorphous and crystalline structure). Their unique properties are attributed to 

delocalized s orbitals with heavy metal cations, and it leads a dispersed conduction band having 

isotropic properties with a small effective mass.2-3 Thus, the electrical properties do not depend on 

the direction, which makes it insensitive to structure distortion unlike other covalent 

semiconductors.  

With the several advantaged, AOSs have played an important role in printed inorganic 

electronics. Many different kinds of metal oxide have been investigated and zinc oxide (ZnO), 

indium oxide (In2O3), and tin oxide (SnO2) have been regarded as a core material for multi-

component AOSs. With the core materials, different kinds of compositional studies have been 

introduced including indium zinc oxide (InZnO), Indium gallium zinc oxide (InGaZnO), zinc tin 

oxide(ZnSnO), zirconium zinc thin oxide(ZrZnSnO), and hafnium indium zinc oxide (HfInZnO).1, 
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4-9 The materials have been designed according to specific purpose, for example obtaining highly 

stable structures or high performance. With those efforts, AOSs have been developed to replace 

an amorphous silicon as a channel layer in TFTs in display technology. 

While the processing, the formation of metal oxides goes through several steps including 

solvent vaporization, dihydroxylation, and oxidation. The processing temperature has been 

developed for a while and finally reached to less than 250 oC with high performance by new 

chemical processes and diverse post-processing techniques.10-16 

Nowadays, various applications based on AOSs have been expended to a bigger extent beyond 

just operating the display.17-23 Particularly, AOSs can be used as a channel material for a sensing 

platform by using surface chemistry. Because AOSs have hydroxyl groups at the surface, it is easy 

to functionalize the surface with other functional chemical groups. Thus, the electrical signal from 

AOSs can be changed mainly by i) electron transfer/trapping between  functional groups and 

analytes,24 ii) charge accumulation/depletion due to the extra charge potential on the surface of 

AOSs.25 Based on this mechanism we can demonstrate the sensor platform for some important 

biomolecule. That is what we discuss in following sections. First, we cover the fundamental 

properties of AOSs thin film. Next, we study the mechanical structure tuning for wearable AOSs 

based transistors. Later we will take a look at how AOSs thin film can play a role in the biosensor 

application.  

1.1. Thin-Film Transistor Principles 

In 1962 Paul K. Weimer at RCA Labs firstly demonstrate a thin-film transistor (TFT) based 

on a cadmium sulfide (CdS) n-type material, with silicon monoxide gate dielectric, and Au 

electrodes on a glass substrate.26 Two years later, a tin oxide (SnO2) TFT was introduced as a first 
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demonstration of metal oxide based TFT. Without big achievement, time passed by and oxide 

TFTs gathered an attention again in 1996 as ferroelectric memory TFTs. Later, first transparent 

oxide TFT in an antimony-doped tin oxide (SnO2:Sb) via pulsed layer deposition was developed 

by Prins M. et al.,27 and the first In2O3 was introduced by Sager C. et al..28 The advent of ZnO in 

2003 drew an attention of the community because it produced around 1 cm2 V-1 s-1 electron 

mobility which is comparable to one of a-Si. Following, Hoffman, Norris, and Wager reported 2.5 

cm2 V-1 s-1 mobility of a transparent ZnO TFT and with on/off ratio of 107. 5 In 2003, Nomura K. 

et al. finally made a breakthrough with a single-crystalline IGZO, which showed an electron 

mobility of 80 cm2 V-1 s-1 and on/off ratio of 106
.
1 It validated the possibility of oxide TFTs as an 

alternative semiconductor for some cases, which accelerated the research over oxide TFTs. 

A basic device structure of AOS TFTs is shown in Figure 1.1. The device consists of source, 

drain, and gate conducting electrodes, a semiconducting channel and insulating gate dielectric. The 

channel has to be positioned between the source and drain electrodes for current flow and the 

dielectric material lies between the channel and the gate electrode. If the gate is on the top of the 

channel layer, we call it top-gated TFTs and if the gate is under the bottom of the channel layer, 

we call it bottom-gated TFTs. Also, gate electrodes are sometimes located both on the top and 

under the bottom of the channel layer, which is called double gated TFTs. The operating principle 

for the TFTs can be simply expressed by that the accumulated charge at the interface between the 

semiconductor and the insulator can open the path for the carrier to flow from source to drain. 

Here the charge accumulation is made by the gate voltage. The detail underlying physics can be 

understood by main equation about a current from source to drain 
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Figure 13.1. Schematic to describe a common transistor structure. Copyright 2017, John Wiley 

and Sons. “Interface Engineering of Metal Oxide Semiconductors for Biosensing Applications” 
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where µ, C, VT, VG, VD, W, are L are respectively the field effect mobility (cm2 V-1s-1), the 

capacitance per unit area of the insulator layer (F cm-2), the threshold voltage, the gate voltage, the 

drain voltage, channel width and channel length.29 For the simple description, we assume our 

semiconductor material is n-type material (Since most of metal oxide semiconductors are n-type). 

To make a potential between source and drain, the source is grounded (VS = 0) and the positive 

voltage is applied to the drain (VD > 0). Here, we call the current, flowing from source to drain, 

drain current, IDS. Since there is the semiconductor layer between the source and the drain, there 

is no current flow (IDS=0) because of its low carrier concentration nature unless gate-source voltage, 

VGS, does not reach to the threshold voltage (Vth). However, if the VGS becomes greater than Vth, 

called turn-on voltage (Von), the IDS starts to flow from the source to the drain because accumulated 

carriers increases carrier concentration making the channel open. (Figure 1.2). In this region, the 

channel shows ohmic behavior like metallic materials. Accordingly, the magnitude of IDS is 
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determined by the VDS. However, as VDS increases more, it becomes comparable to the overvoltage 

(VGS-VTH). Thus, it is no longer negligible and IDS starts to saturate at where VDS=VDsat=VGS-Vth, 

called pinch-off phenomenon. 

We can quantitatively study the pinch-off phenomenon by considering the charge density of 

carrier-accumulated layer which is expressed by 

𝑄𝑛(𝑦) = 𝐶𝐺[𝑉(𝑦) − 𝑉𝑡ℎ] 

where CG and V(y) are the capacitance of gate insulator and the channel-insulator interfacial 

voltage drop along the channel (0<y<L). For example, the charge density in the accumulation layer 

sheet can be expressed by  

𝑄𝑛(𝑦) = 𝐶𝐺[𝑉𝐺𝑆− 𝑉𝐷𝑆 − 𝑉𝑡ℎ] 

 Also, the charge density in the accumulation layer turns out to be zero at y=L where pinch-off 

starts. We also call it depletion region.  

We can study this device operation in terms of the band diagram as shown in Figure 1. 3. 

Again we assume our semiconductor is the n-type material which has mid-gaps states at 

equilibrium. There, the states below the fermi level (EF) are assumed to be occupied by donor 

states whereas the states above the fermi level are assumed to be filled by acceptor states. With 

applied negative bias on the gate electrode, the negative charge is induced on the metal, which 

leads positive charge accumulation on the semiconductor, called an accumulation mode. Then, the 

band starts to bend upward because of the accumulated negative charge on the semiconductor. 

Whereas, with applied positive bias on the gate electrode, negative charge is accumulated at the 

surface of semiconductor and the band bends downward, called a depletion mode. If we continue 

to apply the positive voltage more, the band bending goes down more, which leads a large hole 
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concentration in the conduction band. This large hole concentration induces the p-type layer on 

the surface of semiconductor and the surface is no longer depleted. We call it inversion mode. 

There, the surface of semiconductor works as a conducting layer and the electron begins to flow 

when we apply potential between the source and the drain.  
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Figure 1.14. Schematic description about normal n-type semiconductor based transistor behavior. 

(a) Cut off region when Vg is smaller than Vth. (b) Linear region before reaching pinch-off when 

Vg>Vth. (c) Saturation region after pinch-off when VDS>Vg>Vth  
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Figure 1.15. Schemes of band diagrams describing the gate, insulator and metal oxide 

semiconductors. (a) Equilibrium mid gap states when Vg=0, (b) when Vg>0, the insulator and 

semiconductor band start to bend at the interface, which causes carriers trapped in empty mid-

gap acceptor states, and (c) when Vg>Vth, the concentration of accumulated charges is large 

enough to fill the majority trap states, which leads delocalized carriers to populate in the 

conduction band. 

 

1.2. Device assessment 
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One of the most important parameters is mobility, which is a term to describe how fast carrier can 

move. Accordingly, it strongly has the effect on carrier transport, drain current and operating 

frequency of devices.30 Because it is about the charge movement, it is related to the scattering 

phenomenon such as lattice vibration and any kinds of defects including vacancy, grain boundary 

and more. The mobility can be expressed using conductance such as channel conductance (gd) or 

transconductance (gm) which are expressed by  

 

𝑔𝑑 =
𝑑𝐼𝐷𝑆

𝑑𝑉𝐷𝑆
|

𝑉𝐺𝑆=𝐶𝑜𝑛𝑠𝑡.

 

𝑔m =
𝑑𝐼𝐷𝑆

𝑑𝑉G𝑆
|

𝑉𝐺𝑆=𝐶𝑜𝑛𝑠𝑡.

 

 

Using those, we can define effective mobility(μeff), field-effect mobility(μFET) and saturation 

mobility (μSAT). Those can be expressed by  
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2

 

 

Since main functions of TFTs are amplifying and switching, it is important to understand where is 

turned on. Vth is a term to define the voltage which starts opening the channel region. To find the 
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Vth, there are two representative ways. One is linear extrapolation of the IDS-VGS plot and another 

is linear extrapolation of the IDS
1/2-VGS plot.   

The current flowing on the semiconductor has two different modes. One is on-current and another 

is off-current. The ratio of on-current to off-current is called on/off ratio. 106 of on/off ratio is 

required for the good switching performance. 

Sub-threshold voltage swing (S.S) is another important parameter. It is inverse value of the 

maximum slope of the transfer characteristic, which is given by 

 

S. S. = (
𝑑l𝑜𝑔(𝐼𝐷𝑆)

𝑑𝑉𝐺𝑆
|

max 𝐼𝐷𝑆

)

−1

 

 

Accordingly, small S.S. is an indicator for high speed and low power consumption devices.  

 The hysteresis is regarded as a critical factor in terms of stability issue. The hysteresis can 

be observed while VGS sweeps going forth and coming back or vice versa. If the amount of 

hysteresis changes, we cannot regard it as steady-state, which means that the device is not in stable 

state. Instead, if hysteresis does not show any change, we can consider the device as a stable device. 

Another important test in terms of stability is bias stress test. Since TFTs are an electronic device. 

The device has to be stable under ongoing bias. Accordingly, bias stress test is common test to 

evaluate the device stability. According to applications, the working environment changes and thus 

detail test environment also depends on the target situation. 

 

1.3. Metal oxide semiconductor 
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In 1907, Badeker K. first found the conducting metal oxide.31 Cadmium film was deposited and 

exposed to air, becoming cadmium oxide which is transparent and maintains its conducting 

property. From that discovery, various metal oxide has been studied and after 2004, amorphous 

oxide semiconductors have lead the metal oxide field because of its superb electrical properties, 

transparency, and reliability.32-38  

1.3.1 Material properties  

One of the most interesting properties in metal oxide materials is the electrical properties does not 

depend on the crystalline. Unlike other covalent semiconductor like silicon, the amorphous metal 

oxides still keep comparable electrical properties with even better morphology to crystalline metal 

oxides. This unique feature comes from the strong ionicity of oxides and their orbital structures. 

For the clear understanding, we can compare it with the case of silicon. Silicon is made of covalent 

bonding, and its conduction band minimum (CBM) and valence band maximum (VBM) consist 

of anti-bonding states (sp3 σ*) and bonding states (sp3 σ*) of Si sp3 hybridized orbitals and the 

band gap of silicon is determined by the energy splitting of the anti-bonding states and bonding 

states. Whereas, metal oxides have more iconicity than Si and charge carrier transfers from metal 

to oxygen. In addition, there is Madelung potential, by the iconicity, to stabilize the electronic 

structure, which raises the electronic levels in cations and lowers the electronic levels in anions. 

As a result, the CBM is mainly determined by the unoccupied metal ns orbitals (𝑛 ≥ 5)  and VBM 

is mainly determined by fully occupied oxide 2p orbitals. In addition, the s orbitals of metal cations 

have large spatial sizes in spherical shape, which leads broad band dispersion. That is a reason 

why the amorphous oxide semiconductors have still comparable electrical properties. In case of 

covalent semiconductor like Si, sp3 or p orbitals having anisotropic properties determine the 

electronic properties. Accordingly, the distorted covalent bonding can produce rather deep or high-
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density localized states between the CBM and the VBM. Whereas, s orbitals do not have any 

directivity because of its spherical influence. Accordingly, the electronic levels of the CBM are 

insensitive to the local distortion, which makes the electrical properties of amorphous metal oxide 

comparable to one of crystalline.39-41 (Figure 1.4) 

 

 

Figure 1.16. Schematic orbital structure and band diagram for understanding the carrier 

transport of covalent semiconductors and ionic semiconductors. (a) Bandgap formation of 

covalent semiconductors. (b,c) Bandgap formation of ionic semiconductors (d,e) The scheme 

about normal covalent semiconductors like silicon compose of directive sp3 orbitals, which means 

the carrier transport strongly depends on the structural arrangement. Accordingly, structural 
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distortion like amorphous structures causes degradation in electrical transport. (f,g) The scheme 

about metal oxide semiconductors composed or spherical metal s orbitals. Since it has spherical 

characteristic, it is not sensitive to directional distortion of atomic arrangement. Thus, the 

amorphous materials still show comparable electrical performance to one from crystalline 

materials (h,i) Defect states of covalent and (j,k) ionic semiconductors. Copyright 2010, Nature 

Publishing Group. “Material characteristics and applications of transparent amorphous oxide 

semiconductors” 

1.3.2 Representative metal oxides 

Among various metal oxide materials, ZnO, CdO, In2O3, and SnO2 are the most popular binary 

components. ZnO has hexagonal wurtzite structure with lattice parameters (a=b=0.325 and 

c=0.521 nm) and has direct band gap of 3.4 eV. The lowest two valence bands correspond to the 

O2
-: 2s states while the next six valence bands correspond to the O2

-: 2p states. Also, two 

conduction bands correspond to the unoccupied Zn2+: 4s states. The natural donors associated 

with oxygen vacancies and interstitial zinc creates free carriers. ZnO can work as a channel layer 

for TFTs with high field effect mobility. In addition, it has been regarded as a strong candidate for 

blue emission light emitting diodes (LEDs) because of a large exciton binding energy of about 60 

meV.42-43 However, ZnO prefers to form in the poly-crystalline even deposited at room 

temperature. Thus, we end up facing the grain boundary issue of poly-crystalline ZnO, which 

evokes poor electrical properties, rough morphology, and stability issue.  

In2O3 has a cubic bixbyite structure with a lattice parameter (a=0.876 nm). Three of the tetrahedral 

interstices of a faced-centered-cubic(FCC) is occupied by In3+ -ions and O2- -ions have a bond with 

the In3+ -ions in the rest. In case of In2O3, the valance band is mainly filled by O2-:2p state and the 

In3+:3d is located right below the valence band edge. The conduction band corresponds to In3+:5s. 
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Oxygen vacancies play as ionized double donors and they contribute to the conduction band. 

Accordingly, the field effect mobility of In2O3 is much higher than one of ZnO.44 However, the 

doubly-charged donor also makes In2O3 difficult to be with low carrier concentration because of 

easily generated oxygen vacancies.  

SnO2 has tetragonal rutile structure with lattice parameters (a=0.474 nm b=c=0.318 nm) It has a 

wide band gap of 3.6 eV. In general, the defect level is positioned at 114 meV below the CBM, 

which can be easily thermal-ionized.45 There is Sn interstitials level at 203 meV above the CBM.46  

CdO has rocksalt structure with lattice parameter (a=0.469 nm). The band gap varies from 2.2 eV 

to 2.6 eV. However, there is a debate on where it is an indirect band gap or a direct band gap. 

Although the transparent conducting oxide started from CdO film in 1907, least research has been 

carried out due to the toxicity of cadmium materials. 

 

 CdO SnO2 ZnO In2O3 

Crystal structure Cubic Rocksalt 

Tetragonal 

Rutile 

Hexagoanl 

Wurtzite 

Cubic Bixbite 

Lattice Parameter 

(nm) 

a=0.469 

a=0.474, 

c=0.319 

a=0.325, 

c=0.521 

a=0.876 

Density (g/cm3) 8.15 6.99 5.67 7.17 

Melting Point (oC) 900 >1900 2240 1910 

Band Gap (eV) 2.1 3.6 3.4 3.7 

 

Table 1.1. Summary of properties of representative metal oxide semicondcutrors. 

1.3.3 multi-component metal oxides 
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H. Hosono first proposed the concept of multi-component oxide materials. There has been a lot of 

research introduced so far including IZO, IGZO, zinc tin oxide (ZTO), gallium zinc tin oxide 

(GZTO), and aluminum zinc tin oxide (AZTO).35-37 In case of IZO, the zinc can suppress the 

crystallization in In2O3 because of its different atomic size. Thus, while the In2O3 can keep its 

amorphous structure up to 200 oC, IZO can retain its amorphous structure up to 500 oC.47 However, 

its higher carrier concentration (usually over 1017 cm-3) makes it difficult to work as a 

semiconductor.37 Instead, it functions as a conducting materials like ITO. Here Ga can be added 

into IZO so that it turns out to be semiconductor again. Ga3+ ions have strong ionic potential of +3 

valence with smaller ionic size than In3+ and Zn2+. Accordingly, it is easy for them to make strong 

bonds with oxygen, hindering carrier generation, which ends up suppressing the carrier 

concentration. In addition, Ga adding is helpful to keep amorphous structure because of its smaller 

size effect. As a result, IGZO has been received a lot of attention. 

 

Materials ZnO In2O3 Ga2O3 IZO IGZO 

Crystallization 

Temperature 

R.T-150oC 150-170oC 800oC 400-500oC 450oC 

 

Table 1.2. Cryallization temperature of multi component oxide materials 

 

Although IGZO has benefit in terms of carrier mobility, processing temperature, environmental 

stability, and high transparency, the usage of indium component has triggered the research about 

other types of metal oxide materials based on La, Zr, Hf, and Mg.8, 48-50 When we choose the 

components to make multi-component oxide materials, various points of view are necessary to be 

considered. For example, different ions donate different amount of carrier concentration. Also, the 
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concept of solid-state-energy (SSE) has been regarded as an important point. SSE is about the 

electron affinity for cations and ionization potential for anions, as shown in Figure 1.5b.  

 

Figure 1.17. (a) Possible elements for metal cations in metal oxide materials with (n-1)d10ns0 

electronic configuration. (b) Solid-state energy (SSE) values of 40 elements. Copyright 2017, John 

Wiley and Sons. “Interface engineering of metal oxide semiconductors for biosensing applications” 

 

In Figure 1.5b, there is a dashed line which indicates the ionization energy ε(+/-) of hydrogen 

donor/acceptor. Accordingly, the species close to -4.5 eV such as In, Sn, and Zn can play a role in 

donating electron, which means that those increases the carrier concentration. However, too much 

electron concentration is not good for TFTs channel layer. Instead, incorporating elements with 

SSE above ε(+/-) is utilized to suppress the carrier concentration. As the same reason, Ga with 

SSE value of -3.1 eV is a powerful material which suppress electron concentration described above. 

Moreover, bond dissociation energy is also regarded as a important criteria to choose suitable 

elements. Some element, such as Y, S, Si, B and Al, can form strong bond with oxygen. Thus, it 

can function as oxygen stabilizer. Some literature study showed the effect. Incorporating Y and Sc 

with oxide materials reduces the oxygen vacancy-related defects.51 YIZO was introduced with 

reliable performance.52 Incorporating Si, B and Al were demonstrated to show high mobility, high 

stability, and low hysteresis devices.53  
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1.3.4. Improving Performance Strategies of Oxide TFT 

In terms of high performance, the vacuum-processed oxide TFT has shown the outstanding 

properties. Whereas, understanding complicated chemistry and develop of processing are required 

for the solution processible metal oxides to show reasonable performance.10-11, 13-16, 54-55 Here, some 

representative research will be dealt in terms of interface engineering, chemistry, and post-

treatment. 

1.3.4.1. Interface Engineering of Oxide TFTs 

Due to the high permittivity of the solution process, the film produces low film density and 

include high defect density. That is, the quality of solution processible metal oxides is worse than 

one of vacuum-processed metal oxides.13, 15, 56 Accordingly, another approach to compensate the 

poor properties has been required. One of the representative methods is making multi-stacked 

metal oxide films using a multi-coating process. As the multi-stacked metal oxide materials, our 

group demonstrated double layer structures with the highly conductive layer (InSnZnO, ITZO) 

and low-conductivity metal oxide (InGaZnO, IGZO) (Figure 1.6).56 In the paper, TFTs with ITZO 

semiconductor itself have low on/off ratio and ITZO film is too much conductive to work as 

semiconductor. While, IGZO-ITZO double-layer structure showed improved on/off ratio (107) 

since the different conduction energy band between ITZO and IGZO helps the suppression of off-

current. In addition, faster field effect mobility (20 cm2 V-1 s-1) is observed because accumulated 

carriers move on another path between ITZO and SiO2 dielectric without much scattering. The 

devices showed small hysteresis and S.S. Similar works were conducted by Kim et al. (Figure 1.6 

b)57. In 2012, nanodot doping structures was investigated by Zan et al. with increasing the effective 

electron mobility (Figure 1.6.(c)).58 Lie et al. demonstrated the high performance flexible TFT 

using single-walled carbon nanotubes (SWNTs) embedded IZO (Figure 1.6d).59 Since SWNTs 
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have much superb electrical properties and mechanical stability, it produced high performance 

flexible TFTs.  

 

Figure 1.18. (a) ITZO-IGZO double layer transistor. By controlling band structures, effective 

electron flows are ensured. The device shows field effect mobility of 22.16 cm2/Vs. (b) Multi-

stacked IGZO transistors. Multistacking method improves film density and reduces defects. (c) 

Nanometer dot doped amorphous IGZO. The nanometer doping can reduce the effective channel 

length. (d) IZO/CNT based TFTs. Copyright 2017, John Wiley and Sons. “Interface engineering 

of metal oxide semiconductors for biosensing applications” 

1.3.4.2. Low-Temperature Processing  

Usually, high temperature annealing (over 400 oC) is required to get rid of impurities inside 

of metal oxides because low temperature produces the incomplete decomposition of metal salt 

precursors.55, 60-62 Accordingly, low temperature is always a challenging issue and a lot of different 

approach to solve the issue has been introduced using aqueous chemistry,11, 13 redox chemistry,16 

combustion reaction,15 deep ultraviolet reaction,14 and alkoxide precursors.62 Our group studied the 

various metal salt to produce aqueous chemistry based metal oxide films for high performance 
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TFTs. In the paper, the low dissociation energy of hexaaqua indium (III) and aluminum (III) 

complexes was proved to show high-quality metal oxide films with a low processing temperature 

of 250 oC (Figure 1.7a).11 In addition, Al2O3 films was studied as an insulator. had higher 

breakdown voltage and stable capacitance under high-frequency operation compared to organic 

solvent-based Al2O3 films. This approach could exclude organic impurities due to the usage of 

water solvent. Also, high-quality In2O3-based TFTs had high saturation mobility and on/off ratio 

of over 35 cm2 V-1 s-1 and 107. Also, the redox chemistry was investigated as a follow-up study. 

(Figure 1.7b).16 Since the chloride-based metal precursors are cheap and easily synthesized, it has 

been widely used. However, one issue was not resolved about chlorine impurity due to its 

robustness even after annealing at 400 oC. To resolve this problem, perchloric acid was utilized to 

eliminate excess chlorine species working as an impurity. By confirming the higher performance 

of TFTs, the effect by redox chemistry was proven as a source to get rid of chlorine impurity.  

Another important approach is based on the combustion reaction in metal oxide formation 

(Figure 1.7d).15 The principle of the combustion reaction is that the fuel (acetylacetone or urea), 

and oxidizer (NO3
-) significantly diminish the activation energy to form metal oxides thin films 

including decomposition and oxidation. Thus, this way enables high quality metal oxide film at 

low temperature without at additional facilities. In the paper, 13 cm2 V-1 s-1 of the field-effect 

mobility was demonstrated at 200 oC.  
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Figure 1.19. (a) Hexaaqua metal complexes to produce high performance metal oxide films. 

Among all precursors, the In(NO3)3 based indium oxide films produce the best performance. That 

might be attributed to the fact that In(NO3)3 is easily decomposed, which ensures denser films. (b) 

Redox reaction based metal oxide films, which removes chlorine species during the processing 

guaranteeing low impurity metal oxide films. (c) Photochemical reaction for room temperature 

synthesized metal oxide films. (d) Combustion reaction with fuel and oxidizer additives to reduce 

the activation energy for low temperature synthesized metal oxide films. Copyright 2017, John 

Wiley and Sons. “Interface engineering of metal oxide semiconductors for biosensing applications” 

1.3.4.3 Post-treatment  

Post-treatment technique has been proven to be an effective way to improve the 

performance of metal oxide devices. Basically, the post-treatment is applying extra potential 

through various ways including high-pressure, optical energy like laser annealing and deep 

ultraviolet annealing, microwave and combination of them.10, 54-55, 63 For example, a high-pressure 
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annealing process was demonstrated to show compact metal oxide film density with strong 

oxidation (Figure 1. 8a).10 In the paper, although annealing temperature is only 220 oC with normal 

metal salt precursors, it shows the reliable and outstanding performance.  

In 2010, laser sintering was introduced as other approach by Yang et al. (Figure 1.8b).63 

For the laser sintering, IGZO nanoparticles is suspended in water and annealed the film at a low 

temperature (95oC). Controlling the laser beam allows us to focus on a target area and generate 

high energy to the position. The laser is based on Quantel Q-switched frequency-tripled Nd:YAG 

laser (λ = 355 nm) and it can decrease grain boundaries showing the good device performance, 

field-effect mobilities of 7 cm2 V-1 s-1. Also, microwave can work as another energy source as 

shown in Figure 1.8c.55 There, with the microwave irradiation, ZnO film annealed at 140oC shows 

device performance with a field-effect mobility of 1.75 cm2 V-1 s-1 and on/off ratio of 107. They 

also claim that the microwave irradiation assisted annealing makes a better device than a device 

only annealed by thermal source (0.32 cm2 V-1 s-1 and 106). Moreover, water mediated DUV was 

proposed by Heo et al. They argue that the water treatment effectively reduces oxygen vacancies 

through hydroxide formation from water vapor at first step. Following, DUV helps to improve the 

electrical properties at the second step (Figure 1.8d).54  
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Figure 1.20 (a) High pressure induced metal oxide film formation with high density. (b) Laser 

induced metal oxide film formation, which improves the crystallinity of films. (c) Microwave 

annealing for metal oxide film formation at low temperature. (d) Water-mediated photochemical 

treatment for low temperature process. Copyright 2017, John Wiley and Sons. “Interface 

engineering of metal oxide semiconductors for biosensing applications” 

1.4. Biosensing based on metal oxide TFTs 

1.4.1. Field Effect Transistor Based Biosensor Using Oxide TFTs 

In general, biosensors mean that the combination systems of two basic components which 

are a biomolecular recognition system and a bio-transducer. The mechanism of detection is based 

on biochemistry using the recognition elements including biological molecular species, such as 

enzymes, multienzyme systems, antibodies, antigens, proteins, or nucleic acids, and living 

biological systems, such as cells, plants, tissue slices, intact organs, or whole organisms. Usually, 

the design of biosensors is just attaching the recognition element to the transducer to read the 
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reaction of biochemistry. Since the reaction of a specific recognition element is limited to a few 

biomolecules, we could observe selective reaction, changing the types of recognition elements. 

Finally, the information from the biochemical domain read by the recognition elements transfers 

into a chemical/physical signal. As a result, the transducer can read the change in a suitable form 

(Figure 1.9).64 As a transducer, one of the popular devices is transistor because of its sensitivity, 

miniaturization, speed and low cost. The transistor based biosensors (Bio-FET) have been 

developed for past several decades.65 Since Bio-FETs basically consist of two parts, the 

recognition element  and the transistor, interdisciplinary study has been required including solid 

state physics, electronics, bio- and electrochemistry, and bioengineering. 

 

Figure 1. 21 Scheme to describe operating principle of FET based biosensors. They consists of 

analyte, receptor, transducer, and signal processing. Copyright 2017, John Wiley and Sons. 

“Interface engineering of metal oxide semiconductors for biosensing applications” 
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A bottom-gated structure has been preferred for Bio-FETs because it is easy for the channel 

layer to be open to the biomolecules. With the understanding of fundamental operating principle 

of transistors, potentiometric effect has to be comprehended. Unlike normal FETs, another 

potential from the biochemistry can play an important role in channel-gating. Namely, the 

chemical reaction between the biomolecule and channel surface causes extra potential, which 

works like another electrical potential. In the case of metal oxide semiconductors, the n-type metal 

oxide channel can be depleted when negative charges bind with the surface of channel layers, as 

negative gate voltage is applied. On the other hand, binding of positive charges with the surface of 

channel layers will accumulate electrons, leading the increase of the conductance. This 

phenomenon can be expressed by following equation 

𝑉𝑡ℎ = 𝐸𝑟𝑒𝑓 − Ψ + 𝜒𝑠𝑜𝑙 −
Φ𝑠

𝑞
−

𝑄𝑡

𝐶𝑜𝑥
 

where Eref, χsol, Фs, q, and Qt are reference electrode potential, surface dipole potential of the 

solvent, channel work function, elementary charges, the combination of background carrier 

concentration of the semiconductor, accumulated charges in the dielectric, and interface trap 

charges. Once the gate and drain bias are given, we can get all information excepted for Ψ which 

is a function of physical and chemical changes at the surface of the channel layer.66 

1.4.2. Performance Limitations of Oxide TFT Based Bio-FET 

In case of sensor devices, the most important performance metrics are sensitivity, selectivity and 

signal-to-noise ratio (SNR). Those three are main components as Bio-FETs too. In case of Bio-FETs, the 

sensitivity is determined by relative change in the current output (∆𝐼𝐷 𝐼𝐷⁄ ) in response to a unit change in 

the surface potential (∆𝑉𝐺 = 1.0 𝑉). Accordingly, the sensitivity can be expressed by67 
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∆𝐼𝐷 𝐼𝐷⁄ (𝑉𝑜𝑙𝑡−1) =
𝑔𝑚×∆𝑉𝐺

𝐼𝐷
=

𝑔𝑚

𝐼𝐷
 

SNR can be expressed by68 

SNR = ∆𝑉𝐺×𝑔𝑚 √𝐵𝑊×𝑆𝐼(𝑓 = 1𝐻𝑧)⁄ , 

where 𝑆𝐼(𝑓 = 1𝐻𝑧), BW = ln (𝑓2 𝑓1)⁄ , and f are respectively the drain current noise power density at 1Hz, 

low frequency cutoff, high frequency cutoff in the measurement bandwidth. As shown in the equation, the  

gm can be a common important factor to find a suitable window to operate as Bio-FETs. Representative 

Bio-FETs are listed in Table XX. 

 

Channel Materials Vg (V) Vd(V) gmW-1(Sm-1) On/Off 

IGZO 0.5 0.5 5.75 108 

Graphene 1.0 0.1 10.5 - 

P3HT 0.5 0.5 0.002 104 

PEDOT:PSS 1.0 0.6 200 105 

Table 1.3.  Parameters for TFT characterization in aqueous solutions of different materials.69 

 

One of the most critical challenge of Bio-FETs is operational stability issue. Because Bio-

FETs are based on the reaction chemistry between molecules, repeated detection can produce 

unexpectable situation, which prevents accurate and reliable detection. Namely, the chemical 

equilibrium should be reached at the same condition even after repeated measurement. However,  

a lot of unexpectable situations happen such as electric field enhanced ion or electron migration, 

slow surface effects, charge trapping and chemical corrosion.70 

Specifically, oxide semiconductors are not robust to strong acids or bases and thus, 

chemical corrosion can lead malfunction of the channel layer.71 Of course, a few research has been 

discovered to solve this issue, for example using aluminum oxide dielectric.72 In addition, FETs 
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are the device operating under the electrical potential. Despite of the robust properties of metal 

oxides to ions, inappropriate electrical potential can cause the ion migration from the electrolyte 

into the metal oxides, which make metal oxides doped.73 Furthermore, charge trapping and hot 

carrier have to be eliminated to improve the stability as well.74-76 

 

 

 

Figure 1.22. Feedback loops to design biosensors. It starts with material synthesis. With well-

designed materials, devices are fabricated to function as a transducer. After functionalization on 

the channel of devices for selectivity, the devices work as a biosensor. With feedback from 

measurement, we can modify the design. The procedure follows the numbers. Copyright 2017, 

John Wiley and Sons. “Interface engineering of metal oxide semiconductors for biosensing 

applications” 

 

Designing a sensing platform must be considered for stable operation. Through the device 

performance parameters such as Vth, S.S, and transconductance (gm), we can confirm the feasibility 
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of the device. For example, we can confirm the surface coverage of functionalized molecules on 

the channel layer by observing Vth. Also S.S. or gm tell us whether there is the channel corrosion 

or not. Also, calibration can be useful to get stable signal but such approach makes the circuit more 

complicated and disturbs the clear signal.77  

1.4.3. Device Design and Sensing Scheme  

Various approaches including solution process 78-79 and spatial atomic layer deposition80 

have been introduced toward ultrathin uniform channel oxide semiconductors to deplete carriers 

in the channel within the range of the Debye length of the oxide semiconductors (around 20 nm).81 

Final target is to enable precise control of thin film thickness, and make better sensitive Bio-FETs 

using metal oxide thin film. 

The back channel of TFTs are directly used to absorb the biomolecules. Because of 

chemical gating effect (i.e. donating or extracting electrons from the channel),57, 82-85 the changes in 

transistor characteristics can be observed, which is utilized as sensing mechanism. Trap states 

generation and parasitic transistors phenomena are detected during the chemical gating. However, 

the variations in the performance make it difficult to understand the phenomenon and 

quantitatively study it.  Accordingly, it is important to comprehend the the electrostatic gating 

effect caused by the charged analyte. It can disturb the surface potential of channel layer in 

transistor. Instead,  we can prevent the electrical degradation due to extended gate FETs.86 Another 

popular device structure is the dual-gate Bio-FET.87-89 Since it accompanies with capacitive 

coupling between the top gate and bottom gate, it extends the device sensitivity beyond the Nernst 

Limit. Also, biasing to bottom gate can function in tuning the bias effect from liquid gate in real-

time sensing, which ensures the stability of BioFETs. On the other hand, the dual gate structure 

induces another side effects such as an poor-quality dielectric issue and signal noise. 
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1.4.4. Surface Functionalization and Biosensing Applications 

For the selectivity of the Bio-FETs, the surface functionalization is necessary to enhance 

chemical reaction of the channel surface.  Usually, organic molecules are widely used to have 

selectivity for a certain analyte detection. First, we need to find the linker molecules which can 

bind with channel surface at one side and provide binding sites for the receptors or enzymes at 

another side. In addition, the functionalization chemical can passivate the channel surface and 

prevent unintentional reaction, which leads stable operation of the Bio-FETs.66, 90 In case of metal 

oxides, the oxide surface has hydroxide terminating groups. Accordingly, the silane chemistry is 

widely used to functionalize the oxide surface (Figure 1.11 (a)). Also, the 3-phosphonopropionic 

acid can react with the metal oxide, with COOH groups available for further reaction (Figure 1.11 

(b)).  

 

 

Figure 1.23. (a) Chemical pathways to functionalize the oxide surface. (a) Scheme describing how 
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Alkoxysilane derivatives make bond with oxide surface. (b) Phosphonate derivatives are also 

useful for functionalization of oxide surface. Copyright 2017, John Wiley and Sons. “Interface 

engineering of metal oxide semiconductors for biosensing applications” 

 

There are two representative sensing mechanisms, direct electrostatic sensing and enzyme 

amplification. For the direct electrostatic sensing, receptor molecules or enzymes are 

functionalized on the metal oxide first and analytes make a binding with them, which brings extra 

surface potential on the metal oxide channel. The binding constant between the analyte and the 

receptor can be estimated by Langmuir isotherm model. Using this direct electrostatic sensing 

mechanism, biomarkers,91-92 93 nucleic acid sensing,94 neurotransmitters,78 and proteins86, 95 have 

been detected. 

Although the direct electrostatic sensing is widely used because of its simple processing, 

Debye screening always comes as a limitation of the method. As possible solution, it has been 

introduced that insensitive hydrogen ions to Debye length is used as a sensing component by 

enzyme-substrate reaction.79, 96 There, the protonation and deprotonation of reaction affect the 

surface potential and the Vth of Bio-FET. Enzyme-linked immunosorbent assay (ELISA) has been 

used to make the design more flexible with Bio-FETs.81 However, there are also problem. For 

example, the sensing environment by as phosphate-buffered saline (PBS) and artificial 

cerebrospinal fluid (ACSF) can influence the hydrogen ion sensing, which leads the unreliable 

result.  

 

1.5. Flexible metal oxide devices for Wearable Biosensors 
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As described in the previous section, the Bio-FETs are the interdisciplinary devices combining 

electronic devices with the biological system. Accordingly, it can come out how we can design to minimize 

the mechanical properties mismatch between the biological system and the electronic device system. The 

answer for the question has triggered the research about flexible and wearable Bio-FETs. First, because the 

biological systems are made of soft materials having elastic modulus and low stiffness, the electronics 

should follow the soft mechanical properties of biological systems.97-102  Namely, the all components for 

Bio-FETs should shows mechanical flexibility, including displays, sensors, oscillators, rectifiers, and 

memories.103-108 In general, first problem for flexible electronics is that the devices are based on the thick 

wafer. The mechanical properties of devices usually depend on the mechanical properties of the wafer 

substrate. Accordingly, replacing the thick wafer with soft materials is a first step to demonstrate flexible 

devices. However, the processing temperature for the metal oxides is usually over 300 oC, which limits the 

chance for the flexible metal oxides devices. In this regard, the advent of low-temperature solution-

processed AOSs has been expected to bring new approach for flexible metal oxide devices.109-111  

With the success of low temperature processed flexible metal oxide transistors, various applications have 

been introduced, such as conformal electronic devices for health monitoring, biochemical sensing, and 

biomedical applications, providing high sensitivity, facile device integration, and label-free detection.78, 112-

114 For example, ion sensitive field effect transistor (ISFET) have been investigated for the function of pH 

detection, drug delivery, cell culture, and health monitoring.115-116 Also, neuromorphic transistor was 

introduced.114  

1.6. Metal oxide based conformal biosensor 

The needs of wearable sensors for biological and medical targets have been required with electronic 

skin, diagnosis, thermal regulation, and communication.117-130 More advanced technology has been 

interactive and it has been developed in in situ, rapid, and low-cost detection, lightweight, comfortable, and 

small scale form. Especially the advent of nanomaterials including nanowires, nanosheets, and 

nanoparticles has allowed more sensitive and flexible applications because of their unique properties.82, 119, 
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131-139 Also, the stability and reproducibility are critical to commercialize a detection platform because the 

device should have low detection limits and variation, real-time detection, and simple integration with 

environments including skin or unconventional substrates.  

Field-effect transistors (FETs) are regarded as one of the most popular device platforms to detect 

biomolecules because it has highly sensitive channel layer to the chemical reaction and it is easy to 

functionalize the surface to have selectivity.140-143 The detection mechanism of FET based Biosensors (Bio-

FETs) is that reaction between the receptor and the target biomolecule changes local electric field, leading 

the change in channel conductance even by target molecular concentrations. This precise detection 

originates from the conformational changes upon recognition in the receptors bound to the channel layer or 

the electrical potential change.142 It has been noted that many different types of materials have been utilized 

as the channel material including one-dimensional materials (1D) such as carbon nanotubes (CNTs), silicon 

nanowires (SiNWs), two-dimensional (2D) nanomaterials such as graphene, MoS2 because of their low 

volume-to-surface ratios, which leads high sensitivity response.141-142, 144-147 However, the nanomaterials 

still show the poor reliability. 

As wearable sensors, another important challenge is the improvement of device conformality on 

the various environment.120, 126, 134, 148 Since the biological tissues and skin are not like the rigid wafer, 

adoptability of device platforms on the soft environment can be determined by the conformality of the 

device platforms. Accordingly, highly conformal devices have been required to be adopted to the complex 

surface topologies of biological environment, and unknown targets.117 For this issue, several methods have 

been introduced associating with curvilinear and/or irregular surfaces. In many cases, since the conformality 

strongly depends on the total thickness of devices, transfer technic can be solution.123, 137-139, 149  

The reliability of device platforms strongly depends on the material systems.  Thus, unstability of 

nanomaterials does not guarantee the stable operation when they are used as a key element in the device. 

Even though much effort has put on this issue and a lot of improvement has been made, the complex 

processing for stable materials has still hindered the commercialization of the nanomaterial based 
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biosensors. As a result, it is desirable to produce uniform and stable materials using a simple way. In this 

regard, we demonstrated metal oxide sensor arrays using solution processing via simple aqueous chemistry 

which involves less organic defect and produces ultrathin films with high film density.142  The ultrathin 

feature by the aqueous chemistry guarantees the intrinsic benefit in terms of induced strain and stiffness.126-

127, 150 In addition, oxide surfaces can be easily tuned by surface functionalization with biochemical moieties. 

Accordingly, our goal in this work is to demonstrate highly sensitive, conformal biosensors with simple 

and reliable process. The study must be interdisciplinary work relating aqueous chemistry, surface 

chemistry, electronics and even mechanics. Overall understanding in each field is required for successful 

demonstration. Ultra-thin Indium oxide (In2O3) is synthesized using aqueous chemistry, and the material 

properties and device performance are investigated with several TFT analyses. For the mechanical 

conformality of devices, the devices are demonstrated on artificial skin and eye and the stiffness according 

to the structure is examined by numerical calculation.151-152 As a final application, we demonstrate 

conformal metal oxide based Bio-FETs which can detect pH and glucose levels after functionalizing the 

In2O3 surface. Since physiological condition changes the pH levels in our body,153 understanding local pH 

values can provide the important information for drug delivery and sometimes directly reflect health 

problems.154 Also, the current method to detect glucose concentration is based on invasive finger-stick 

tests.155 Accordingly, a non-invasive test for glucose level has been required and the detection of glucose 

levels in tears has been regarded as possible approach. However, the glucose level in tear is much lower in 

the range of 0.1-0.6 mM than glucose concentrations in blood which is in the range of 2-30 mM in diabetics. 

156-158 In this regard, our target is to reach the detection range below a few hundred microns mole scale 

based on the our metal oxide based Bio-FETs  

  



33 

 

1.6.1. Result and discussion for metal oxide conformal biosensors 

Ultrathin (3.5 nm), uniform and highly dense indium oxide (In2O3) semiconductors were developed via 

solution processible aqueous chemistry. As precursors, hexaaua metla (III) complexes was utilized and 

annealed relatively low temperature (250 oC).142 Concentration of the solution is 0.2 M dissolved in 

deionized water. The solution was stirred for 1 h at 30 °C to fully dissolve the precursor. The aqueous 

chemistry does not include the organic component in solvent. It leads much less organic residue in the film, 

which makes much denser film guaranteeing ultrathin thick. Since the thickness of oxide semiconductors 

is only a few nanometers, the surface to volume ratio is quite high, which means the surface condition 

strongly influences material properties. We utilized this feature to demonstrate highly sensitive biosensor. 

Transfer technic is well suited to conformal biosensor because we can selectively separate thin films from 

substrates.142 It was confirmed that designed In2O3 thin films are mechanically stable even after separating 

from substrates. Accordingly, the combination of aqueous chemistry and transfer technic allowed us to 

produce ultrathin, conformal, sensitive, economical biosensors which can detect pH values and D-glucose 

concentrations within relevant detection limits. 

To examine the density of In2O3 film made by an aqueous precursor, non-destructive X-ray reflectivity 

measurements and simulation were utilized. They informed a density of 5.852 g·cm-3 (Figure 1.12a). The 

value is still high compared with single crystal In2O3. Also, based on the measurement, we carried out the 

discrete Fourier-transform (DFT) calculation to obtain precise thickness information. From DFT, the 

thickness of spin-coated In2O3 films was 35 Å. (Figure 1.12b) and atomic force microscopy approved a 

root-mean-square (RMS) roughness is only 1.1 nm. (Figure 1.12c) Later, we fabricated the FETs using the 

In2O3 semiconductors where silicon dioxide, highly doped silicon, and aluminum respectively work as gate 

dielectric, gate electrode and source/drain electrode. The SiO2/Si substrates were cleaned first with acetone, 

isopropyl alcohol, and DI water. Later, ultraviolet (UV) illumination was treated for cleaning organic 

residues and for wettability on the substrates. The In2O3 precursor solution was coated on SiO2/Si substrates 

wafers or polyimide (PI)/glass substrates with 3000 rpm for 30 s. Soft baking was followed at 100 °C for 
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5 min to remove water solvent and they were annealed at at 250 °C for 3 h for film formation. The Au/Cr 

was deposited as source and drain (S/D) electrodes (thickness = 30/10 nm) using thermal evaporation.  

(Figure 1.12d) Although we used relatively low-temperature (250oC) for metal oxide phase transition,56, 159 

the device showed high saturation mobilities (µsat) (~20 cm2·V-1·s-1), large on/off ratios (over 107), and good 

switching behavior. Even, the leakage current value was only 100 pA level (Figure 1.12e-f) It was attributed 

to the aqueous chemistry. The precursors, nitrate-ligand-based hexaaqua indium(III) cation ([In(H2O)6]3+), 

for aqueous chemistry is easily decomposed at low temperature.56, 142, 160 Nonetheless, it produced highly 

dense In2O3 leading superb device performance. We can conclude that hexaaqua indium(III) cations were a 

key to realize high-performance In2O3 FETs.  

 

Figure 1.12. Solution processible ultrathin In2O3 biosensors (a) X-ray reflectivity is taken to show 

the film density (5.582 g·cm-3) (b) DFT simulation result showing precise thickness of In2O3 films 

(3.5 nm) with XRR measurement. (c) Atomic force microscopy showing overall roughness. The 



35 

 

root-mean-square value is only 1.1 nm (d) Schematic illustration of our biosensors (e-f) IV 

characteristic of our devices with saturation mobility of 24.4 cm2·/Vs and on/off ratio of 108. Good 

pinch-off phenomenon is observed from output curves. Copyright 2015, American Chemical 

Society. “Printable Ultrathin Metal Oxide Semiconductor-Based Conformal Biosensors” 

 

For the flexible platform, we had to demonstrate devices on the flexible substrates instead of wafer 

substrates. Ultrathin polyimide (PI) films (2 µm) on glass substrates were prepared and aqueous processing 

of In2O3 FETs was carried out on the PI films. (Figure 1.13a) Interdigitated electrodes were utilized to 

generate strong electric fields with low current crowding effects which generates extra potential. After 

fabrication, we delaminated the devices from the glass substrates to produce thin devices for conformal 

contact. The delamination was conducted under water. Because of the hydrophobicity of PI films, the 

devices were able to float on the water during the delamination, minimizing applied strain. The delaminated 

devices were transferred on artificial skin replicas made of polydimethylsiloxane (PDMS) to check the 

conformality of devices or artificial eye having high curvature. (Figure 1.13b) The conformally good 

contact was observed in both cases. As we transferred the structure of devices from the substrates, the extra 

process might cause the degradation in the performance. Accordingly, we conducted the device analysis 

again and compared the performance of devices before transfer and after transfer. As shown in Figure 1.13c 

and 1.13d, there was no degradation even after delamination.  Good pinch-off behavior was still observed 

and Vth was still close to 0 V with low leakage current under the measurement in phosphate-buffered saline 

(PBS) solutions. (Figure 1.14a and 1.14b) However, the lack of grounding electrodes and circuit passivation 

could induce fatal damage to our body.161  Although the current leakage current level looks safe, further 

work may be necessary before the real applications.  
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Figure 1.13. Aqueous chemistry based In2O3 biosensors. (a) Schematic illustration for In2O3 based 

flexible biosensors. First, PI films are prepared on glass substrates via spin-coating. Following 

In2O3s are deposited on PI films and then annealed at 250 oC. Interdigitating patterned Au/Cr 

electrodes are deposited. After then, the total structure is exfoliated from the glass substrates under 

water to minimize the strain occurred during the process. At last, we transfer the devices on target 

substrates. (b) Images of our devices on artificial eye and on hand with relaxation and tension. 

(c,d) Device performance of our devises to compare them on rigid substrates and on rough PDMS 

substrates. No big difference is observed from two different structures. Copyright 2015, American 

Chemical Society. “Printable Ultrathin Metal Oxide Semiconductor-Based Conformal Biosensors” 
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Figure 1.14. (a) IV measurement confirms that leakage current level (red) between the electrolyte 

and the gate electrode is low enough to be negligible. Cyclic voltammetry in 0.1 M PBS solution 

with a Pt foil electrode. Copyright 2015, American Chemical Society. “Printable Ultrathin Metal 

Oxide Semiconductor-Based Conformal Biosensors” 

 

For further investigation about conformal contacts, adhesion energies between devices and 

substrates were examined with numerical calculation. Especially, we had to find when the conformal 

contact starts, understanding the critical adhesion energy.117, 150 Since the adhesion energies strongly depend 

on the stiffness of devices. We started it with the study of the adhesion energies. The stiffness can be 

expressed by 

 

where E, b, h, and y0 are respectively elastic modulus, width of the device, thickness of the device, and 

distance between neutral plane and the bottom of whole structure. Here y0 is given by  
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where EPI, EMO, hPI, and hMO are respectively the elastic modulus of PI film, elastic modulus of metal oxide 

layer, height of PI film, and height of metal oxide layer. Also, a two-cylinder model is utilized to describe 

rough surface and the surface profile is used for the critical adhesion energy. (Figure 1.15)  

 

 

Figure 1.15. (a) Surface profile of artificial skin-mimic PDMS to see the surface roughness (b) 

Scheme of two-cylinder model used for simulation of the adhesion energy between our devices and 

target substrates. Copyright 2015, American Chemical Society. “Printable Ultrathin Metal Oxide 

Semiconductor-Based Conformal Biosensors” 

 

The total energy in the wrapped state is given by 

 

The bending energy is expressed by 
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The adhesion energy is expressed by 

 

The contact angle of the device with one cylinder, θ, is given as 

 

 

The adhesion energy becomes minimum when θ=θ0. In our case, the specific values for R, r0, d, E, and γ, 

are 837 μm, 7.9 μm, 810 μm, 2.55 GPa, and 10 mJ/m2 respectively. 162   

With the above modeling, we can categorize the contact condition into three different cases. First 

case is non-conformal contact when γ < γc. Second case is partial conformal contact when γc < γ < γc'. Last 

case is complete conformal contact once γ > γc'. 

 

 

With the numerical modeling, the critical thickness of our devices is found to 1.77 m (Figure 1.16b). Thus, 

the thickness of whole structure has to be lower than 1.77 m to make complete conformal contact on the 

rough surface in our system. 
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Figure 1.16. Simulation to understand the situation for conformal contact of In2O3 based 

biosensors on unconventional substrates. (a) Device stiffness values according to the total 

thickness of the structure. (b) Adhesion energy change as a function of the total thickness of device 

structure. The red line indicates the critical adhesion energy value for conformal contact between 

the devices and the target substrates. (c) Scanning electron microscope image of the devices on 

the unconventional substrates showing the device has conformal contact with the rough surface. 

Copyright 2015, American Chemical Society. “Printable Ultrathin Metal Oxide Semiconductor-

Based Conformal Biosensors” 

 

Based on the numerical modeling, we developed our Bio-FETs satisfying the condition for the 

conformal contact. Also, possible mechanical strain occurred on the In2O3 films during the whole process 

was calculated to avoid cracking on the materials. With the assumption of the overall bending radius was 

around 837 μm from surface profile information, the strain of In2O3 film can be expressed as 

휀 =  (
𝑑𝑠 + 𝑑𝑓

2𝑅
)

(1 + 2𝜂 + 𝜒𝜂2)

(1 + 𝜒𝜂)(1 + 𝜂)
 ,    𝜂 =

𝑑𝑠

𝑑𝑓
    and   𝜒 =

𝑌𝑠

𝑌𝑓
 

where ds, df, R, Ys, and Yf are respectively thickness of In2O3 films, thickness of PI film, bending radius, 

elatic modulus of In2O3 film and elastic modulus of PI film. In our case, ds and df are respectively 3.5 nm 
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and 1.5 um and the elastic modulus of the In2O3 and PI film are around 200 GPa and 3.2 GPa.163-166 

Accordingly, calculated strain of the In2O3 film is 0.078~0.082%, which is low enough not to degrade the 

electrical properties of In2O3 films even at small bending radius of below 1 mm. 

With the confirmation about electrical properties and mechanical properties of In2O3 FETs, we 

started to demonstrate the possibility of their Bio-FETs. A schematic is described in Figure 1.17c for pH 

sensing mechanism via a liquid gate system. Amine-terminated (3-aminopropyl)triethoxysilane (APTES) 

was treated on In2O3 surfaces. APTES was self-assembled on In2O3 surface by 2 weigh% APTES in toluene 

for 10 min.  After 10 min, the samples were washed by toluene. The surface treatment helped detect the 

protonation of In2O3 surface hydroxyl groups because of the amino terminal groups. The unfunctionalized 

devices did not show the linear response including a lot of noise. (Figure 1.17b) We attribute this unstable 

signal change to variations in surface charge densities.134 On the other hand, we could get the stable response 

from the APTES functionalized devices. As shown in Figure 1.17d, the drain current started changing in 

response to the pH change and eventually saturated after a certain period of time. The saturated current was 

picked as each detecting point and the response (I/Io) linearly increases as the pH decreases from 9.0 to 5.5. 

A pH response rate is given to 8.6±0.4 µA/pH.167 
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Figure 1.17. (a) pH response of In2O3 based BioFETs without APTES. The response is not stable. 

(b) Without APTES silanization, the current does not show the linear response according to pH 

value. (c) Sensing mechanism of In2O3 based BioFETs with APTES silanization using protonation 

of the film surface. (d) The response of In2O3 based BioFETs in responses to pH change from 5.5 

to 9.0. Inset images shows the linear response of the devices. Copyright 2015, American Chemical 

Society. “Printable Ultrathin Metal Oxide Semiconductor-Based Conformal Biosensors” 
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For further possibility of our In2O3 Bio-FETs, we tested different chemical (D-glucose). One of the glucose 

sensing mechanism is based on the oxidation of D-glucose with the enzyme glucose oxidase (GOx) (Figure 

1.18). Since we confirmed that our system functions well to detect protonation of In2O3 surfaces, the 

protonation was examined again to sense the glucose. 168-170 The enzymatic oxidation of D-glucose with 

glucose oxidase can be expressed as 

D-Glucose +  O
2
 + H

2
O

Glucose oxidase
¾ ®¾¾¾¾ Gluconic acid  +  H +  +  H

2
O

2
    

Accordingly, the concentration of D-glucose determines the production of H+, which eventually changes 

the pH of PBS solution too.170 With the principle, we tested the response change according to different 

glucose concentrations. The concentration of D-glucose increased from 100 µM to 400 µM which is range 

expected in diabetic human tears.156 Linear response change was observed again and higher concentration 

of D-glucose (2 and 4 mM) was also detected which is within range found in our blood. Accordingly, we 

can conclude that our In2O3 based Bio-FETs function over a wide range of glucose concentrations 

In summary, simple solution-processing procedure was developed for ultrathin, sensitive In2O3 

based Bio-FETs to detect pH and glucose. Aqueous chemistry allowed us to produce nanometer-thick (3.5 

nm) In2O3 film and fabricated In2O3-based FETs showed good electrical performance including mobilities 

of ~20 cm2·V-1·s-1 and on/off ratios >107. Also we designed the structure to make complete conformal 

devices with numerical modeling. Through Liquid-gated FETs, we successfully demonstrated low voltage 

driving and stable operation of the Bio-FETs for pH and glucose sensing. We believe that this approach can 

be a potential candidate for a simple, affordable, and wearable sensing platform.  
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Figure 1.18. (a) Scheme for D-glucose sensing mechanism. The reaction produces gluconic acid 

and hydrogen peroxide; the protons are produced during the oxidation, changing the pH in 

solution. (b) Response results by D-glucose concentrations. The sensitivity of our devices can 

cover from the concentration in human diabetic tears to the concentration in blood, showing broad 

response. The linear response is observed (inset). Copyright 2015, American Chemical Society. 

“Printable Ultrathin Metal Oxide Semiconductor-Based Conformal Biosensors” 
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Chapter 2. Wearable wave guide based 

photoplethysmography pulse sensor 

2.1. Introduction of Oximetry 

Oxygen plays an important role in our body. It is a main component (~65 %) of our body and 

functions for cellular respiration.1 In addition, the oxygen is necessary for all cells to continue the 

metabolism excepted for a few cells.2 For example, only few minute of oxygen deficiency can lead 

malfunction of brain cells.3 Thus, keeping the oxygen level is essential for right function of our 

body. In this regard, the development of a pulse oximeter has prevented us from the danger of 

oxygen deficiency through tracking oxygen concentration in our body with a real-time, non-

invasive system.4 It consists of three components, a red LED, an infrared LED (or a green LED) 

and a photodetector.5 Tracking the change of light intensity absorbed by the blood is carried out 

through LEDs and the photodetector. Because hemoglobin, which is a protein in blood cells, 

functions to transport most of oxygen (98 %) in the body, we can get information to know the 

oxygen concentration in the body by observing the interaction between the blood and the light. 

Numerical calculation based on measured data is used to extract the oxygen saturation (SpO2).
6 

 Hoppe-Seyler firstly found the oxygen concentration can changes the color in blood, which 

follows the linear relationship between the absorbance of light and the concentration of materials, 

also known as Beer-Lambert law. In 1935, first oximeter was developed by Karl Matthes regarded 

as the Father of oximetry. Later, Millikan demonstrated a first portable oximeter during World 

War II. Following, the Hewlett-Packard developed ear oximeter in early 1970. At a similar time, 

Takuo Aoyagi found out that the combination of 630 nm and 900 nm wavelength minimizes 

interference and maximizes the hemoglobin extinction change caused by SpO2 change. In 1981, 
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the oximeter was firstly commercialized by Biox.7 We have not published this study in the journal 

paper yet and will do it soon. 

2.1.1. Photoplethysmography  

A photoplethysmography (PPG) is an optically measured plethysmogram tracking changes in 

volume within organs.8 Because a pulse oximeter is a common tool to monitor the perfusion of 

blood, we can obtain PPG information through a pulse oximeter.9 Heart pumps blood to the 

peripheral parts of the body and the pulse pressure reaches to the skin, which leads dispending of 

the arteries and arterioles. Thus, the volume change is related to multiple physiological 

phenomenon including breathing condition, hypovolemia, and circulatory condition too. An 

oximeter allows us to observe the volume change from dispending by reading the signal caused by 

the change of light interaction with the body. The signal reflects the cardiac cycle. Although a 

form of PPG differs depending on a subject and a location where the oximeter measures, we still 

get useful information from PPG. Usually, it places on the finger, an ear, nasal septum or forehead. 

As mentioned above, the pulse pressure is detected through the oximeter. In other word, 

each cardiac cycle can be read by observing the pulse pressure, which let us know the heart rate.10 

In addition, monitoring respiration is available by observing cardiac cycle because respiration 

affects the cardiac cycle, called as respiratory-induced intensity variation (RIIT).11 During 

inspiration, the heart is expended due to the decrease of intrapleural pressure, increasing cardiac 

efficiency and decreasing stroke volume. On the other hand, the heart is compressed during 

expiration, leading decrease of cardiac efficiency and increasing stroke volume. Accordingly, the 

respiration condition can be comprehended by observing the change of cardiac cycle by both of 

inspiration and expiration. Besides, the sufficient level of anesthesia can be confirmed by 

monitoring PPG change.12 
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Figure 2.1. Scheme of layers of human skin. The skin consists of three parts, epidermis, dermis, 

and hypodermis. Copyright 2015, John Wiley and Sons. “Microneedles for Transdermal 

Biosensing: Current Picture and Future Direction” 

 

2.1.2. Oxygen Saturation 

Oxygen saturation (SpO2) is defined as the ratio of oxygenated hemoglobin to the total 

hemoglobin in the blood.13 It can be expressed by  

𝑆𝑝𝑂2(%) =
𝐻𝑏𝑂2

𝐻𝑏𝑂2 + 𝐻𝑏
×100 

where SpO2, HbO2, and Hb are respectively the oxygen saturation in blood, the concentration of 

oxygenated hemoglobin and the concentration of the deoxygenated hemoglobin. For example, if 

the SpO2 is 100 %, all the binding sites near hemoglobin are filled by oxygen molecules.  
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(Hemoglobin molecules have total four sites for molecules and every 100 ml of blood contains 

about 15 g of hemoglobin holding up to 20.4 ml oxygen. Most normal people should have a above 

95 % level of an arterial oxygen saturation and around 75% level of venous oxygen saturation. 

Otherwise, medical treatment is required to normalize the oxygen saturation level. 

Since the principle of a pulse oximeter utilizes the difference between the absorption 

properties of oxygenated and deoxygenated hemoglobin at wavelengths of two LEDs, we must use 

LEDs which have different absorption properties at their wavelength. With the satisfaction of the 

principle, the most common combination is using a red LED and an infrared LED. Especially, we 

would better avoid LEDs at shorter than 600 nm and longer than 1300 nm because the skin pigment, 

melanin and water strongly interact with the wavelength within that region.13   

 

Figure 2.2. Absorption spectra of the deoxygenated hemoglobin (Hb) and oxygenated hemoglobin 

(HbO2). Copyright 2014, Dovepress. “Pulse oximetry: Fundamentals and technology update” 
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Figure 2.2 shows the absorption properties of oxygenated and deoxygenated hemoglobin 

within visible to near-infrared region. As shown in Figure 2.2, when we use red LEDs and infrared 

LEDs, the absorption by oxygenated hemoglobin is less than one by deoxygenated hemoglobin at 

red wavelength region whereas the absorption by oxygenated hemoglobin is more than one by 

deoxygenated hemoglobin at infrared wavelength region. The ratio of the absorbance at red light 

to one at infrared light is closely related to the oxygen saturation and it can be expressed by 

following 

R =
𝑙𝑜𝑔10 (

𝐼𝐷𝐶+𝐴𝐶

𝐼𝐷𝐶
)  𝑎𝑡 𝜆𝑟𝑒𝑑

𝑙𝑜𝑔10 (
𝐼𝐷𝐶+𝐴𝐶

𝐼𝐷𝐶
) 𝑎𝑡 𝜆𝐼𝑅

 

The analysis of a signal from the pulse oximeter depends on the Beer-Lambert law (A=εCl, 

where A, ε, C, and l are respectively absorbance, extinction coefficient, concentration and distance 

where light goes through). However, we have to keep in mind that the light intensity detected by 

the photodiodes can be reflected and scattered by multiple components in our body, and the 

diameters of arteries keep changed due to arterial pulse. It implies that we need calibration to get 

rid of those unintentional factors for the accurate oxygen saturation. 

Further accurate information can be driven by a calibration. First of all, we need to modify 

Beer-Lambert law because the human body and blood where light goes through is non- 

homogeneous system. The α(λ) term is introduced to consider changeable extinction coefficient ε. 

α(λ)= ε (λ) C 

Thus, the light intensity including the α(λ) term is also described 
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𝐼1 = 𝐼0𝑒−𝛼1(𝜆)𝑙 

𝐼2 = 𝐼1𝑒−𝛼2(𝜆)𝛥𝑙 = 𝐼0𝑒−(𝛼1(𝜆)𝑙+𝛼2(𝜆)𝛥𝑙 

where I1,I2, and Δl are respectively the light intensity when the arterial blood volume is biggest, 

the light intensity when the arterial blood volume is smallest, and changing the diameter of arteries 

where light goes through. Thus, the transmittance change can be defined by 

𝛥𝑇 =
𝐼2

𝐼1
= 𝑒−𝛼2(𝜆)𝛥𝑙 

From above equation, we can remove the input light intensity but we still need the information of 

Δl, which is not measurable. Instead, Δl term can be dropped out considering the arterial 

transmission change at two different wavelengths. (one is from the red LEDs and another is from 

the infrared LEDs)  

Δ𝑇𝑅𝑒𝑑 = 𝑒−𝛼2(𝜆𝑅𝑒𝑑)𝛥𝑙 

Δ𝑇𝐼𝑅 = 𝑒−𝛼2(𝜆𝐼𝑅)𝛥𝑙 

To simplify them, we take the natural logarithmic for both sides and the equations can be expressed 

by 

ln (Δ𝑇𝑅𝑒𝑑) = −𝛼2(𝜆𝑅𝑒𝑑)𝛥𝑙 

ln (Δ𝑇𝐼𝑅) = −𝛼2(𝜆𝐼𝑅)𝛥𝑙 

With the assumption that the Δl is the same in all cases, Δl can be eliminated in the ratio of the 

transmittance change (ΔT) in the logarithmic from. 

𝑅𝑂𝑆 =
ln (Δ𝑇𝑅𝑒𝑑)

ln (Δ𝑇𝐼𝑅)
=

−𝛼2(𝜆𝑅𝑒𝑑)𝛥𝑙

−𝛼2(𝜆𝐼𝑅)𝛥𝑙
=

𝛼2(𝜆𝑅𝑒𝑑)

𝛼2(𝜆𝐼𝑅)
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Finally, we reach the equation independent of initial light intensity and changing the diameter of 

arteries. Now, if the ratio of arterial transmittance at two different wavelengths is given, the oxygen 

saturation of the blood can be obtained.13  

 

Figure 2.3. Schemes describing transmitted light intensity through the finger by (a) red light and 

(b) infrared light. 

 

From the pulse oximeter, I1 and I2 are measurable (Figure 2.3) and the transmission change is 

easily obtained by 

Δ𝑇𝑅𝑒𝑑 =
𝐼2(𝜆𝑅𝑒𝑑)

𝐼1(𝜆𝑅𝑒𝑑)
  ,   Δ𝑇𝐼𝑅 =

𝐼2(𝜆𝐼𝑅)

𝐼1(𝜆𝐼𝑅)
 

Thus,  
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𝑅𝑂𝑆 =

𝐼2(𝜆𝑅𝑒𝑑)
𝐼1(𝜆𝑅𝑒𝑑)

𝐼2(𝜆𝐼𝑅)
𝐼1(𝜆𝐼𝑅)

 

Using above equation, Ros can be calculated based on the measurement. However, this 

experimental measurement is not an accurate value for oxygen saturation. As mentioned above, 

the calibration is necessary to obtain the accurate oxygen saturation. People have developed a 

empirical equation for oxygen saturation, which is following 

𝑆𝑂2 = a − b𝑅𝑂𝑆 

2.1.3. Two different modes of pulse oximetry 

There are two different modes of pulse oximetry.14 One is using transmittance called the 

transmittance pulse oximeter, and another is using reflectance called the reflectance pulse oximeter. 

In general, they are based on the same operating principle in almost all points of view. The main 

difference is that one collects transmitted light and another collected reflected light. Accordingly, 

the photodetector is located at the different site (Figure 2.4) 
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Figure 2.24. Two different modes of pulse oximetry: (a) Transmitted mode oximetry. The LED is 

placed on one side of a finger and the photodetector is placed on another side of the finger (b) 

Reflected mode oximetry. The LED and the photodetector are placed on the same side. 

 

In case of transmittance pulse oximeter, two LEDs are located on one side and one 

photodetector is located on another side. Therefore, the detector is made to collect the light 

transmitted through our body which can be affected by our physiological condition including stress 

and temperature. Most common positions are finger and earlobe.  On the other hand, the reflectance 

pulse oximeter has both LEDs and the photodetector on the same side. Accordingly, the position 

where you can use is less limited than transmittance pulse oximeter. In addition, it produces more 

accurate and reliable result. Especially, this mode is useful for patients who suffer from vascular 

disease. Since it is hard to get reliable signal from them, reflectance mode is preferred for them. 

However, the reflectance pulse oximeter also has a disadvantage. One of the biggest issues is that 

the reflectance pulse oximeter is more sophisticated and, thus, it is more sensitive to user skill. 

2.1.4. Waveguide 
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When light reaches to at interface between two matters having different reflective index, two things 

happen. The light reflects, which means that the light travels in a opposite direction with angle 

(180o-incident angle), or light refracts, which means that the light passes through the interface with 

bending.   

 

 

Figure 2.5. Light propagation behavior on the surface with the assumption that light travels in a 

straight line. 

 

The bending angle depends on the refractive index of the two matters according to Shell’s law.15 

The shell’s law is defined by 

𝑛1 𝑠𝑖𝑛 𝜃1 = 𝑛2 𝑠𝑖𝑛 𝜃2 

where n, and θ are refractive index and the refractive angle measured from the normal of the 

interface. Thus, the refractive angle becomes smaller as the value of refractive index increases. 

Considering this principle, we can control how light propagates at the interface. Particularly, when 

the light comes from the matter having high refractive index to the matter having low refractive 

index, we can make the light only reflect without refraction at the interface. In addition, tuning the 

L 
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One medium 
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structure of the matter help us control the light propagation. Thus, we can control the light 

propagation with the properties and structure of matters. For example, if  there is one light source 

at the one side of edge, we can make light only propagate inside the matter considering the 

properties of matter. On the other hand, if we change the structure of the matter, the light can be 

made to emit toward to the surface of the matter, controlling the region for total internal reflection. 

(Figure 2.6) 

 

Figure2.6. Progress of incident light in the wave guide 

2.2. Result and discussion 

2.2.1. Device design 

First simulation was carried out to design the emission device using flexible wave guides. 

Major concerns are the pattern dimension and reflective index of materials. Two-dimensional 

finite-difference time-domain (2D FDTD) simulation was used for the simulation. Randomly 

polarized electric dipole sources with slated mirrors were utilized to function as a source. Reducing 

the time for entire simulation. We scaled down to the film thickness of 80 m and the pattern width 
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of 8 m. The possible direction and intensity of light emission was examined according to different 

reflective index values (Figure 2.7)  

 

Figure 2.7. Simulation by 2 Dimensional finite-difference time-domain : Possible light intensity 

and light direction from the wave guide. 

To evaluate the effect of micropatterns on the emission with fixed reflective index (n=1.41), we 

further investigated 2D FDTD simulation. As shown in Figure 2.8, the remarkable enhanced 

light intensity was observed from the patterned wave guide.  

 

Figure 2.8. Intensity comparison of non-patterned and patterned wave guide modeling result by 2 

Dimensional finite-difference time-domain. 
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With the modeling result, flexible wave guide was fabricated with PDMS. We fabricated PDMS 

based flexible wave guides with different micro patterns including line pattern, pyramid pattern 

and random pattern. The triangle line pattern shows the uniform light emission among all 

different patterned wave guides. In addition, since the wave guide consisted of PDMS, it was 

flexible and stretchable until 50 % strain.  (Figure 2.9) 

 

Figure 2.9. Light emission devices using PDMS flexible wave guide and micro LEDs with different 

pattern shapes. (a) Light emission intensity with different patterns (b) Light emission under 

stretching by hands until 50 % strain. 

 

2.2.2. Oximetry tracking health condition 

Using the emission device using wave guide and LEDs, we built up the wearable oximetry with 

organic photodetectors. Two different LEDs and one photodetector were utilized to function as 

oximetry, red LEDs and infrared LEDs because of compensation of the effect by heat beating. 
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From the current signal, we confirmed that the measured heart rate is 65 BPM, which is within 

the range of normal person. (Figure 2.10) 

 

Figure 2.10. (a) Image for oximetry on the finger (b) current measured by the photodetector, 

indicating the heart rate 65 BPM. 
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Chapter 3. Wearable wave guide based phototherapy 
 

3. 1. Introduction of Phototherapy 

The first publication of a phototherapy was reported in 1958, which is based on in vitro observation 

of bilirubin. The level of bilirubin in serum decreased when exposure to light.1 However, the 

history of phototherapy started from a few thousand years ago and it has been used for a while. 

Especially the nomination of Niel Finsen as a Nobel winner lead an attention of scientific 

community and it became of wide interest for the clinical community and even the general public.2 

The light energy triggers chemical reaction, kinetic or accompanies thermal energy. They can 

interact with biomolecules and the phototherapy basically utilizes the interaction. Especially 

chromophore which absorbs a certain wavelength can be useful for the phototherapy.3 Thus, it is 

a key for the phototherapy to understand possible effect of each wavelength on biomolecule and 

the properties of biomolecule.4 (Figure 3.1) We have not published this study in the journal paper 

yet and will do it soon. 

 

Figure 3.1. (a) General light therapy mechanism. (b) The Scematic image of the light interaction 
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below the skin surface. 

 

 

Figure 3. 2. (a) Schematic about absorption spectra of three major skin chromophores, Water, 

Melanin, and Oxyhemoglobin. (b) Wavelength bands used for photomedicine. Each wavelength 

has its own quantum energy level, which determines photophysical and photochemical processes. 

3.1.1. Wavelength effect 

The main source for phototherapy is the light consisting of various wavelengths. Since each 

wavelength can play their own role in our body system, it is important to understand the 

characteristic of each wavelength and how they interact in our body. Basically, the longer the 

wavelength of the light is, the deeper they can penetrate in our body.4 In addition, because the 

energy of each wavelength is different, we need to consider which wavelength we use, how long 

we illuminate, and what the power of the light is. (Figure 3. 2) The light is categorized into three 

different regions, ultraviolet (UV), visible, and infrared (IR) region. First of all, the UV again 
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divided into three sub-region UV-A (320-400 nm), UV-B (290-320 nm) and UV-C (200-290 nm).5 

The UV-C is strongly absorbed by all cellular constituents. In case of the UV-B, only limited 

objects can absorb the light, such as nucleic acids and aromatic amino acids. For UV-A, only few 

colorless cellular constituents can absorb the light. For the visible light, the light can be absorbed 

by few biomolecules, usually color pigments such as bilirubin, blood, and melanin. The IR is also 

separated into three different sub-groups, near IR (0.76 um-1.4 um), mid-range IR(1.4 um-3 mm) 

and far IR (3 mm-1000 mm). The near IR is a therapeutic window with minimal attenuation, where 

light has maximum penetrated depth in tissues. For the mid-range IR, water and bone mostly 

absorb the light. The far IR is strongly absorbed by tissue water. Over 1100 nm range, all 

biomolecules have strong interaction with the light.6  

In case of around 400 nm, the light has around 3 eV and only penetrates up to 1 mm below 

the skin. Thus, most of them are absorbed in epidermal region and the light within this range is 

useful for epidermal treatment such as porphyrin. The light having around 500 nm have around 

2.5 eV and can penetrate up to 1.5 mm below the skin. For around 600 nm light, the light can 

penetrate up to 2 mm under the skin.  The light range from 700 nm to 900nm can reach up to 4 

mm below the skin. (Figure 3.2) Thus, we have to choose which kind of light we are using 

according to a target reaction.7 
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Figure 3.3. Schematic information about penetration depth of light on skin according to the 

different light source. Copyright 2013, Springer. “Transcutaneous laser treatment of leg veins” 

3.1.2. Chromophore 

The light interaction starts with photophysical events including light absorption, vibrational 

relaxation, excitation transfer. A primary photochemical reaction is following the photophysical 

events, and it ends up with physiological biologic response. (Figure 3.4) Thus, one of the main 

parts for the phototherapy is understanding a photochemical reaction. As a matter, we need to 

study biological chromophore, which can capture light energy.  
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Figure 3.4. Times scale information of physical, chemical and physiological responses according 

to illumination. 

 

We categorize the chromophore into two groups. One is endogenous, which means that the 

chromophore naturally exists in our body including DNA, urocanic acid, amino acids, bilirubin, 

melanins and their metabolites. Another is exogenous, which means that the chromophore is 

intentionally injected in our body for the certain reaction.8-11 (Table 3.1) In case of photodynamic 

therapy (PDT), we often use the exogenous chromophore. The most common PDT situation is a 

light treatment for localized cancel cells. Cancel cells themselves cannot catch the light energy, 

thus, we attach the dyes incorporating the anti-body, which can make a bond with cancel cells, to 

cancel cells. Here, the dyes work as the exogenous chromophore to absorb a certain wavelength.  

 

Endogenous Wavelength (nm) Exogenous Wavelength (nm) 

Hemoglobin 400, 542, 554, 576 Psopralens 340~370 
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Melanin 400~800 India ink 400~800 

Water 1400~10000 Porphyrins 400, 630 

Protein 280~300 Rose Bengal 540 

Porphyrins 400, 630 Chlorins 650~690 

Flavins 420~500 Methylene blue 660 

Nucleic Acid 260~280 Phthalo-cyanines 670~740 

Cytochrome 620~900 Bacterio-chlorins 720~780 

  Indocyanine green 805 

 

Table 3.1. Various endogenous and exogenous chromophores and their light absorption range. 

 

3.1.3. Photodynamic therapy (PDT) 

PDT was first attempted in 1903 by H. von Tappenier and A. Jesionek although the result 

was not that successful.12 They treated skin cancers with eosin dyes in their demonstration. Later, 

R. L. Lipson showed effective result in 1960 using hematoporphyrin derivative which consists of 

a mixture of monomeric porphyrin derivatives with a higher molecular weight constituent for anti-

tumor activity.13 In 1987, the result from T. J. Dougherty made it more promising for skin 

cancers.14 At an early stage of the development, it is called the photodynamic therapy that the 

situation accompanies the energy transfer from the triplet state of an excited photosensitizer to 

molecular oxygen, which produces singlet molecular oxygen. However, this concept has been 

applied to the case of photodynamic action in which active oxygen intermediates generates 

nowadays.  

The effective photosensitizing is important for the PDT; the effective depth where light can 

penetrate needs to be considered.15 In general, longer wavelength has deeper effective penetration 

depth. For example, while 630 nm wavelength can penetrate up to 5mm in a non-colored biological 
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system, 750nm wavelength can penetrate up to 1.5 cm in the similar situation. Thus, suitable 

protocol has to be studied to apply effective PDT to patients.  

3.1.4. Bilirubin 

Bilirubin is one of the most important endogenous compounds in our body. It is composed of an 

open chain of tetrapyrrole containing pyrrole rings (C4H4NH) bound by covalent bonds (=(CH)- 

or -CH2- units) in either a linear fashion or a cyclic fashion.16 It is regarded a toxic biomolecule 

under a certain physiological condition, thus, it has been studied for a while. So far, the main 

approach to control bilirubin level is known as utilizing photochemistry with a certain wavelength.  

 

Figure 3.5. Structure revolution of heme to biliverdin and bilirubin. Copyright 2015, Elsevier. 

“Sequence–Structure–Function Classification of a Catalytically Diverse Oxidoreductase 

Superfamily in Mycobacteria” 

 

That is, a phototherapy is the most popular treatment for bilirubin. The phototherapy for bilirubins 

was firstly reported by Cremer R. J. et al in 1958 although it was not popular at that moment.1 The 

discovery was accidentally found. A nurse, Sister J. Ward, observed that the accidental exposure 
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of the skin of jaundiced infants to sunlight made it bleached. That was a beginning of the 

phototherapy study for bilirubin. Although the discovery stems from the exposure of sunlight, 

people later figured out that the effective wavelength is only around 450 nm, which is within blue 

light range, and the wavelength above around 550 nm is useless.17-18 Only blue light can induce 

photochemical reaction in bilirubin. The interaction of blue light with bilirubin leads two different 

reaction including rapid oxidative reactions and intermolecular rearrangement making bilirubin 

isomers. The controlling bilirubin level involves three processes, the rate of bilirubin 

phototransformation, the transport of photoproducts from the skin to the circulation, and the 

excretion of these photoproducts by the river.18-20 Especially the phototransformation is believed 

a slowest step which determines the actual rate. Thus, it has been regarded as an important step to 

understand the phototherapy for bilirubin. Bilirubin elimination follows three processes, photo-

oxidation, configurational isomerization, and structural isomerization. In fact, the bilirubin itself 

is a strong anti-oxidant activity. Whereas, the illumination by blue light induces a photooxidation, 

which makes bilirubin colorless polar products.  Since the polar materials is water-soluble, it can 

be excreted through urine. Also, the blue light illumination leads isomerization changing the 

bilirubin configuration. The configurational isomerization converts stable bilirubin isomers 

(4X,15Z) to more soluble isomers (4Z, 15E; 4E, 15Z and 4E, 15E).21-22 The structural 

isomerization is the predominant process, which thus determines the rate and is irreversible. This 

process generates lumirubin, a structural isomer of bilirubin. It is water-soluble and, thus, excreted 

with bile and urine.  
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Figure 3.6. the Bilirubin photoalteration process including photo-oxidation, configurational 

isomerization, and structural isomerization. According to the process, the bilirubin alters its 

structure. Copyright 2004, Elsevier. “Phototherapy: Current methods and future directions” 

3.1.5. Reaction kinetics 

It is necessary to study the chemical kinetics for understanding reaction mechanisms. Main 

difference between chemical equilibria and chemical kinetics is considering time variable for the 

reaction kinetics unlike the equilibrium state.23 Through the change of reactants and products, we 

can quantitatively study reaction rate and factors which can affect to the reaction rate such as 

concentration, temperature, pressure, chemical potential and catalyst. The reaction rate can be 

expressed following  

Reaction rate = −
𝑑𝑛𝑅

𝑑𝑡
=

𝑑𝑛𝑝

𝑑𝑡
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Where nR, np, and t are respectively number of reactants, number of products and time. Since the 

reactants are consumed during the reaction, there is minus sign in front of dnR/dt. Also, we can 

describe the reaction rate per unit volume, then 

Reaction rate = −
1

𝑉𝑡

𝑑𝑛𝑅

𝑑𝑡
=

1

𝑉𝑡

𝑑𝑛𝑝

𝑑𝑡
 

                                                 = −
𝑑[Reactant]

𝑑𝑡
=

𝑑[Product]

𝑑𝑡
     

where Vt [Reactant], and [Product] are respectively the total volume, the molar concentration of 

reactants and the molar concentration of products at constant volume. Also, since the reaction 

can be described as A + B  C + D, rate of reaction can be written by 

= −
𝑑[A]

𝑑𝑡
= −

𝑑[B]

𝑑𝑡
=

𝑑[C]

𝑑𝑡
=

𝑑[D]

𝑑𝑡
 

For more normalized reaction equation, we have to consider stoichiometric coefficient. Thus, the 

reaction can be given by aA + bB  cC + dD and the reaction rate can be written by 

= −
1

𝑎

𝑑[A]

𝑑𝑡
= −

1

𝑏

𝑑[B]

𝑑𝑡
=

1

𝑐

𝑑[C]

𝑑𝑡
=

1

𝑑

𝑑[D]

𝑑𝑡
 

Thus, we can determine the reaction rate through measuring the quantity related with concentration, 

such as absorbance, refractive index, surface tension, viscosity and more. 

Order of reaction is another important concept to understand reaction. It is a general idea to classify 

reactions. In case of a single step reaction, we can simply infer it considering stoichiometric 

coefficients of reactants. For example, when ‘Rate=k[A]a[B]b’, the reaction can be considered ath 

order with respect to A or bth order with respect to B.  However, in case of the reaction involving 

two more steps, it becomes more complicated. There, the slowest reaction governs the reaction 



92 

 

rate. Usually, the reaction order is between zero and three, and four or more order reactions are 

practically impossible. Each order reaction has their own feature of the concentration changes. 

Thus, it is important to comprehend the reaction feature for determination of reaction order and 

we can establish the rate law by experimentally observing the concentration changes. [Table 3.2] 

To observe the rate of chemical reactions, one of the popular experiments is absorption 

spectroscopy. If the reaction accompanies appearance or disappearance of a certain color, we can 

know the concentration changes as time goes by measuring the absorbance because it follows 

Beer-Labberts Law. 

Absorbance = εCl 

where ε,C, and l are respectively molar extinction coefficient, concentration, and the path length 

of light. With constant optical density (Cl), the concentration is proportional absorbance. Thus, 

measuring the absorbance gives the information about the concentration.  

 



93 

 

 

Table 3.2. Differential rate equations with some information including reaction order, integral 

equation, t1/2, units of k, and nature of plot. Copyright 2006, Springer. “Chemical Kinetics and 

Reaction Dynamics” 

3.2. Result and Discussion 

3.2.1 Kinetic trigger for phototherapy  

Phototherapy is to utilize wavelength of light for the purpose of clinical issue. The 

phototherapy has been widely utilized for various different kinds of clinical purpose including skin 
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disorders, diabetic retinopathy, eczema and more. As our photomedical devices also work as light 

source, it could be expected to work for phototherapy. There are a lot of different approach to 

prove possibility of our devices for phototherapy. Among all, we chose bilirubin as a target 

biomolecule which we cure using our photomedical devices. As described in previous section, 

bilirubin is a common biomolecule produced in our body during a catabolism. Bilirubin mainly 

functions to breakdowns heme in vertebrates in order to eliminate waste staying in old blood cells. 

That is, the bilirubin is necessary to keep our normal body function. However, if the level of 

bilirubin is over that a certain level, the elevated levels of bilirubin cause malfunction in our body. 

The irregular level of bilirubin can be noticed by the color of skin of eyes becoming yellowish, 

which indicates the malfunction of liver called hepatitis or blood disorders called hemolytic anemia. 

Thus, it is important to understand how to control the level of bilirubin in our body. 

The bilirubin has hydrophobicity because all hydrophilic groups in bilirubin forms 

hydrogen bonds. Accordingly, solubility of bilirubin in water has limitation. Controlling the level 

of bilirubin is based on this property of bilirubin. Namely, if we make bilirubin more water-soluble, 

the bilirubin can be extracted from our body in urine or other water based body components. Our 

purpose was to convert the bilirubin biomolecules into water-soluble isomers.  

Since bilirubin is known as to react with blue wavelength, the photomedical devices was 

designed to illuminate the blue light. The same structure using PDMS based waveguide was 

utilized and emission power from our devices was detected to be XX. Moreover, the 

electroluminescence (EL) and IV measurement were utilized to understand the performance of our 

blue emission photomedical devices. As shown in Figure 3.XX, the EL peak comes at 465 nm 

which is within the range working for bilirubin therapy. From the diode measurement, the turn-on 

voltage is around 2.1 V for 456 nm light emission. (Figure 3.7) 
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Figure 3. 7. (a) Image about photomedical devices incorporating PDMS waveguide and blue light 

source. (b) Image of blue light emission at 465 nm from the photomedical devices. (c) Diode 

characterization using IV measurement of blue emission photomedical devices. Turn-on voltage 

is around 2.1 V at linear scale. (d) IV measurement of blue emission photomedical devices at log 

scale. 

Since the chemical reaction can be accelerated by thermal energy, we incorporated the 

silver nanowire (AgNW) which can be used as an active material for a resistive type heater.24 we 

purchased AgNWs, which have 90 nm diameter and 30 um length, from Blue Nano Inc, and they 

were dispersed in ethanol. Using a drop-casting method, AgNWs were deposited on our 

photomedical devices, we used thermocouple to measure the temperature change by AgNW. After 
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power applying, we confirmed that the temperature stably increases until 50 oC. (Figure 3. 8(b)) 

However, thermocouple only gives us the point information. Accordingly, we further examined 

the heat generated by AgNWs using an infrared (IR) camera which measure the plane heat 

information. As shown in Figre 3. 8(c), the AgNWs based heater functioned well to generate heat 

and thus, we could utilize the heat source for our reaction kinetic study. 

 

 

Figure 3.8. (a) General scheme to describe AgNW based resistive heater. Copyright 2015, John 

Wiley & Sons. “Inkjet printed circuits, Highly Stretchable and Transparent Metal Nanowire 

Heater for Wearable Electronics Applications” (b) Temperature change at 7 V. Applied power 

kept until the temperature reaches to 50 oC and the power was turned off. (c) Infrared image was 

taken to observe the overall plane heat property. 
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For the purpose of quantitative study of reaction kinetic, we utilized a colorimeter. Since 

the level of bilirubin reveals the color of solution, the colorimeter is a perfect tool to observe the 

reaction kinetics. First, three colorimeter tubes were prepared for three different cases, a control 

sample, bilirubin solution with blue light treatment, and bilirubin solution with blue light treatment 

and thermal treatment. During the experiment, the control bilirubin solution was remained at room 

temperature and excluded from any light interaction. At the same time, one bilirubin solution was 

kept by the illumination (465 nm) from our devices at room temperature while another bilirubin 

solution was remained at 40 oC under the illumination (465 nm) by our devices. While keeping the 

condition described above, the three samples were observed to track the kinetic of the reaction. As 

shown in Figure. 3.9.(a), the color of bilirubin solution became diluted as time goes by. In addition, 

the color change was accelerated by light and more by light with thermal energy, which means the 

illumination and thermal energy had an effect on the kinetic of reaction. Especially, the fact that 

the solution looked diluted means the concentration of colored substance decreased. Since the light 

absorption of a colored sample is governed by a fundamental law known as Beer’s law, we could 

study the kinetic change using UV-vis spectroscopy. The absorbance of each bilirubin solution 

was measured at 450nm because the absorbance of bilirubin changes mainly at 450 nm under the 

blue illumination. As shown in Figure 3.9. (b), we still observed the accelerated kinetic under the 

illumination and the illumination with thermal energy.  
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Figure 3.9. (a) The images of kinetic of three different cases: i) Control bilirubin solution without 

any treatment, ii) bilirubin solution under 456 nm wavelength illumination. The accelerated 

dilution was observed, and iii) bilirubin solution under 456 nm illumination at 45oC. (b) 

Absorbance of each kinetic. Gray circles: control bilirubin solution without any treatment, Red 

starts: bilirubin solution under 456 nm wavelength illumination. And Black Diamond: bilirubin 

solution under 456 nm illumination at 45oC. 

3.2.2 Drug targeting by photon-accelerated caged molecules 

Drugs and therapeutics have faced with one challenge about the specificity.  That is because 

the specificity is involved into two major issues, efficiency and undesirable side effect. Although 

drugs or therapeutic molecules are designed to kill or cure a certain target molecule, it can pose 

undesirable effects on another part, which brings damages in our body system. Accordingly, it has 

been a long-lasting question how we design or deliver the drugs or therapeutic molecules with a 

better specificity.25-28 For example, immunotherapy in cancer treatment requires inherent targeting 

ability which has spatial control of the therapy.29-30  There, therapeutic strength is relatively low. 

Accordingly, chemotherapeutic agents (e.g., doxolubicin) with immunotherapeutic agents (i.e., 

antibodies) has been used together for targeting and further strengthening the therapeutic power 
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because of baseline therapeutic power and chemotherapeutic agents conjugated onto the 

immunotherapeutic agents.31 However, they have still accompanied potential side effects or 

damages in undesirable sties. In this regard, if we design spatiotemporal controllable drugs or 

therapeutics, it would play a meaningful role in reducing undesirable side effects with specificity. 

For proof-of-concept, we demonstrated therapeutic activity by capping chemotherapy agents with 

something photo-sensitive with a caged fluorophore (5-carboxyfluorescein-bis-(5-

carboxymethoxy-2-nitrobenzyl) ether, ß-alanine-carboxamide, succinimidyl ester, CMNB-caged 

carboxyfluorescein, SE). The caged molecules only activate themselves to illuminate a green 

fluorescence upon responses to a blue light. Amines were labeled on the epithelial cell adhesion 

molecule precursor (EpCAM)-specific antibody (anti-EpCAM) with this caged fluorescein. 

Following, we used the caged fluorescein-conjugated anti-EpCAM (CF anti-EpCAM) to target 

MCF-7 cells (human breast adenocarcinoma cells). Thus, anti-EpCAM works as a mimic of the 

immunotherapeutic agent whereas fluorescein works as a mimic of the chemotherapeutic agent as 

designed. For the light illumination, our photomedical devices were utilized again. Since the 

specificity of anti-EpCAM to MCF7 cells was reported before, we predicted similar specificity to 

MCF7 cells in our case.32  Figure 3.10. shows the fluorescence images before and after exposure 

to blue light (456nm). As seen in Figure 3.10, more fluorescence signal was detected from the cell 

images which includes light-triggered activation of this CMNB-caged carboxyfluorescein after 

exposure to 456 nm blue light. Therefore, we could expect a potential use of our device with an 

existing cancer therapy too.  
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Figure 3.10. (a) The image from bright-field microscopy and (b) the image from fluorescence 

microscopy before light exposure. (c) The image from bright-field microscopy and (d) the image 

from fluorescence microscopy after light exposure. (e) Quantitative representation of fluorescence 

from cells.  

 

 

 

 

 

 

 

 



101 

 

3.3. Reference  

1. Cremer, R.; Perryman, P.; Richards, D. Influence of light on the hyperbilirubinaemia of 

infants. The Lancet 1958, 271 (7030), 1094-1097. 

2. Facchini, L.; Venturini, E.; Galli, L.; Martino, M. d.; Chiappini, E. Vitamin D and 

tuberculosis: a review on a hot topic. Journal of Chemotherapy 2015, 27 (3), 128-138. 

3. Papageorgiou, P.; Katsambas, A.; Chu, A. Phototherapy with blue (415 nm) and red (660 

nm) light in the treatment of acne vulgaris. British Journal of Dermatology 2000, 142 (5), 973-

978. 

4. Goldman, M. P.; Fitzpatrick, R. E.; Ross, E. V.; Kilmer, S. L.; Weiss, R. A. Lasers and 

Energy Devices for the Skin. CRC Press: 2013. 

5. ROSARIO, R.; MARK, G. J.; PARRISH, J. A.; MIHM, M. C. Histological changes 

produced in skin by equally erythemogenic doses of UV‐A, UV‐B, UV‐C and UV‐A with 

psoralens. British Journal of Dermatology 1979, 101 (3), 299-308. 

6. Zhang, W.-B. Review on analysis of biodiesel with infrared spectroscopy. Renewable and 

Sustainable Energy Reviews 2012, 16 (8), 6048-6058. 

7. Meesters, A. A.; Pitassi, L. H.; Campos, V.; Wolkerstorfer, A.; Dierickx, C. C. 

Transcutaneous laser treatment of leg veins. Lasers in medical science 2014, 29 (2), 481-492. 

8. Yang, G.-J.; Brook, B. W.; Whelan, P. I.; Cleland, S.; Bradshaw, C. J. Endogenous and 

exogenous factors controlling temporal abundance patterns of tropical mosquitoes. Ecological 

Applications 2008, 18 (8), 2028-2040. 

9. Brosch, T.; Pourtois, G.; Sander, D.; Vuilleumier, P. Additive effects of emotional, 

endogenous, and exogenous attention: behavioral and electrophysiological evidence. 

Neuropsychologia 2011, 49 (7), 1779-1787. 



102 

 

10. Barnes, J.; Morris, M. An analysis of the endogenous and exogenous factors impacting on 

the success of the Motor Industry Development Programme. Centre for Social and Development 

Studies, University of Natal Durban,, South Africa: 2000. 

11. Berger, A.; Henik, A.; Rafal, R. Competition between endogenous and exogenous orienting 

of visual attention. Journal of Experimental Psychology-General 2005, 134 (2), 207-220. 

12. Von Tappeiner, H.; Jesionek, A. Therapeutische versuche mit fluoreszierenden stoffen. 

Münch Med Wochenschr 1903, 47, 2042-2044. 

13. LIPSON, R. L.; BALDES, E. J. The photodynamic properties of a particular 

hematoporphyrin derivative. Archives of dermatology 1960, 82 (4), 508-516. 

14. Dougherty, T. J. Photosensitizers: therapy and detection of malignant tumors. 

Photochemistry and Photobiology 1987, 45 (S1), 879-889. 

15. Bonnett, R. Photosensitizers of the porphyrin and phthalocyanine series for photodynamic 

therapy. Chem. Soc. Rev. 1995, 24 (1), 19-33. 

16. Bonnett, R.; Davies, J. E.; Hursthouse, M. B.; Sheldrick, G. The structure of bilirubin. 

Proceedings of the Royal Society of London B: Biological Sciences 1978, 202 (1147), 249-268. 

17. Onishi, S.; Itoh, S.; Isobe, K. Wavelength-dependence of the relative rate constants for the 

main geometric and structural photoisomerization of bilirubin IX α bound to human serum albumin. 

Demonstration of green light at 510 nm as the most effective wavelength in photochemical changes 

from (ZZ)-bilirubin IX α to (EZ)-cyclobilirubin IX α via (EZ)-bilirubin. Biochemical journal 1986, 

236 (1), 23-29. 

18. McDonagh, A. F.; Lightner, D. A. In Phototherapy and the photobiology of bilirubin, 

Seminars in liver disease, © 1988 by Thieme Medical Publishers, Inc.: 1988; pp 272-283. 



103 

 

19. Ennever, J. Blue light, green light, white light, more light: treatment of neonatal jaundice. 

Clinics in perinatology 1990, 17 (2), 467-481. 

20. Lightner, D. A.; Linnane, W. P.; Ahlfors, C. E. Bilirubin photooxidation products in the 

urine of jaundiced neonates receiving phototherapy. Pediatric research 1984, 18 (8), 696-700. 

21. Ennever, J.; Costarino, A.; Polin, R.; Speck, W. Rapid clearance of a structural isomer of 

bilirubin during phototherapy. Journal of Clinical Investigation 1987, 79 (6), 1674. 

22. Agati, G.; Fusi, F.; Pratesi, R. CONFIGURATIONAL PHOTOISOMERIZATION OF 

BILIRUBIN IN VITRO–II. A COMPARATIVE STUDY OF PHOTOTHERAPY 

FLUORESCENT LAMPS AND LASERS. Photochemistry and photobiology 1985, 41 (4), 381-

392. 

23. Upadhyay, S. K. Chemical kinetics and reaction dynamics. Springer Science & Business 

Media: 2007. 

24. Hong, S.; Lee, H.; Lee, J.; Kwon, J.; Han, S.; Suh, Y. D.; Cho, H.; Shin, J.; Yeo, J.; Ko, S. 

H. Highly stretchable and transparent metal nanowire heater for wearable electronics applications. 

Adv. Mater. 2015, 27 (32), 4744-4751. 

25. Widmer, N.; Bardin, C.; Chatelut, E.; Paci, A.; Beijnen, J.; Levêque, D.; Veal, G.; Astier, 

A. Review of therapeutic drug monitoring of anticancer drugs part two–targeted therapies. 

European Journal of Cancer 2014, 50 (12), 2020-2036. 

26. Somogyi, A. Renal transport of drugs: specificity and molecular mechanisms. Clinical and 

experimental pharmacology and physiology 1996, 23 (10‐11), 986-989. 

27. Ward, D.; Reich, E.; Goldberg, I. Base specificity in the interaction of polynucleotides with 

antibiotic drugs. Science 1965, 149 (3689), 1259-1263. 



104 

 

28. Paul, S.; Breuninger, L. M.; Tew, K. D.; Shen, H.; Kruh, G. D. ATP-dependent uptake of 

natural product cytotoxic drugs by membrane vesicles establishes MRP as a broad specificity 

transporter. Proceedings of the National Academy of Sciences 1996, 93 (14), 6929-6934. 

29. Rosenberg, S. A.; Spiess, P.; Lafreniere, R. A new approach to the adoptive 

immunotherapy of cancer with tumor-infiltrating lymphocytes. Science 1986, 233, 1318-1322. 

30. Blattman, J. N.; Greenberg, P. D. Cancer immunotherapy: a treatment for the masses. 

Science 2004, 305 (5681), 200-205. 

31. Noble, R. L. The discovery of the vinca alkaloids—chemotherapeutic agents against cancer. 

Biochemistry and cell biology 1990, 68 (12), 1344-1351. 

32. Deng, G.; Herrler, M.; Burgess, D.; Manna, E.; Krag, D.; Burke, J. F. Enrichment with 

anti-cytokeratin alone or combined with anti-EpCAM antibodies significantly increases the 

sensitivity for circulating tumor cell detection in metastatic breast cancer patients. Breast Cancer 

Research 2008, 10 (4), R69. 

 




